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Abstract

Previous work in animal nutrition has focused on single feeds and assumed additivity in ration
systems. In the tropics, farmers are likely to feed mixtures of feeds, including tree fodders, which may
not be simply additive in nutritional terms. This study has increased our understanding of the
mechanisms that determine the associative effects on the in vitro fermentation of mixtures of fodder
tree leaves. Associative effects are governed by a synchronisation in the fermentation rates of the
components of the mixture. This is in turn dependent on the fermentability of their chemical
constituents. Effects were demonstrated by changes in the fermentation kinetics of gas production
curves.

The chemical components of fodder tree leaves that affect the fermentation, and the time at which the
effect occurs, were identified, using two media of different nitrogen contents.

The fermentation of mixtures of pure chemical entities in various combinations was then examined.
The greatest associative effects were found when the mixture had components of similar
fermentability. It is proposed that associative effects are a function of the synchronisation of
fermentation of the different components and was shown to occur at the point when the rate was
maximal.

With two types of protein (casein and bovine serum albumin (BSA)), utilisation of a protein by rumen
microbes was shown to be a function of its fermentability and not of its solubility. This is also
influenced by the type of associated carbohydrate.

Fodder tree leaves were then combined with different pure chemical entities. Associative effects
between fodder tree leaves and carbohydrates were shown to occur and the responses were similar to
those obtained with mixtures of pure carbohydrates and proteins.

The effect of tannins and phenolic compounds was studied using quebracho tannin as a model, and
in five of the tree species. They were shown to affect the fermentability of both carbohydrates and
proteins. The effect was greater with carbohydrates of medium to low fermentability. They also
reacted with both soluble and insoluble protein. Forages with phenolic compounds showed both
positive and negative effects. The effects were possible due to a synchrony or asynchrony in the
release of protein.

In mixtures of leaves from different species, associative effects were related to their fermentability.
Again, this appeared to be the result of the synchronisation of the release of nutrients. Associative
effects with fodder tree leaves were of a composite nature and can be both positive and negative.

The implications of these findings in relation to in vivo digestion and animal production are discussed.
Due to the diversity of fodder trees, there is the potential to develop feeding systems based on
mixtures which make better use of available resources. This will also contribute to improved
efficiency in the management and use of natural resources, and take advantage of natural plant
diversity in the tropics.
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Chapter 1

GENERAL INTRODUCTION

In recent years, the scientific world has conceived the terms “biodiversity” and “megadiversity” to
refer to the huge genetic reservoir in natural ecosystems. The tropical zone contains the greatest genetic
diversity in the world, diversity which is expressed in the large number of vascular plants per unit area
(McNeely et al., 1990; Reid and Miller, 1989). However, this richness is being threatened by the
pressure imposed by the increasing population. Of particular concern is the process of deforestation
and its irreversible ecological effects (Myers, 1989). The major causes of deforestation are conversion
of forest to agricultural land and cattle grazing, logging and demand for fuelwood. Recently, a range
of environmentally beneficial farming practices seems to be emerging as a synthesis based on both old,
proven ideas and a new understanding of natural nutrient cycles and ecological relationships (WRI,
1992). There are several examples of this new generation of farming systems in the tropics where
multipurpose trees play a critical role in the sustainability of the system, by supplying protein for
livestock, firewood, and sinks for carbon dioxide and controlling erosion (Murgueitio, 1990; Preston

and Murgueitio, 1992; Moog, 1992b; Devendra, 1993; Wilson, 1995).

A recent review of feeding systems used in warm climates (Roggero et al., 1996) suggested that
sustainability depends on making use of diverse local biological resources. This concept calls for wider
use of the diversity of fodder tree species as providers of animal forage. Despite the fact that the list
of trees and shrubs with potential use as fodder comprises more than 300 species, the emphasis has
been placed on very few. The danger of this over-dependence on so few species is illustrated by the
psyllid epidemic (Heteropsylla cubana) in Leucaena leucocephala (Moog and Sison, 1986; NFTA,
1987; Moog, 1992a), and the disappearance of some valuable fodder species, e.g., Terminalia
avicennioides in Niger, due to its replacement with Gliricidia sepium (Baumer, 1992). Given the
diversity of fodder trees, there is an urgent need to study and recommend promising species for
specific agro-ecological environments and animal production systems, both in terms of plant

productivity and nutritional value.

Fodder trees have always played a significant role in feeding domestic animals. Until relatively
recently, these feed resources have been generally ignored by scientists because of inadequate
knowledge of their potential use and the lack of initiatives to develop more innovative systems of

feeding (Devendra, 1992). The conventional approach to fodder trees is to study and exploit “single™
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species. The reality is that, in many parts of the tropical world, animals eat or are fed with “mixtures’
of tree leaves. Cafeteria trials have been widely used to determine relative palatability differences
within different plant species. Apart from showing the animal's preferences for particular fodder
species, they also show that, given the opportunity, ruminants will feed on mixtures of forages. Mixed
foliage can be given as a supplement to rice straw and others crop residues or may constitute the whole
ration. In Nepal and Indonesia, farmers traditionally feed a mixture of fodder tree leaves to their
animals (Paudel and Tiwari, 1992; Rangkuti ez al., 1990). This practice has been observed throughout
developing countries, especially with small ruminants (Devendra and Pun, 1990; Gill and Powell,

1993).

There is negligible published information about the reasons why farmers feed mixtures and the choice
of appropriate mixtures currently relies on the farmers' traditional knowledge. Paudel and Tiwari
(1992) reported that the great diversity of species used in Nepal may be explained by the improved
nutritive value of a combination of species compared to single species on their own. For Devendra and
Pun (1990), the underlying reasons are associated with reducing the toxic effects associated with a
particular feed and increasing the variety and palatability of the diet. These interpretations highlight

two important aspects of the nutritive value of mixtures of fodder trees: the deleterious factors and the

associative effects.

Plants contain more than 1200 different classes of chemical compounds that are produced by
secondary metabolism. Most of these compounds have storage, defence or reproductive functions in
the plants. Many of them appear to be the natural result of the co-evolution of plants with herbivorous
mammals, although some have probably evolved as mechanisms of protection against insect pests and
plant diseases, in which case their effects on higher animals may be coincidental (Paterson, 1993).
About 8,000 polyphenols, 270 non-protein amino acids, 32 cyanogens, 10,000 alkaloids and several
saponins have been reported to occur (Liener, 1980; Kumar, 1992a). Tannins are the most common
secondary plant compounds, but the implications for animal feeding are not entirely clear, with both
harmful and beneficial effects possible (Waterman, 1988; Rosales et al., 1989; Mueller-Harvey and
McAllan, 1992; Gottlieb, 1992). A major characteristic is their propensity to form chemical
complexes. Recent studies have revealed that tannins not only bind strongly with proteins but also with
many other compounds like polysaccharides, nucleic acids, steroids, alkaloids and saponins
(Mueller-Harvey and McAllan, 1992). It has been suggested that using mixtures of fodder plants with
variable tannin levels improves nitrogen utilization by ruminants (by reducing soluble protein
degradation in the rumen) (Barry, 1988; Waghom et al.,1987; Lascano and Palacios, 1993) and dilutes

the effect of the deleterious compounds (Lowry, 1990).
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In addition, the amount of nutrients which a ruminant can extract from one feed can be modified by
the type and quantity of other feeds consumed the same day (Gill and Powell, 1993). These interactive
processes can have substantial consequences for intake and digestibility of feeds and on animal
performance, in general. Associative effects between components of a mixed diet occur when, as a
consequence of the interactive processes, the nutritional value of the mixture is not equal to the sum
of its individual components. These effects can be positive or negative. Evidence for associative effects
was described at the beginning of the century (Ewing and Wells, 1915) and although they have been
studied, there is little information concerning their mode of action. Most of the studies leading to an
understanding of the mode of action of the associative effects relate to the effect of a source of rapidly
fermentable carbohydrates (like barley or maize silage) on roughage digestion (Mould et al., 1983a;
Moss et al., 1992; Margan et al., 1994). There are some studies of the effect of mixtures of temperate
(Cassida et al., 1994; Glenn, 1989) and tropical (Brown and Pitman, 1991) grasses and legumes but,

so far, there are no studies on mixtures of fodder tree leaves.
Given the diversity of fodder trees and their complex chemistry, there is a potential to develop feeding
strategies based on strategic mixtures that result in “enhanced” nutritive value. This can be achieved

by capitalising on the interactive processes, such as:

. protecting dietary protein with natural tannins in order to increase the amount of nitrogen

which by-passes the rumen,;

. diluting the effects of deleterious compounds;

. inducing associative effects that result in an increased voluntary intake; and

inducing associative effects on digestibility between the components of the diet.

The aim of this work is to study the nutritive value of mixtures of fodder tree leaves in order to begin
to understand the factors that determine their associative effects and the interactions between tannins
and other feed components. This will provide the basis for predicting appropriate mixtures of tree
foliage that result in overall improvement in nutritive value and ultimately in a more diverse supply

of high quality tree fodder for ruminants in the tropics.



Chapter 2

LITERATURE REVIEW

2.1 NUTRITIVE VALUE AND FEEDING VALUE

There are no clear definitions in the literature of the terms ‘nutritive value’ and ‘feeding value’.
Sometimes there is disagreement between authors and very often the terms are regarded as
synonymous. For the purposes of this thesis, the nutritive value of a forage is its potential to contribute
to the nutrient supply of the animal. This is a function of its chemical composition and its digestibility.
The chemical composition comprises both nutritive and anti-nutritive factors. Digestibility, in a broad
sense, includes degradability and fermentability. These, in turn, are functions of the chemistry of the

forages.

The feeding value is the capacity of a forage to promote animal production. This is a complex function
of intake, nutrient supply and animal metabolism. This is a highly interactive process. In ruminants,
the utilisation of nutrients derived from one feed can be modified by the presence in the rumen of other

feeds consumed the same day.

2.2 FODDER TREES

Tree crops are highly appropriate for the tropics. They capture a large amount of solar energy and, in
high and low rainfall areas, they provide sustainable yields of biomass. They reduce erosion and
improve soil structure and fertility. In marginal areas where dry seasons are prolonged, the deep roots
of trees allow greater exploitation of water and mineral reserves in the soil profile. Some trees also
provide green biomass of high protein content at a time when feed resources are scarce and mostly low
in nitrogen (Preston and Leng, 1987). Most tree species are not primarily grown for fodder, despite
the fact that fodder trees have always played a significant role in feeding domestic animals in the
tropics. Most of the multipurpose species have economic value other than as fodder but being grown
for such purposes makes them readily available for livestock feeding (Moog, 1992b). Fodder trees are
an integral part of the smallholder farming systems in the tropics such as; (i) three strata forage system,
(i1) integrated tree cropping systems; (1i1) agroforestry systems; (iv) food-feed intercropping; (v) relay

cropping; (vi) alley cropping, and (vii) grazing and stall feeding systems (Devendra, 1992).



Traditionally trees have been grown for specific purposes (Nitis, 1989), among these are:

. as live fences and windbreaks;

. to reduce wind and water erosion;

. shade for crops and livestock;

. climbers for vine crops;

. food production for human (fruits) and livestock consumption (pods and leaves);
. poles for livestock housing;

. to store crop residues and to dry grasses;

. as materials for farm implements, timber for housing and wood for handicratfts;
. religious ceremonies and traditional medicine;

. a source of pollen for bee keeping;

. fuelwood.

The advantage of using trees as sources of forage is the high protein content which does not decrease
as the tree matures. They also provide leaves when grass is unavailable, e.g. in the dry season. In arid
regions of Aftrica, the leaves of trees and shrubs can contribute over 60% of the biomass produced by
rangeland. However, it is not only in rangeland systems that trees have a role to play in providing feed
for livestock. Livestock may browse in forests, while indigenous forest trees can also be harvested for
feeding to ruminants in cut and carry systems. Pure stands of fodder trees are also grown, either to
allow ruminants restricted access for browsing or to harvest and offer to ruminants or pigs kept in
confinement, or to be processed and used as poultry feed (Gill et al., 1992). Apart from the good
nutritive value and reasonable palatability to animals, fodder trees should also fulfil desirable
agronomic requirements like: ease of establishment, management and harvesting, high productivity
and persistence under repeated cutting or grazing, resistance to pests and diseases, minimal fertilizer
requirement, good competitive ability, ability to produce seed or reliable vegetative propagation, and

availability of different species (Ivory, 1990).

DIVERSITY OF FODDER TREES AND SHRUBS

A huge diversity of tree and shrub species has been documented. Blair (1990) presented a list
(gathered from several sources) of trees and shrubs of potential value as animal fodders. The
compendium included 270 different species from about 74 genera. To produce a complete inventory
is a complex task because of the considerable diversity within genera and within species. For example,

Lowry ¢t al. (1994) reported some 100 species in the genus Albizia, and some 112 species of the genus
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Erythrina were reported by Kass (1994). The diversity within species is illustrated by the 26 accessions
of Aeschynomene americana and 96 accessions of Cajanus cajan that ILCA (1985) listed in its forage
germplasm catalogue. There are increasing reports in the literature on the evaluation of new fodder
resources (shrubs and trees): 16 species from the Philippines (Moog, 1992b), 45 from Costa Rica, 40
from Guatemala, (Benavides, 1994) and 20 from Colombia (Rosales et al., 1992).

Although the final list consists of several hundred trees and shrubs, for most of them there are no
quantitative data on their contribution to animal production, and the real feed value is known for a very
limited set of species (see Table 2.1). This reflects the lack of knowledge on the nutritive value of most

fodder shrubs and trees and highlights the need to evaluate these materials.

Table 2.1: Examples of Important tree fodders and shrubs for feeding animals in the tropics.

Common name Scientific name
Acacia Acacia catechu
Acacia nilotica
Acacia siberiana
Cassava Maniot esculenta
Calliandra Calliandra calothyrsus
Erythrina Erythrina variegata
Ficus Ficus exasperata
Ficus bengalensis
Ficus religiosa
Gliricidia Gliricidia sepium
Gliricidia maculata
Jackfruit Artocarpus heterophyllus
Leucaena Leucaena leucocephala
Pigeon pea Cajanus cajan
Prosopis Prosopis juliflora
Sesbania Sesbania grandiflora
Sesbania sesban
Tamarind Tamarindus indica

Source: Devendra, 1-992

FOLIAGE PRODUCTION

The first criterion in selecting a species is the amount of biomass which will be available for use at a
time when either animal demand is high or the availability of other feeds is low (Gill et al., 1992).
Browse production is influenced by many environmental factors such as climatic, edaphic and
topographic conditions and management background involving exploitation by animals, lopping and
burning forested areas (Walker, 1980). Regardless of the production systems of fodder trees, foliage
yield is affected by such factors as plant density and harvesting management. i.e., age at first harvest,

height and frequency of cutting and season of harvest (Ivory, 1990). Thus, only broad generalisations



7

on the relative yields of different species can be made from values given in the literature. Trees may
be grown in pure stands, for restricted browsing, or cut-and-carry systems. Yields of Leucaena foliage
up to 11.8 t dry matter (DM)/ha have been reported for 3 different spacings of K341 and K8 Leucaena
grown in Hawaii (Pound and Martinez, 1983). A range from 5.6 t fresh weight/ha to 30 t fresh
weight/ha has been reported when comparing the effects of plant spacing, within and between rows
in an alley cropping trial with Leucaena grown in Kenya (Macklin et al., 1988). Leaves may also be
harvested from individual trees. In these cases, the units for expressing yield are kg/tree. These yields
compare with values of 1490 g DM/tree and 1280 g DM/tree for Leucaena leucocephala and
Gliricidia sepium respectively, grown in an acid ultisol in southern Sumatra and cut at a height of

approximately 1m every 3-4 months over a 4 year period (Blair, 1990).
NUTRITIVE VALUE OF FODDER TREE LEAVES

The success of the rationing systems in temperate countries has encouraged researchers to replicate
them in developing countries as these standards are relatively predictable, but the problem is that they
require feed resources that are inappropriate on socio-economic grounds in most developing countries.
This success has also led some researchers from both industrialized and developing countries to the
belief that the chemical composition of the feed is its nutritive value. It is not difficult to find articles
in journals or seminar proceedings in which the nutritive value of trees is expressed as a simple
chemical composition (proximate analysis). Ration systems based on additive chemical composition
may not be appropiate however with mixtures of tropical feeds. The relevance of conventional feeding
standards to developing countries, particularly in the tropics, has been questioned from the economic
(Jackson, 1980) and nutritional points of view (Preston and Leng, 1987). Tropical feeding systems
involve the use of “mixed” feeds widely different from one another (Vadiveloo and Fadel, 1992). This
is particularly relevant when fodder trees and shrubs are used in the feeding system, as they are

considered as a source of high protein feed for supplementing the basal diet and so stimulating feed

intake (Palmer et al., 1990).
METHODS OF ANALYSIS OF THE NUTRITIVE VALUE

The prediction of the quality of the feed, expressed as the nutritive value, is obviously a key factor in
the development of feeding systems and many methods of chemical analysis have been proposed.
Since the middle of the 19th century, scientists in temperate industrialized countries have attempted
to develop analytical systems to characterise the value of feed to livestock. They include measurements

of the chemical composition of the feed and its digestibility (INRA, 1989). One of the most popular
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systems is that of proximate analysis of feed, which was devised about 100 years ago by two German

scientists, Henneberg and Stohmann (McDonald et al., 1981). The limitations of the methods are

discussed below.

Proximate analysis

The system which is most frequently quoted in the literature is that of proximate analysis. This system

of analysis divides the feed into six fractions, as shown in Table 2.2.

Table 2.2: Components of different fractions in the proximate analysis of foods.

Fraction Component
Moisture Water (and volatile acids and bases if present).
Ash Essential elements:

Major: Ca, K, Mg, Na, S, P, Cl.
Trace: Fe, Mn, Cu, Co, |, Zn, Si, Mo, Se, Cr, F, V, Sn, As, Ni.
Non-essential elements: Ti, Al, B, Pb.

Crude protein Proteins, amino acids, amines, nitrates, nitrogenous glycosides, glycolipids, B-vitamins, nucleic
acids, urea, ammonia.

Ether extract Fats, oils, waxes, organic acids, pigments, sterols, vitamins A, D, E, K.

Crude fibre Cellulose, hemicellulose, lignin

Nitrogen free extractives Sugars, fructans, starch, pectins, organic acids,

resins, pigments, water soluble proteins.

Source: McDonald et al., 1981

The chemical composition of a feed is routinely used as a rapid and economical method for predicting
digestibility and other measures of the nutritive value. This is based more on a statistical association
and less on a causal relationship between the content of analysed constituents and feed quality (Van
Soest, 1982). As such, no single compositional parameter can adequately predict nutritive value across

a range of feeds, although combining the results from several analyses may improve its prediction

(Vadiveloo and Fadel, 1992).

The dry matter (DM) content is determined as the loss in weight which results from drying a known
weight of food at 100°C to constant weight. This method is satisfactory for most foods but with a few,

such as silage, significant losses of volatile material may take place.

The ash content is determined by ignition of a known weight of the feed at 500°C until all carbon has
been removed. This residue is the ash and is taken to represent the inorganic constituents of the food.

However, some loss of volatile material in the form of sodium, chloride, potassium, phosphorus and
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sulphur will take place during ignition. The ash content is thus not truly representative of the inorganic

material in the feed either qualitatively or quantitatively.

The crude protein (CP) content is calculated from the nitrogen content of the food, determined by a
modification of the Kjeldahl sulphuric acid digestion technique. In this method, all nitrogen present
in the feed, except that in the form of nitrate and nitrite, is converted to ammonia. This ammonia is
liberated by adding sodium hydroxide to the digest, distilling off and collecting in standard acid
solution. The nitrogen content is multiplied by 6.25 to obtain the crude protein value, based on the
assumption that plant proteins contain approximately 16 percent nitrogen. This is not "true protein”
since the method includes nitrogen from sources other than protein, such as nucleic acids, alkaloids,

etc.

The ether extract fraction (EE) is determined by subjecting the feed to a continuous extraction with
petroleum ether for a defined period. The residue is obtained by evaporation of the solvent. As well
as true fat, it contains waxes, organic acids, alcohols, pigments; designation of the fraction as "oil" or
"fat" is therefore incorrect. The ether extract determination is usually omitted in forage analysis as the

amount of lipid present in feeds is very low.

The carbohydrate component of feed is contained in two fractions; the crude fibre and the nitrogen-free
extractives. The former is determined by subjecting the residue from ether extraction to successive
treatments with boiling acid and alkali of defined concentration; the organic residue is the crude fibre
(CF). When the sum of the amounts of moisture, ash, crude protein, ether extract and crude fibre
(expressed in g/kg) is subtracted from 1000, the difference is designated the nitrogen free extractives
(NFE). The crude fibre fraction contains cellulose, lignin and hemicellulose, but not necessarily all of
these materials are present in the feed: a variable proportion of them is contained in the nitrogen-free
extractives, depending upon the species and the stage of growth of the plant material. The complexity
of the NFE is well illustrated by the constituents shown in Table 2.2. The crude fibre was intended
originally to provide a measure of the indigestible part of the food, but quite a large part of it may in
fact be digested by ruminants animals (McDonald et al., 1981). The division of carbohydrate between

NFE and CF has proved to be of limited use in predicting the extraction of nutrients by the animal

(Van Soest, 1982).

This scheme has been critically reviewed and alternative schemes have been developed which include
further partition of the main components. The main modification aims to characterise better the

carbohydrate component. The partitioning of the carbohydrate fraction into structural and non-
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structural carbohydrates correspond to its function in the plant. Non-structural carbohydrates are
composed of total sugars and starch. This last is also referred to as storage carbohydrate. In this thesis,
the sugar fraction is partitioned into reducing and non-reducing sugars. The reducing sugars, which
are more common, are able to function as reducing agents because free, or potentially free, aldehyde
groups are present in the molecule. This aldehyde group is readily oxidised to carboxylic acid at
neutral pH by mild oxidizing agents and enzymes. All monosaccharides or simple sugars are reducing
sugars (eg. ribose, arabinose, xylose, glucose, mannose, fructose, etc). Oligosaccharides can be
reducing or non-reducing sugars. For example, maltose, cellobiose and rutinose are reducing sugars

whereas sucrose, the major product of plant photosynthesis, is not a reducing sugar (Allen, 1989).

The original crude fibre method has been replaced by determinations which are chemically more
meaningful. These are the acid detergent fibre (ADF) and the neutral detergent fibre (NDF). This
method was proposed by Van Soest (1976). ADF represents essentially the crude lignin and cellulose
fractions of plant material but also includes silica. NDF consists essentially of lignin, cellulose and
hemicellulose and is regarded as a measure of the plant cell wall material. Also, most of the silica is
removed during extraction. The determination of ADF is particularly useful for forages as there is a

good statistical correlation between this and digestibility (McDonald et al., 1981).

None of these alternative schemes guarantee that the summation of the individual results will account

for exactly 100% of the original material (Allen, 1989).

Data exist in the literature on the chemical composition of fodder trees, especially on Gliricidia and
Leucaena species (see Table 2.3). Compared to grasses, fodder trees have relatively higher
concentrations of crude protein, minerals and neutral detergent fibre plus acid detergent lignin
(Wilson, 1969., Palmer et al., 1990., Dicko and Sikena, 1992., Gill ez al., 1992). The differences in
the nutrient content between fodder trees and grasses are even more striking when dry season values
are compared. The crude protein content of dry, mature tropical grasses often falls below the minimum
6% required for maintenance, while most fodder trees remain green with high protein contents (Smith,
1992). In a review of the nutritive value of browse in West Africa, le Houérou (1980) concluded that

browse contains double the amount of metabolisable energy of dry grass because of its lower content

of fibre.



Table 2.3: Nutrient content of selected fodder trees and shrubs compared to Panicum maximum.
e ——

g/kg (on a dry matter basis)

Fodder Organic Crude Crude Acid Neutral Total
Species Matter Protein Fibre Deter Deter Ash
Fibre Fibre
Albizia lebbeck 850 217 362 246 354 73
Gliricidia sepium 900 230 207 287 428 97
Leucaena leucocephala 890 224 130 289 420 94
Sesbania grandiflora 882 23 - 217 271 101
Panicum maximum 884 120 300 559 760 130

Source: Smith 1992.

Considerable variation in crude protein content occurs between species of trees and even edible parts
of the same plant (Dicko and Sikena, 1992). In general, leaves are higher in CP than twigs, almost
twice as much in the case of southern African browse (Walker, 1980). They also contain more CP than
pods but the latter were found to have higher organic matter and digestibility (Gohl, 1981). Variations
between species in crude protein content from 60 to 230g/kg in dry matter have been reported (Guérin,
1987). Variation in the concentration of nitrogen within species is also considerable. For Acacia seyal
leaves, a range of 111 - 293g/kg CP in DM can be found in the literature, 156 - 300g/kg for Gliricidia
sepium, 152 - 269¢g/kg for Leucaena leucocephala and 99 - 219g/kg for Prosopis cineraria (Gill et
al., 1992). Leguminous species were found to contain 25 to 50% more crude protein than non-
leguminous plants (Wilson, 1969, Nitis, 1989). There are less data available in the literature on mineral
concentrations in fodder trees and shrubs, particularly the unconventional species. Available data for
the favoured species like Gliricidia and other species suggest that, except for a disproportionately high
Ca:P ratio in leguminous species, most browse species contain adequate levels of macrominerals to
cover animal requirements and that this could be better exploited. More studies are however required

to fully characterise trace mineral contents of these fodder resources (Smith, 1992).

The analyses just described do not take full account of another class of compounds, frequently
referred to as secondary plant compounds, which are known to have anti-nutritive effects. The leaves
of woody plants tend to contain more of these compounds, particularly phenolics, than do herbaceous
plants (Bate-Smith, 1962). In addition, tropical plants also tend to produce secondary compounds
which have adverse effects on herbivores, as a strategy to protect them from defoliation (Levin and

York, 1978). The key to assessing the nutritive value of tree leaves lies in the ability to estimate the

presence and effects of these compounds.
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FEEDING VALUE OF TREES AND SHRUBS

Although there is considerable evidence of the beneficial responses in production due to the use of
some fodder trees and shrubs as supplements, more information is needed for the majority of the

species. This section highlights the feeding value of some the fodder trees selected for this study.

It has been well established that Leucaena leucocephala and Gliricidia sepium can be successfully
used to improve livestock production (Palmer et al., 1990). Leucaena leucocephala has been shown
to increase milk and meat production in ruminants (Pound and Martinez, 1983; Jones, 1994) and
Gliricidia sepium also has proved to improve productivity (Carew, 1983) and reproductive parameters
(Mejia et al., 1991). Esnaola and Rios (1994) showed that supplementation of a basal diet of
Pennisetum purpureum with different levels of Erythrina poeppigiana in lactating goats increased
milk production linearly from 326 to 820g/animal/day as the levels of the tree leaves increased. The
highest milk production corresponded to a level of supplementation of 1.5kgDM/100kg live weight
(LW). Erythrina poeppigiana also increased daily milk production linearly from 8.7 to 9.4kg/cow as
intake of its foliage increased from 0 to 0.6%LW (Romero et al., 1993). It has also been shown that
Trichanthera gigantea fed as a supplement to a basal diet of Pennisetum purpureum increased milk
and meat production in goats in a cut-and-carry system (Rosales and Galindo, 1987). It has been
reported that Inga spectablilis is high in condensed tannins (Rosales et al., 1992) and that, when given
at a high level, reduces milk and intake in lactating goats. It is used as supplement for cattle without

negative effects on the animals (Rosales and Galindo, 1987).

2.3 FORAGE AS FEED

Animal cells are devoid of the enzymes required to break down structural carbohydrates but some
microorganisms possess cellulases and hemicellulases and hence bacteria in the intestine of
monogastric species are able to digest limited amounts of cellulose and hemicellulose (Van Soest,
1982). On the other hand, ruminants have evolved a capacious set of stomachs, a fermentation vat,
which harbours microorganisms capable of digesting fibrous materials such as cellulose. The microbial
fermentation in the rumen precedes host enzyme digestion in the abomasum and small intestine and
thus allows the ruminants to utilise plants which have a high fibre content and low nutritional value
for simple-stomached animals (Forbes and France, 1993). Rumen microorganisms, bacteria, protozoa
and fungi, ferment feed constituents (polysaccharides, sugars, proteins, etc.) generating the adenosine
triphosphate (ATP) they need for maintenance and growth - the latter involving the use of energy for

the synthesis of monomers and their polymerization (e.g., for synthesis of amino acids from ammonia
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and carbon compounds, and for the elongation of polypeptide chains) in addition to the end products

of the fermentation (Nolan, 1993).

FERMENTATION IN THE RUMEN

Fermentation of carbohydrates

Dietary structural and non structural carbohydrates are the main fermentation substrates in the rumen.
They are degraded to their constituent hexoses and pentoses before being fermented to volatile fatty
acids (VFAs). The VFAs are principally acetic, propionic and butyric. The other main end products
of the fermentation are carbon dioxide and methane (Czerkawski, 1986) (see Figure 2.1). To the
microbes, the VFAs are waste products but to the host animal they represent the major source of
absorbed energy and with most diets account for approximately 80% of the energy disappearing in the
rumen (the remainder being lost as heat and methane). The VFAs are absorbed across the epithelium

of the reticulo-rumen and CO, and CH, are lost by eructation. (France and Siddons, 1993).
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Figure 2.1: A schematic representation of the major pathways of carbohydrate metabolism in the rumen.
Source: France and Siddons, 1993.
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Fermentation of protein

Protein is also degraded by microbes in the rumen. The amino acids and peptides produced are used
for microbial protein growth. The feed and endogenous protein is subjected to varying degrees of
proteolysis and deamination in the reticulo-rumen producing ammonia (NH,) (see Figure 2.2).
Ammonia is the most important source of nitrogen for protein synthesis in the rumen (Wallace and

Cotta, 1988).
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Figure 2.2: A model of nitrogen transactions in the rumen. The ovals delineate the microbial cell wall and numbers adjacent
to arrows refer to individual pathways as follows: 1, Proteolysis by bacterial, protozoal and fungal proteases; 2, carrier-mediated
peptide uptake across microbial cell walls; 3, peptidolysis; 4, amination/deamination; 5, protein synthesis,; 6, microbial
assimilation/excretion or equilibration of amino acids and ammonia, 7, protein not hydrolysed before efflux from rumen (UDP);
8, microbial protein efflux; 9, efflux of extracellular peptides and amino acids; 10; efflux of extracellular ammonia; 11, absorption
of ammonia through rumen wall; 12, movement of endogenous urea through the rumen wall; 13, N compounds excreted by
living cells and debris of lysed cells; 14, engulfment of proteinaceous particles by protozoa.

Source: Nolan, 1993.
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Microbial protein synthesis

Fermentation and microbial growth in the rumen are often viewed as disparate processes, the first
generating ATP and the second utilizing it. In the cells these processes are coupled and virtually
inseparable. Therefore an understanding of microbial metabolism must simultaneously encompass the
dynamics of the energy and protein transactions (Nolan, 1993). Microbial protein synthesis is known
to depend largely on the balance between the supply of energy (ATP) which is derived from the rumen
fermentation of dietary digestible organic matter and the supply of ammonia which is released from
the breakdown of dietary rumen degradable protein, recycled urea and salivary protein (Thomas and
Martin, 1988). At best, if the amino acid breakdown products of proteolysis are assimilated directly
and entirely into microbial protein, there will be a small energy cost for the uptake of amino acids into
the cell and the polymerization of amino acids into microbial protein. If degradation proceeds to
deamination, more energy is needed to resynthesise amino acids from the ammonia produced. Because
the resultant microbial protein is of fairly high quality, nutritional value is not necessarily lost. At
worst, as occurs in many nutritional regimes, a large proportion of the ammonia released by
deamination is not assimilated into microbial protein because energy production for microbial growth
is not synchronized with the ammonia release. The ammonia cannot then be assimilated and it diffuses

across the rumen wall to be ultimately lost as urea in the urine (Wallace, 1988).

Microbes present in the rumen have the ability to convert non-protein nitrogen (NPN) into microbial
protein. The NPN will only be converted into microbial protein if other nutrients required by the
microbes are available in sufficient quantities. These include sulphur, specific amino acids, peptides
and energy. The maximum efficiency of microbial protein production will only be achieved if
ammonia is released from the source of NPN at the same slow rate as the energy from the forage
(Minson, 1990). Breakdown and resynthesis of the components of feed makes inefficient use of energy
and does not supply sufficient protein to support high levels of production (Wallace and Cotta, 1988;
Broderick et al, 1991; Preston and Leng, 1987). Therefore, the objectives of research in this field have
been two-fold. One is to capitalise on the microbial capacity to form protein from ammonia by feeding
NPN. The other is to minimise the breakdown in the rumen, and thereby to increase the bypass dietary

protein, reaching the lower tract (Wallace and Cotta, 1988).

Controlling the rate and extent of degradation of dietary protein to balance the protein supply from
microbial synthesis is of great interest to ruminant nutritionists. The extent and rate of dietary protein
degradation in the rumen is dependent on a number of factors, although it is generally considered that

the solubility of protein in the rumen liquid is the major determinant and this varies between proteins
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from different sources (Broderick et al., 1991). It also depends on the level of proteolytic activity.
which is highly variable, and on the time the protein spends in the rumen as well as other factors such
as pH and microbial species present. Various chemical and physical treatments have been applied to
protein supplements to reduce their degradability and increase the fraction that escapes to the
intestines. Heat, aldehydes (formaldehyde), tannins, alkalis and coating with lipids have all been used

with varying success (Nolan, 1993).

IN VITRO AND IN VIVO DIGESTIBILITY METHODS

Analytical methods can give an indication of the potential value of a feed for supplying a particular
nutrient, but the actual value of the feed to the animal can be arrived at only after making allowances
for availability of these nutrients during digestion. The following methods take account of the action
of the rumen microbes. These widely used methods for predicting the nutritive value for ruminants are

known as the in vitro and in vivo or in sacco dry matter digestibility (DMD).

The in vitro DM digestibility (referred to as in vitro DMD) involves the incubation in the laboratory
of aliquots of feed with an inoculum of micro-organisms from the rumen, and measurement of the
amount of substrate which disappears over a set (48h) time period. In theory, the values produced give
a good indication of nutritive value but, in practice, a high degree of error is associated with the
technique (McDonald er al., 1981). Data on digestibility of fodder trees measured in vivo indicate a
range for leaves of 44 - 60%. This compares with values of 40 - 70% for tropical grasses and 55 - 75%
for temperate grasses (Van Soest, 1982). A range from 38 to 78% was found for woody species in
Botswana (Skarpe and Bergstrom, 1986). Similar findings were reported by McKay and Frandsen
(1969) and Walker (1980). A wide range of in vitro dry matter digestibility from 17 to 67% has been
reported (Vercoe, 1987). Table 2.4 shows the digestibility of selected fodder trees.

Table 2.4: Digestibility of selected fodder tree leaves compared to Panicum maximum.

Fodder In vivo In vitro

Species Organic Matter Organic Matter
Digestibility (%) Digestibility (%)

Albizia lebbeck 53.2 595

Gliricidia sepium 53¢

Leucaena leucocephala 64.9 57.5

Sesbania grandiflora 61.8 66.7

Panicum maximum 53.2 37.0

e — = —

Source: Smith 1992.
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Several studies have developed in vitro techniques based on incubation of forages with rumen liquid
(Tilley and Terry, 1963), with cellulose-type enzymes (Van Soest, 1982) or on gas produced by
incubation with rumen liquor (Menke et al., 1979). Another method which is commonly used is to
estimate the rate of digestion of components of the feed, such as fibre or nitrogen, by incubating
aliquots of the feed in dacron bags in the rumen (in situ) for a range of time periods (Qrskov et al.,

1980).

The gas production technique (Theodorou et al., 1994) is a new, simple and sensitive in vitro method
which can be used to provide information on the fermentability of temperate and tropical crops, by-
products and leaves from fodder trees. It uses the accumulation of gas pressure and gas volume in the
head-space of culture bottles containing dried and ground forages mixed with an anaerobic medium
inoculated with rumen liquid. In this method, a pressure transducer connected to a digital readout
voltmeter and a gas-tight syringe assembly is used to measure and release the accumulated gas
pressures from the incubating culture bottles. The gas production method provides precise data relating
to the fermentation kinetics of ruminant feeds and ranks feeds with respect to their in vitro
fermentability. This technique has been also proved useful to study the role of tannins on the

fermentability of tropical forage legumes (Sanderson, 1993; Longland et al., 1994).

2.4 SECONDARY COMPOUNDS AND PLANT TOXICITY

The term secondary compounds is used to describe a group of chemical constituents in plants thought
not to be involved in the biochemical processes of plant growth and reproduction (Palmer et al., 1990).
These secondary metabolites are thought to have a defensive role that ensures survival of the plant
(Coley et al., 1985), by protecting against insect predation or by restricting grazing by herbivores
(Swain, 1979). The compounds have been implicated in limiting the utilization of feeds. They can act
by inhibiting digestion, having toxic effects, or inhibiting some enzymes and/or metabolic processes

or as precursors of other anti-nutritional compounds (Palo, 1987).

In summary, Barry and Blaney (1987) stated that secondary compounds can be toxic to animals or
cause reduction in their productivity by reducing feed intake. These plant constituents do not affect
all herbivores equally; there are examples of plants being toxic to monogastric species but not to

ruminants, because the toxin is rendered harmless by the rumen bacteria.

There are more than 1200 classes of secondary compounds. These include among others: polyphenols,

cyanogenetic glycosides, alkaloids, saponins, steroids, toxic proteins and amino acids, non-protein
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amino acids, phytohemagglutinins, triterpenes and oxalic acid (Kumar, 1992a; Liener, 1980). Table
2.5 shows some of the secondary compounds reported to occur in fodder trees. Discussion here will

be restricted to tannins which are the most common secondary compounds in tropical fodder trees.

Table 2.5: Secondary compounds in the leaves of trees and shrubs documented as being used in livestock feeding.

= = ]
Substances Species
Non-protein amino acids
Mimosine Leucaena leucocephala
Indospecine Indigofera spicta
Glycosides
Cyanogens Acacia giraffae
A. cunninghamii
A. siberiana
Bambusa bambos
Barteria fistulosa
Manihot esculenta
Saponins Albizia stipulata
Cassia latifolia
Sesbania sesban
Phytohemaglutinins Bauhinia purpurea
Ricin Ricinus communis
Robin Robinia pseudoacacia

Polyphenolic compounds

Tannins All vascular plants

Lignin All vascular plants
Alkaloids

N-methyl-B-phen

ethylamine Acacia berlandieri

Sesbanine Sesbania vesicaria

S. drummondii

S. punicea
Triterpenes
Azadirachtin Azadirachta indica
Limonin Azadirachta indica
Oxalate Acacia aneura

g e —
e
Source: Kumar, 1992a.
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TANNINS

Vegetable tannins are water soluble polyphenolic compounds, having a relative molecular mass
between 500 and 3000 (see Figure 2.3) (Haslam, 1981) and, besides giving the usual phenolic
reactions, they have some special properties such as the ability to bind strongly with proteins,
polysaccharides, nucleic acids, steroids, alkaloids and saponins (Mueller-Harvey and McAllan, 1992,
Haslam, 1986). The mechanism of vegetable tannage is generally accepted to be the formation of a
hydrogen-bonded network between hydroxyl groups of vegetable tannins and relevant groups in
collagen and hydrophobic interactions between vegetable tannins and certain regions or groups of the

collagen polymer (see Figure 2.4) (Spencer et al., 1988).

Traditionally, tannins have been divided into two groups: the condensed and hydrolysable tannins.
However, a new group, the complex tannins has been proposed (Tang er al., 1992). It is generally
thought that condensed tannins are less harmful than hydrolysable tannins, although both have the

ability to bind protein.
Nutritional effects of tannins

Studies of the effects of tannins on animal nutrition have involved a wide range of plants and have
covered a wide variety of animal species. In the vast majority of cases there has been little or no
characterisation of tannins present in the feedstuffs used (Mueller-Harvey and McAllan, 1992). In
general, tannins cause growth depression and an adverse effect on protein and dry matter digestibility

(Liener, 1980). They can also produce liver necrosis, act as a pectinase inhibitors and as carcinogenic

agents (NAS, 1973).

Tannins are known to impart an astringent or bitter taste and the level of tannins in the diet may
therefore reduce the palatability. However the effects of tannin levels in the diet may also be quite

negligible or indeed they may even enhance intake (Mueller-Harvey and McAllan, 1992).

Levels between 0.2 and 2% of tannins have been shown to depress dry matter, protein and amino acid
digestion, reduce energy utilisation and growth and lead to lower feed efficiency ratios in poultry. Leg
abnormalities have been found in chicks receiving high tannin sorghum grain diets. Histopathological
effects in chicks include decreases in blood haemoglobin, red and white cell counts and necrosis of

the kidney and liver. Decreases in egg production and yolk discolouration have also been reported

(Mueller-Harvey and McAllan, 1992).
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Figure 2.3: Formulae of condensed flavonoid substances and tannins. A. Head to tai i ]
Possible structure of condensed tannin. ' tail polymer. B. Tail to tail polymer. C.
Source: Van Soest, 1962,
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Figure 2.4: Hydrogen bonding of tannic compounds with proteins. A. Location of the hydrogen bond between the hydroxy!
group of the phenol and the carboxyl group of the protein’s peptide. B. The role of cross bridged hydrogen bonds on the strength
of the tannin-protein interaction.

Source: Field and Lettinga, 1992.

In pigs, reductions in dry matter digestibility and gross energy have been reported. Physiological
abnormalities resulting from continuous ingestion of free tannin by young pigs include anorexia,
dyspnoea, hydrothorax and oedema of the lungs, hepatic degeneration and dilation of the heart. In
general, feeding with high tannin diets results in poor performance, particularly in terms of feed

conversion efficiency (Liener, 1980). The antinutritional effects of tannins in fodder trees are

summarized in Table 2.6.

The effect of tannins in ruminant feeding is not consistent, with possible harmful and beneficial effects
(Mueller-Harvey and McAllan, 1992., Barry and Duncan, 1984). The two types of tannins differ in
their nutritional and toxic effects. The condensed tannins (CT) have a more profound digestibility-

reducing effect than hydrolysable tannins (HT), whereas the latter may cause varied toxic

manifestations due to hydrolysis in the rumen.

Rumen microbes have been shown to degrade flavonoids. Strains of Butvrovibrio and
Peptostreptococcus are prominent in the cleavage of heterocyclic rings. However, there are few data
available on the degradation of tannins by the rumen microflora (Deschamps et al., 1983; Field and
Lettinga, 1992). Since rumen microorganisms may modify or metabolise ingested tannins, the
extensive adaptation of the rumen microflora to different plant constituents could be of particular

importance in reducing the potential toxicity of ingested tannins. These ingested tannins may act in
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. affect the species and composition of the microflora;

. complex with and inhibit extracellular enzymes produced by the microflora;

. complex and render unavailable dietary nutrients;

. they (or metabolic products) may be absorbed from the rumen and prove toxic at the tissue

level (Mueller-Harvey and McAllan, 1992).

Tabie 2.6: Examples of anti-nutritional effects of tannins in shrubs and tree forages.

Species

Predominant

Tannin

Animal

Nutritional effect

Acacia aneura

A. cyanophylla

A. nilotica (pods)

A. siberiana (pods)

Albizia chinensis

Leucaena leucocephala

Manihot esculenta

Prosopis cineraria

Robinia pseudoacacia

Terminalia oblongata

e —
e

CT: Condensed tannin
HT: Hydrolysable tannin
Source: Kumar, 1992a.

CcT

CT

CT

HT

CT

CcT

CT

CT

CcT

HT

Sheep

Sheep

Sheep

Sheep

Goat

Poultry

In vitro

Sheep

Rat

Rabbit

Sheep

Reduction in N digestibility, decreased
wool yield, growth and S absorption.

Reduced feed intake, negative N

digestibility, loss in weight.

Low growth rate, reduced N and
NDF digestibility.

Low growth rate, reduced N and
NDF digestibility.

Reduced in sacco N digestibility.

Poor N retention, low apparent
metabolisable energy value.

Inhibits digestibility.

Reduction of feed intake, protein,
digestibility, decreased wool yield &
growth, decreased iron absorption.
Reduced N digestibility.

Reduced feed intake & growth.

Reduction in feed intake, toxicity, but
not effect upon digestibility.
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Evidence is increasing that tannins can have some benefits. Tannins have been found to have bloat-
safe properties. It has been suggested that tannins inhibit the production of stable foam in the rumen,
helping to control bloat (Lees, 1992). Low concentrations (2% dry matter) of tannins from Lotus have
been shown to reduce the carcass fatness in growing lambs, whereas high tannin diets increased levels
of growth hormone in sheep blood (Barry and Manley, 1986). Dietary condensed tannins from Lotus
pendunculatus (2-3%) have been shown to impart beneficial effects because they reduce the protein

degradation in the rumen by the formation of a protein-tannin complex (Barry and Blaney, 1987).

Tannins and bypass protein

Protein that is slowly degradable in the rumen may provide amino acids and peptides for microbial
growth in addition to providing bypass protein. Tannins are known to protect dietary protein against
microbial attack in the rumen. Thus if a freshly harvested tropical legume given as a supplement is to
provide bypass protein then it should be selected for a relatively high content of tannins, even though
this will depress fibre digestibility. The benefits of including bypass protein in the diet have been

widely documented (Preston and Leng, 1987).

The tannin-protein complex can be either reversible (i.e., with the formation of hydrophobic and/or
hydrogen bonds) or irreversible (i.e., oxidation of the phenolic compounds to reactive quinone) (Fahey
and Jung, 1989). The reversible tannin-protein complexes have maximum stability in the pH range 4 -
7. Above and below this pH range the complex is readily dissociated. In this way, the tannin-protein
complex after escaping rumen fermentation (about pH 5 - 7) would be digested readily by the enzymes

in the gastric (about pH 2.5) and pancreatic (about pH 8 - 9) secretions (Palo, 1987).

2.5 ASSOCIATIVE EFFECTS

DEFINITION

Associative effects of feedstuffs were first described by Ewing and Wells (1915) as the influence of
one ingredient of the diet on the others. In 1931, Kriss wrote “the net energy values of individual
feedingstuffs are fundamentally variable in the sense that their values depend to a considerable extent
on the combination in which they are fed with other feedingstuffs. The associative effects of
combinations are unpredictable in the present state of knowledge”. These observations were then

confirmed by Forbes er al. (1933) when measuring the net availability of metabolisable energy (ME)
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of maize meal in fattening steers they found that it differed markedly according to the basal ration on
which the animal was fed. If maize was added to a ration of oat straw, corn meal and molasses, a
higher efficiency was obtained than if it was added to a ration of alfalfa hay, linseed meal and bran.
The latter was in turn higher than that found when maize was added to a basal ration of timothy hay.
Forbes and Kriss were unable to explain this effect. Other workers subsequently found similar effects.
Hamilton (1942) showed one of the most impressive examples of associative effects in the depression
of the digestibility of cellulose by the addition of starch or glucose to the diet. It occurred when starchy
grains were added to roughage diets, particularly those low in nitrogen content. Watson (1945)
gathered enough evidence to show that, when mixtures of different feedingstuffs are given to animals,
the apparent digestibility of the mixture was not necessarily the same as the weighted sum of the

apparent digestibilities of its components. This phenomenon was called ‘associative digestibility’.

In 1962, Blaxter, when outlining the basis of the new ME system, acknowledged the associative effects
of feedstuffs both in ME and in digestibility and proposed an explanation. He hypothesised that the
associative effects on ME found by Forbes et al. (1933) arose from the different type of fermentation
produced when maize was used to supplement the different rations. The depression in cellulose
digestibility found by Hamilton (1942) could be accounted for by the depletion in soluble nitrogen
(and possible other essential nutrients) in the fluid phase of the rumen resulting from the rapid growth
of starch-fermenting organisms. This had a consequent negative effect on the cellulolytic flora. In a
similar way, the addition of protein-rich material could cause an increase in the apparent digestibility
of a low nitrogen roughage. One of the fundamental assumptions in the new ME scheme was that the
values for individual feeds could be added together to obtain the metabolizable energy value of whole
rations (principle of additivity). This implied a rejection of all associative effects on the digestibility
of the feed. Blaxter argued that, although these effects existed, their magnitude was usually not large,
particularly if time was allowed for an equilibrium to be established between the microflora in the gut
and the change in diet. They were not likely to limit the usefulness of the scheme in practice. Since
then, the prevalent feeding systems based on ME, both in Europe and the USA, have assumed

additivity of ME (and digestibility of all other nutrients) in ration formulation.

Additivity is then the key factor which needs to be tested in order to quantify the associative effects.
Its importance was highlighted by Sauvant and Giger (1989), who considered associative digestibility
to be the lack of additivity between digestible nutrients. Oldham and Emmans (1990) defined
associative effects as the interactions between feed values which influence animal performance in ways
which are not predictable on the basis of strict additivity. This last definition includes associative

effects in the feeding value and not just in the nutritive value. Apart from the effects of specific
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nutrients on fibre digestibility and associated feed intake, Oldham and Emmans also discussed the

influence of nutrient balance on nutrient partitioning as a consequence of the associative processes.

It is clear that the digestion process is an interaction between all the components of the diet.
Associative effects between the components of a mixed diet occur when, as a consequence of the
interactive process, the nutritional value of the mixture cannot be predicted from the sum of its
individual components. Associative effects occur with both digestibility and intake, and intake can
influence the associative effects on digestibility. It is necessary to separate true associative effects from
the greater intake of more digestible feeds. If the mixture of feeds results in an increase in voluntary
intake because one component, for example, is highly palatable, the resultant increase in digestibility
cannot be attributed to an associative effect itself (i.e., the lack of additivity). The increased
digestibility may be the result of a greater intake of a more digestible component. On the other hand,
intake can be reduced if one of the components of the mixture has an astringent effect (like tannins).
The associative effect on intake is referred to as a substitution effect. It occurs when an increased
intake of a supplementary feed results in a decreased intake of the basal feed, to an extent that varies
directly with the digestibility of the basal feed (Forbes, 1986). While there are some cases where the
substitution effect might be explained on simple additivity grounds (replacement of ‘fibre’ on a 1:1
basis), this is certainly not a general explanation. The substitution effect is an important associative
effect for which the criterion of evaluation is solely through the measurement of animal performance

(Oldham and Emmans, 1990).
QUANTIFICATION OF THE ASSOCIATIVE EFFECTS ON DIGESTIBILITY

Sauvant and Giger (1989) described a method to quantify associative effects on the digestibility of
straw based on a quadratic model (see Figure 2.5). Several authors (Mould et al., 1983b; Moss et al.,
1992; Margan et al., 1994; and Cassida, et al., 1994) have used a similar method which is described
below. In their method, the mixed diet is given in increasing proportions of one component and
decreasing proportions of the other one at the same time (from ratio 100:0 to 0:100). The usual ratios
are 100:0, 75:25, 50:50, 25:75, 0:100. Fewer levels make the analysis less precise. The data are
examined by linear and quadratic regressions and if the quadratic trend is significant then associative
effects are shown to exist. In the absence of associative effects, the digestibility should change linearly

with the increasing ratios of the mixture (there is additivity of the two components).
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Figure 2.5: Associative effects represented as the quadratic variation of the diet digestibility, as proposed by Sauvant and Giger
(1989).

Other authors (Brown and Pitman, 1991), working in vitro, have preferred to regress the in vitro
digestibility values against the ratio, using the values for the 100:0 and 0:100 mixtures. Associative
effects are calculated as the deviation of the actual in vitro digestibility values from the regression line
established using the 100:0 and 0:100 values. The drawback of this last method is that a greater

number of replicates is needed for the end values in order to increase the precision of the expected

values calculated by the regression.

In animal experiments, intake can influence the associative effects as previously explained. To
overcome this problem, the animals are given a restricted intake to a maintenance level or just below,
enough to maintain liveweight and to ensure that the feed offered is completely consumed. This also
ensures that there is the same level of consumption for all ratios. Water intake can also affect the

associative digestibility if the consumption is great enough to affect gut fill or rate of passage (Cassida

etal., 1994).
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MODE OF ACTION OF THE ASSOCIATIVE EFFECTS

Several authors have hypothesised about the likely mode of action of the associative effects. Minson
(1990) suggested that ‘synergism’ or positive associative effects would only occur where one species
is deficient in an essential nutrient, which is provided by the second forage. For the most common
associative effect reported in the literature, that is the depression of fibre digestion by the addition of
a feedstuff rich in starch or sugars, the general consensus seems to be that when this carbohydrate-rich
feed is mixed with a feedstuff with a particularly low nitrogen content, the soluble nitrogen is depleted
due to the rapid growth of amylolytic organisms. This shortage of nitrogen causes a reduction in the
growth rate of cellulolytic organisms and therefore the cellulose digestibility is decreased (Blaxter,
1962; Garnsworthy and Cole, 1990). Cheeson and Forsberg (1989) highlighted the importance of the
form of the fermentable carbohydrate and Oldham (1984) stressed the amount and form of dietary
crude protein. As for the effect found when high concentrations of fat in roughage diets decrease the
digestibility of fibre in the rumen, Devendra and Lewis (1974) suggested that this may be due to
physical coating of the fibre by the fat, toxic effects of fat on rumen microbes, surfactant effects of
fatty acids on cell membranes or the formation of insoluble cation soaps. Sauvant and Giger (1989)

suggested that the associative effects depended on reticulo-rumen microbial activity and particle

transit.

Associative effects of different components of a diet on digestibility are widely recorded especially for
feedstuffs used in temperate countries. Despite this, few experiments have been set up to explain the
mode of action of these effects, that is experiments that are specifically designed to test the deviation
from linearity (i.e., test the additivity of the components). Also, the majority of the studies have used
combinations of forages or low quality roughage and a readily available energy source. Fewer
experiments have examined the possibility of associative effects between different forages. The
suppression of fibre degradation when a fibrous roughage is fed with a readily degradable substrate
was demonstrated to be of a composite nature, due in part to a decrease in rumen pH and in part to the
amount of rapidly degradable substrate provided (Mould ef al., 1983a). This was demonstrated by
feeding four chopped roughages (straw, dried grass and two hays) with three sources of rapidly
fermentable carbohydrates: barley, maize and molasses. Bicarbonate salts were infused intraruminally
to keep the pH at the same level as the high roughage diets. The results showed that the extent of the
depression in fibre degradation could not be alleviated completely by the addition of the bicarbonate
salts. This may be due to the adaptation of the rumen microflora (the number of cellulolytic
microorganisms was lower in diets that caused a low pH). Figure 2.6, shows both pH and carbohydrate

components of the associative effects.
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Figure 2.6: Depression of the dry matter weight loss of ground hay due to the supplementation of a hay-based diet with pelleted
whole barley without bicarbonate salt addition (solid line) and with bicarbonate addition (dotted line).

Source: Mould et al., (1983a).

Moss et al. (1992) measured the associative effects, in vivo and in vitro, of a range of mixtures of grass
silage:straw, grass silage:maize silage, and maize silage:lucerne silage. For the mixtures of
maize:lucerne and maize:grass, negative associative effects were found for the digestibility of the
organic matter (OMD) that were suggested to be due to the starch content of the maize inhibiting fibre
digestion. However, the inhibition was less marked with mixtures of maize:lucerne. The authors
suggested that this was possibly due to the higher buffering capacity of lucerne compared to the grass.

The negative associative effects found for the grass:straw mixture were considered to be due to the

lack of readily fermentable carbohydrates limiting the utilization of the soluble nitrogen in the

mixtures.

Associative effects of energy and protein for a range of mixtures of maize silage and red clover were
measured in sheep kept in metabolism crates (Margan et al., 1994). To account for differences in
intake, half of each group was fed ad libitum and the other half at a level designated to maintain live
weight. Results showed positive associative effects for voluntary ME intake, digestibilities of energy.
nitrogen (N) and cell wall organic matter, and energy and nitrogen balances. It was hypothesised that

the more efficient use of dietary energy and nitrogen could be attributed to improved microbial
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synthesis of rumen-degraded clover N and/or synchronous absorption from the duodenum of non-

ammonia N from the clover and undegraded maize starch from the silage.

Negative associative effects for the digestibility of fibre were found between mixtures of tyfon
(Brassica campestris) and hay fed to sheep (Cassida e al., 1994). The inhibition of fibre digestibility
(NDF, ADF and cellulose) was attributed to the likely reduction in rumen pH caused by the readily
fermentable carbohydrates. Contrary to what is reported in other experiments, associative effects on
the digestibility of dry matter were not found. In this experiment, because dry matter and water intake
increased simultaneously with the proportion of tyfon in the diet, the effects on dry matter intake,
digestibility of organic matter, rate of passage, degradation rates and carbohydrate intake were
confounded. Moreover, the addition of hay to tyfon resulted in increased daily weight gain. The
authors suggested that these results could be related to a modification of rumen fermentation and

indicated the need for further research to elucidate these effects.

Reid et al. (1987) studied the effect of feeding mixtures of two grass hays: orchard grass (Dactvlis
glomerata) and perennial ryegrass (Lolium perenne) and two legumes: alfalfa (Medicago sativa) and
red clover (Irifolium pratense) individually and in different combinations to growing lambs. The
effect of an increasing proportion of legume in the mixture on dry matter digestibility (DMD), neutral
detergent fibre digestibility (NDFD) and digestible dry matter intake differed with species
combination. For all combinations, a quadratic regression for DMD and DNDF indicated a small,
negative associative effect for mixtures of grasses and legumes compared with pure species. DMI
showed a positive quadratic effect with increasing level of legume inclusion, indicating a positive
associative effect on intake. Mineral utilization (apparent absorption and retention) did not differ with
species combination, and generally improved with increasing legume content in the mixture. The
authors found that with the exception of calcium retention (negative quadratic effect), there was little

evidence for significant associative effects between grasses and legumes in mineral utilization.

Glenn (1989) evaluated mixtures of lucerne (Medicago sativa) and orchardgrass (Dactylis glomerata)
in the rumen. To account for differences in intake, the animals (steers) were divided into two groups:
one fed on restricted level of the mixtures and the other ad libitum. Associative effects were found for
rumen microbial protein synthesis and tissue N retention. The author suggested these results indicated

synergism in rumen fermentation of NDF and N from mixtures of the two plant species.
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With regard to tropical feeds, associative effects were tested in vitro using grass:legume mixtures
including the grasses bahiagrass (Paspalum notatum) and limpograss (Hemarthria altissima), and the
legumes aeschynomene (4eschynomene americana) and hairy indigo (Indigofera hirsuta) (Brown and
Pitman, 1991). Positive associative effects in in vitrro NDF digestion were observed when
Aeschynomene americana was combined with mature grasses of low nitrogen content. The magnitude
of the associative effects was similar to the increase in in vitro NDF digestion of pure grass when
rumen fluid from a donor animal fed low quality hay plus supplementary nitrogen was used.
suggesting that Aeschynomene americana provided soluble and/or degradable N to the in vitro
fermentation. The fermentation kinetics were studied and it appeared that the likely mode of action of
the positive associative effects was a reduced lag time in the initiation of fibre digestion. This work
highlighted the importance of N from the legumes in the associative effects of the mixtures. It also
showed that associative effects may change over time during the process of fermentation, as the

associative effects were found at 48 but not at 96 hours.

Associative effects reported in the literature are often concealed by other types of interactions between
feedstuffs that can occur in the animal, such as the effect of a supplement or the substitution effect.
Although in some cases these effects can be explained on grounds of simple additivity this is not
always the case. The difficulty of separating these effects is mainly that the experiments were not set
up initially to test, or to explain, the associative effects. Table 2.7, shows examples of the effect of
increasing levels of fodder tree supplementation on productivity of different species of ruminants.
These feeding trials with fodder tree leaves were design to establish the optimum ratio of
supplementation of a basal diet or to study substitution effects on intake. The data show that in all
cases there was an associative effect on DM intake and that, bearing in mind the increased DM intake,
there may be associative effects on DM digestibility between the basal diet and the leaves from a single

fodder tree species. Associative effects of the same type using mixtures of fodder tree leaves may be

possible.

To the knowledge of the author of this thesis, there have been no studies so far of associative effects
on digestibility of mixtures of fodder tree leaves. It is self-evident that the mechanisms that may
produce the associative effects in mixtures of tree leaves are still uncertain. According to the works
of Glenn (1989) and Brown and Pitman (1991) (see above) in mixtures of tropical grasses and
legumes, the likely mode of action of the associative effects was a synergism in rumen fermentation
of NDF and N. This suggests that the mode of action of associative effects of mixtures of fodder tree
leaves may be also a synergism in the fermentation of nutrients from the components of the mixture.

Scveral authors (Johnson, 1976; Sniffen et al., 1983; Henning et al., 1991; Sinclair ¢t al., 1993) have
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proposed that microbial growth efficiency and hence animal performance may be improved by a
synchronisation of energy and nitrogen supply to the rumen. Most authors have defined synchrony in

terms of the rates of fermentation of carbohydrates and nitrogen in the rumen (Garnsworthy ez al.,

1995).

Table 2.7: Effect of increasing levels of forage tree legume supplementation on productivity of cattle and goats.

Animal Basai Level of browse Voiuntary Intake Dietary DMD
Browse species
Species Diet (%DM) g’kg/day %
Leucaena
leucocephala Cattle Grass 0 20.2 42
20 26.1 44
40 28.8 46
60 28.8 44
100 22.1 51
Leucaena
leucocephala Goats Barley straw 0 17.9 48
33 29.5 60
65 30.9 57
100 271 62
Albizia
chinensis Goats Hay 0 18.9 46
27 27.8 56
61 27.4 49
100 24.6 48
Sesbania
sesban Goats Barley straw 0 17.7 48
33 28.7 61
66 31.7 64
100 27.8 64

DM = Dry matter
DMD = Dry matter digestibility
Source: Norton 1994.

Johnson (1976) hypothesised that, given three rumen fermentation rates (for soluble sugars, starch and
cell wall carbohydrates), the ideal situation in the rumen with regard to the ammonia pool would be
that it demonstrates a curve somewhat similar to the carbohydrate fermentation curve, resulting in a
synchrony in the fermentation rates (synchrony in the release of nutrients) (see Figure 2.7). Sniffen et
al. (1983) proposed that rumen fermentation should be balanced in order to maximise a balanced
microbial growth (i.e., maximising the digestion of forage cell wall while optimising the growth rate
and efficiency of rumen bacteria). According to the author, this could be achieved by a balance of
degradable protein and fermentable carbohydrates. This balance can be obtained by synchrony. For
example, a rapidly released unit of nitrogen could be used with a slowly released unit of carbohydrate
that had been eaten by the animal some hours previously (Garnsworthy et al., 1995). The cffect of two

diets, synchronous or asynchronous with respect to the hourly supply of energy and nitrogen on rumen
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fermentation and microbial protein synthesis, was studied in sheep (Sinclair et al., 1993). The results
showed that synchronising the rate of supply of N and energy-yielding substrates to the rumen
microorganism can improve microbial protein flow at the duodenum and the efficiency of microbial

protein synthesis.

Rate of fermentation

Time (hours)

Figure 2.7: lllustration of the theoretical rumen fermentation rates over time after ingestion of three forms of carbohydrates
(A=soluble sugars, B=starches and dextrins, C=cell wall carbohydrates) and rumen ammonia curves (X,Y,Z= N-sources)
required to support protein synthesis from the fermentation of these carbohydrates.

Source: Johnson, 1976.

2.6 MIXTURES OF FODDER TREE LEAVES

Farmers in many parts of the world feed mixtures of fodder tree leaves to their animals as a supplement
or as the whole ration (Paudel and Tiwari, 1992; Rangkuti et al., 1990; Devendra and Pun, 1990; Gill
and Powell, 1993). The use of mixtures ensures a more diverse supply of forages and therefore reduces
the risk of dependence on a single plant species. Nitis et al., (1990) described a three-strata forage
system in Bali which involves grasses and ground legumes (first stratum), shrubs and legumes (second

stratum) and fodder trees (third stratum).

Farmers also overcome and reduce toxicity problems by feeding mixtures of fodder tree leaves with
and without sun drying. This process not only extends the choice of feeds available but also dilutes
and reduces problems of palatability and side effects. Little is known about the optimum dietary levels
of feeds from individual shrubs and trees (especially for those with deleterious principles), about how

to reduce the incidence of deleterious effects, nor about suitable mixtures in economic feeding systems

for individual ruminants (Devendra, 1993).
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Ruminants (especially goats) when left to browse ad libitum will prefer a varied diet. Cafeteria trials
can be use to determine animal preferences for particular mixtures. Le Houérou (1991) evaluated the
intake of 9 species of native and exotic shrubs offered either alone or in a mixture to ewes in Libya.

The results showed that consumption of mixed shrubs was higher than that of a single species.

If information on the nutritive and feeding value of many trees and shrubs is scarce, there is even less
information on the nutritive and feeding value of mixtures of leaves. Most of the information available
involving the use of two or more fodder tree species relates to their replacement value (Van Eys et al.,
1986; Richards et al., 1994b; Adejumo, 1995). There are, however, some studies on mixtures that

indicate their potential.

Foliage from Leucaena leucocephala, Calliandra calothyrsus and their mixture (1:1) was used to
supplement a diet of maize husks for goats. The daily weight gain of animals supplemented with the
mixture Leucaena:Calliandra was greater than those animals supplemented with Calliandra only
(22.6 and 19g). Daily weight gain of animals supplemented with Leucaena only was the highest of all
(28.5), but dry matter intake (DMI) was also much greater (331.6g/day). There were no differences
in the intake of Calliandra (315.2g/day) or the mixture (317.4g/day) (Phiri et al., 1992).

Bosman et al., (1995) fed West African Dwarf goats with Gliricidia sepium and a mixture of
Gliricidia sepium combined with Leucaena leucocephala. (Leucaena only was not included in the
experiment). Diets were offered at seven different levels in two experiments varying from 60 to 120g
DM/kg""*/day, in increments of 10g, in experiment 1, and from 40 to 130g DM/kg"”/day, in
increments of 15g in experiment 2. The maximum DM intake for Gliricidia and the mixture
Gliricidia:Leucaena were, in experiment 1:72.5 and 90 and, in experiment 2:55.5 and 63.4g/kg""*/day,
respectively. In both experiments Gliricidia: Leucaena mixtures were more digestible than Gliricidia
alone, the difference in the second experiment being larger (10.3 vs. 3.6 percentage units). Maximum
weight gain for Gliricidia was 2g /kg"”/day and for the Gliricidia:Leucaena mixture was 8.2g
/kg®"/day, obtained when offered at a level of 80 and 106g DM/kg®”*/day respectively. These studies

indicate that a mixture of fodder tree leaves can be used to increase productive parameters over those

obtained when a single fodder trees species is used.

The effect of supplements of single fodder tree leaves on increasing intake was shown in 2.5. Research
conducted with sheep and goats receiving Panicum maximum ad libitum and different rates of mixed
Leucaena:Gliricidia supplements, showed that increasing levels of browse legume supplementation
led to a decrease in intake of Panicum, an increase in intake of the legumes and an increase in total

DM intake (Reynolds and Adediran, 1988).
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Mixtures of fodder tree leaves also have been shown to have important effects on animal reproduction.
Reynolds and Adeoye (1989) reported that supplementation of a basal diet of Panicum grass with a
mixture of Leucaena leucocephala:Gliricidia sepium reduced the interval between parturitions.
Reynolds and Adediran (1988) showed that supplementation of a grass and cassava peel basal diet
with a mixed Leucaena leucocephala:Gliricidia sepium feed resulted in significant increases in both

growth rate of lambs and their survival to 24 weeks.

Fodder tree leaves are chemically complex feedstuffs which gives them the potential for all kinds of
interactive processes in the animal. The interplay, at the digestive level, of nutrients and antinutritional
factors can have an important impact on animal productivity. It has been suggested that the deleterious
effect of secondary compounds can be overcome by the simple approach of reducing toxicity by
feeding the toxic plant in a mixture with other plants, thus diluting the effective level of each
compound. The effect of condensed tannins can be overcome by complexing them with polyethylene-
glycol (PEG). Lowry (1990) suggested that natural analogues (soluble, non-degradable polyhydroxy
compounds) occur in plants, and there is the possibility of a positive interaction between tannin and

PEG analogue when the two plants are fed together.

The concept of using mixtures of fodder plants with variable tannin levels to improve nitrogen
utilization by ruminants (by reducing soluble protein degradation in the rumen) has been suggested
(Barry, 1988; Lascano and Palacios, 1993; Waghorn et al., 1987). Because of the property of binding
protein at neutral pH and releasing it at low pH, tannins could be used to reduce the extent of soluble
protein degradation in the rumen and thus increase the amount of non-ammonia nitrogen flow to the
small intestines (Lascano and Palacios, 1993). This concept is being tested by using the legumes
Cratylia argentea (tannin-free) and Flemingia macrophylla (25.1g CT/kgDM) (Fissler, 1993). Intake,
digestibility and nitrogen retention were measured in sheep fed low quality grass (Brachiaria
dictyoneura) alone, low quality grass (60%) supplemented with Cratylia argentea alone (40%) or
mixed with Flemingia macrophylla at two levels. Results showed that, as the proportion of Flemingia
macrophylla increased in the mixture, there was a greater faecal nitrogen excretion and reductions in
dry matter and fibre digestibility. The positive effects found by a reduction in the amount of urea
excreted in the urine were offset by the decline in digestibility. It was concluded that in formulating

mixtures to supplement low quality forages it is important to consider not only tannin level but also

the digestibility of the legumes used.

In another experiment, Cratylia argentea replaced with 0, 25, 50 or 100% Flemingia macrophylla was

fed as 40% of the total ration as a supplement to Brachiaria dictyoneura offered to African Hair sheep
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(Powell, et al., 1995). As the intake of Flemingia increased, duodenal N flow (as proportion of
nitrogen ingested) decreased. This was associated with decreasing rumen ammonia concentration;
increasing proportion of nitrogen appearing in the urine, increasing loss of soluble condensed tannin
and increasing protein-bound condensed tannins across the rumen. This suggests that N breakdown
in the rumen was inhibited by the formation of undegradable protein-tannin complexes between feed
protein and soluble tannins. There was an increment in the proportion of ingested nitrogen appearing
in the faeces, indicating that post-ruminal digestion of nitrogen was inhibited. The authors concluded
that, although there was no apparent benefit in terms of the overall nitrogen retention, tannins from

one feed can affect the digestion of nitrogen from another feed.
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2.7 AIM OF THE STUDY

This review shows that, given the diversity of fodder tree leaves and their complex chemistry, there
is a considerable potential to develop feeding strategies based on strategic mixtures that result in
‘enhanced’ nutritive value. The interplay, at the digestible level, of nutrients and anti-nutritional factors
can be the basis of this ‘enhanced’ nutritive value. Although associative effects between feedstuffs
have been studied before, no study has been done on mixtures of fodder tree leaves. The suggested
mechanisms of the associative effects reported in the literature may not be the same for fodder tree
leaves as they are chemically more complex than hays and silages. The aim of this work is to begin
to understand the factors that determine the associative effects of mixtures of fodder tree leaves and

the interactions between tannins and other components of the feed.
Objective

The objective of this work is to develop the scientific knowledge of the mechanisms that govern the

associative effects of combining tree leaves on gas production during in vitro incubation.

Structure of the thesis

The general objective was achieved by means of:

1) identifying which chemical components of plants have an important effect on the fermentation,
2) identifying plant material covering a range of these components,

3) studying the interactions between those components by modelling their fermentation kinetics using
commercially available chemical compounds,

4) studying the interactions between the chemical compounds and the plant material, and

5) studying the interactions of mixtures of plant material from different species in the gas production.

Samples of leaves from 20 different species of fodder trees and shrubs were used as a source of a wide
range of chemical components to study their effects on the fermentation (Chapter 4). From this set of
samples, 5 different plant species with contrasting chemical composition were selected to study the
interactions (Chapter 5 and 6). The effects on and interactions of tannins with the fermentation were
studied by using purified tannins, and by means of a tannin binding agent on the selected plant
material (Chapter 7). The scientific knowledge gained from these experiments was used to explain and
to underline the factors that determine the associative effects of mixtures of fodder tree leaves (Chapter

8). Finally, the implications of the findings of this study in animal nutrition in the tropics, are discussed

(Chapter 9).



Chapter 3

MATERIALS AND METHODS

3.1 INTRODUCTION

Samples of leaves from 20 different plant species were collected in Colombia. This diverse data set
included trees and shrubs, all with rather different chemical characteristics. The replication refers only
to repeats of the chemical techniques on the same samples and only one sample of each
species/material is included in the analyses. Therefore the values expressed here are only useful for
estimating the variation in these procedures and to compare between methods but are not by any means
representative of a particular species. This set of samples was used purely as a source of a wide range
of plant chemical components, to understand the importance of the chemical components in the

fermentation and to study the associative effects of mixing fodder tree leaves with different chemical

composition.

The plant material was analysed for soluble and crude protein, structural and non-structural
carbohydrates, ether extract, ash and phenolic compounds. The methods used are routine methods of
chemical analysis to determine feed composition and therefore well known. Because of this, only
variations from the published method are discussed in the main text. The full detailed description of
the methods is given in the appendix. The gas production technique is a relatively new method which
was used as the means to achieve the objective of the thesis. For this method, a full description,
including variations from the original method, is given in the main text. A comparison of different
mathematical models to describe the gas kinetics is made. This chapter also describes the general

methodology used to assess the associative effects.

3.2 MATERIALS
COLLECTION OF SAMPLES

Samples were collected in the Cauca valley in the south west of Colombia. This fertile valley is 1000
metres above sea level, with an average temperature of 23°C. The annual rainfall is between 600 to
1200mm. Preliminary studies published just recently (Rosales ez al., 1992; Vargas, 1994) have shown

that farmers in the valley region used over 32 different plant species a year to feed their animals. A list

37



38

of the 20 species with most potential was made, based on their use by the farmers, palatability and

degradability studies. The sample collection was carried out in August 1992 (see Table 3.1).

Table 3.1: List of the selected forage plants from Colombia for this study.

Scientific name Common name Sort of Plant
Malvasrum sp. Escoba Blanca Shrub
Canavalia ensiformis (L.) DC. Canavalia Shrub
Dioclea sericea (Humb. Bonpl. & Kunth) Abrecaminos Shrub
Sapindus saponaria (L.) Chambimbe Shrub
Amaranthus dubius Mart. Bledo Shrub
Urera baccifera (L.) Gaud. Pringamoza Shrub
Heliconia sp. Platanillo Shrub
Tithonia diversifolia (Hemsl.) Gray Botén de Oro Shrub
Simphytum peregrinum Lebed. Confrey Herb
Bidens pilosa (L.) Papunga Shrub
Clitoria ternatea (L.) Clitoria Shrub
Inga sp. Guamo Tree
Enterolobium cyclocarpum (Jacq.) Griseb. Orejero Tree
Erythrina edulis Triana ex Micheli Chachafruto Tree
Erythrina poeppigiana (Walp.) O.F. Cook Cachimbo Tree
Pithecellobium dulce (Roxb.) Benth Chiminango Tree
Prosopis juliflora (Swartz.) DC. Algarrobo Tree
Leucaena leucocephala (Lam.) de Wit Leucaena Tree
Trichanthera gigantea (Humb. et Bonpl.) Nees. Nacedero Tree
Gliricidia sepium (Jacq.) Steud. Matarratén Tree

Samples were collected from individual plants by harvesting leaves (young and adult) from the top,
bottom, sunny and shady sides of the tree or shrub. The collected leaves were pooled and a subsample
of approximately 1 kg was taken. The subsamples were dried in a forced-draught oven at 60°-70°C
for 48 hours, ground in a hammer mill with a 2mm mesh, packed in plastic bags and taken to the
United Kingdom. The samples were ground again to a uniform particle size for the chemical analyses.
This time, a high speed mill (Tecator MPF 570-010V) fitted with a fine mesh screen of 1mm was used.

The ground samples were stored in glass jars fitted with air-tight lids.

3.3 METHODS

For all methods of chemical composition, samples were analysed in duplicate with a maximum

acceptable error of £2%.
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PROXIMATE ANALYSIS

The samples were analysed for their chemical composition in terms of dry matter, crude protein, ether
extract, ash and organic matter according to conventional methods (MAFF, 1986) (See Appendices

1 to 4 for a description of the methods).

WATER SOLUBLE PROTEIN

The solubility of the protein was measured by suspending 0.5 g of the sample in 100 ml of water in
a water bath (39°C) for 1 hour without shaking, according to the method proposed by Wohlt et al.,
1973. The nitrogen content was measured in the liquid fraction obtained after centrifugation (2000 rpm
x 10 minutes) by the Kjeldahl analysis (AOAC, 1984) and not in the dry residue after filtration as
described in the original method (Appendix 5).

SOLUBLE CARBOHYDRATES

The soluble carbohydrates were extracted after suspending 0.2 g of the sample in 200 ml of water in
a water bath at 25°C with continuous agitation and the concentration of carbohydrates (expressed as

glucose) was determined using a spectrophotometer according to the method proposed by Thomas

(1977) (Appendix 6).
STARCH, REDUCING AND TOTAL SUGARS

These analyses were carried out by the laboratory of the Post Harvest Horticulture Group of the
Natural Resources Institute, Chatham. The starch, reducing and total sugars were estimated by the

spectrophotometric method according to AOAC (1984) (Appendix 7).
DETERGENT EXTRACTED FIBRE (ADF, NDF)

The crude lignin, cellulose and silica fractions of the plant material were estimated by measuring the
acid detergent fibre (ADF) and the cell wall material (lignin, cellulose and hemicellulose) by
measuring the neutral detergent fibre (NDF), as proposed by Van Soest (1975) (Appendices 8 and 9).
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EXTRACTION OF THE PHENOLIC FRACTION

The sample was accurately weighed (500+10mg) into a glass 10ml beaker (in duplicate) and
homogenised for 1 minute in Sml of 70% aqueous acetone using an Ultra Turrax blender on medium
power. Then the mixture was centrifuged at 2,500 rpm for 10 minutes. The same extract was used to

determine tannins, total phenols and protein precipitation activity.
TOTAL PHENOLS AND CONDENSED TANNINS

The samples were also analysed for total phenols (TP) (low molecular weight phenolics as well as
condensed and hydrolysable tannins) by the Prussian blue method (Price and Butler, 1977) (Appendix
10) and condensed tannins (CT) by the acid butanol method (Hagerman and Butler, 1989) (Appendix
11).

Choosing the appropriate standard for tannins is critical, especially if meaningful biological results are
to be obtained from the analyses. Tannin compounds that may be appropriate standards for chemical
analysis may be inappropriate to estimate the biological activity. Suitable tannin standards to determine
the absolute amount of tannin in a given plant could be only obtained by purifying the standard from
the plant of interest (Hagerman and Butler, 1989). The extraction and purification of tannin is
laborious and complex, and demands huge quantities of plant material (Terrill ef al., 1992). This is
adequate for studying phenolic compounds on a single species but impractical with a wide range of
plant species. Because the objectives of this work were not to compare with data from other sources

it was decided to express the total phenols and condensed tannins results as the maximum absorbance

(optical density/g of DM).
PROTEIN PRECIPITATION ACTIVITY (PPA)

The method used was derived from that of Hagerman (1987) which assesses the biological effect of
the tannins in relation to their ability to precipitate proteins. It relies on the reaction (ring formation)

of the plant phenolic extract with the protein present in agarose-haemoglobin plates.

One litre of a buffer solution of 50mM acetic acid and 60mM ascorbic acid was adjusted to pH 5.0
using sodium hydroxide pellets. A 1%W/V solution of agarose (Type 1, Sigma Chemicals Ltd.), was
dissolved in the buffer, transferred to a water bath at 38°C and 0.1% haemoglobin was added. Using

a pipette, 9.5ml batches of the agarose/protein solution were placed into the required number of 8.5ml
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glass petri dishes and allowed to cool. A maximum of 8 wells were made per plate and cut with a cork
borer of 4mm diameter. Samples were extracted in duplicate and each extract plated out in duplicate.
15pl of extract were transferred to each well using a Hamilton syringe. When fully loaded, the plates
were left until the extracts had penetrated the gel. Plates were sealed with a strip of parafilm and
incubated in the dark for 5 days at 30°C. The diameters of the rings of precipitated protein formed
were measured using a Vernier scale. Each ring was measured twice, parallel to the circumference of

the petri dish and then axially (see Appendix 12 for a detailed description of the method).

IN SACCO DEGRADABILITY

The in sacco DM degradability was determined by incubating 3g of dried sample (ground to Imm)
in nylon bags (QDrskov et al., 1980) in the rumens of two Lucerna cows fitted with rumen cannulae.
The animals were offered sugar cane tops ad libitum. The periods of incubation were 0, 12, 24, 48 and
72 hours after which, the bags were withdrawn, washed manually and dried at 60°C. Duplicate

samples were used and incubations were repeated in each animal (n=4). See Appendix 13.

THEODOROU'S GAS PRODUCTION TECHNIQUE

Measurement of gas production based on head-space pressure (Theodorou et al., 1994) is a simple in
vitro procedure, not requiring expensive glass syringes like the comparable Menke gas production
method. Theodorou’s gas production technique provides precise data relating to the fermentation
kinetics of ruminant feeds. This method has the advantage of enabling a large number of different
substrates to be fermented for an extended time, which makes it ideal for comparative studies (Merry

etal., 1991).

Culture medium (reagents)

In an in vitro system, the first stage of the digestion is carried out by adding rumen liquor mixed with
artificial saliva (culture medium). The artificial saliva has three purposes: 1) it acts as a buffer solution
to maintain the pH level within the usual limits of digestion and to ensure that the final acid
concentration does not exceed that found in the animal; 2) to provide the micro-organisms with macro
and micro-mineral solutions to make sure that no mineral will become limiting during the
fermentation; and 3) to provide rapidly fermentable nitrogen in the form of urea. The rumen liquid
supplies the inoculum of micro-organisms as well as co-factors for efficient digestion, such as valeric

acid, protein for bacterial growth and trace elements. To ensure the anaerobic conditions needed, the
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medium is gassed with CO, and a small volume of reducing agent is added. A redox indicator is also

used.

The composition of the culture medium was similar to the artificial saliva used in the Tilley and Terry
(1963) procedure. The media for in vitro digestibility systems (Tilley and Terry, 1963; Van Soest,
1975; Czerkawski and Breckenridge, 1977; Menke et al., 1979; Merry et al., 1987) are based on the
composition of the artificial saliva described by McDougall (1948). Theodorou ez al., (1994) used a
different medium, the semi-defined Medium B, reported by Lowe et al., (1985) to develop the method.

The medium used here was similar to the so-called Basal Medium D, described by Theodorou and
Brooks (1990). The only difference was that trypticase peptone (also used by Van Soest, 1975) was
not included. The tryptic (pancreatic) digestion of casein is used in some in vitro systems as a source
of peptides. Many rumen bacteria need isovaleric, isobutyric and 2-methylbutyric acids for the
synthesis of the amino acids leucine, valine and isoleucine respectively. Peptides can replace these
requirements, although the reason is not entirely understood (Van Soest, 1975). In this case, as the
fodder trees are a source of protein, it was considered that a better understanding of the fermentative
potential of the leaves could be obtained if they were left to provide the medium with the only source

of protein, peptides and amino acids.

Basal Medium D

This medium was prepared by mixing the following component solutions (in the order shown) to make
about 900 ml of the medium. The same proportions were used when more buffer was required (which

was always the case).

1. Microminerals 0.1ml
2. Buffer 200ml
3. Macrominerals 200ml
4. Resazurine (redox indicator) Iml
5. Distilled water 500ml

The medium was saturated with CO,, and a small volume of reducing agent (2ml per litre buffer) was

added prior to bottling. The composition of the different component solutions can be seen in Table 3.2.
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Table 3.2: Component solutions for Theodorou’s medium (made up to volume in distilled water)

— e -
e —} — — — ————
1. Micromineral solution (g per 100 ml)

This was made up in 100m! lots and stored at 4°C as a stock solution.

CaCl,.2H,0 13.2
MnCl,.4H,0 10.0
CoCl,.6H,0 1.0
FeCl,.6H,0 8.0

2. Buffer solution (g per 1)

This was made up fresh in variable quantities according to the experiments, following the formulation below.
NH,HCO, 4
NaHCO, 35

3. Macromineral solution (g per )
This solution was also made up fresh in variable quantities according to what was needed for each experiment.

Na,HPO,.12H,0 9.45
KH,PO, 6.20
MgSO,.7H,0 0.60

4. Resazurine solution (g per 100 ml)
Resazurine (fresh) 0.1

Theodorou'’s reducing agent
All the ingredients were added together (in the order specified) in a fume cupboard and stirred under a stream of N,. The

reducing agent was freshly prepared prior to use.

Cysteine HCI.1H,0O 625 mg

Distilled water 95 mi

1M NaOH 4 mil

Na,S.7H,0 625 mg
Procedure

Preparation of the sample

The ground sample was weighed. The amount of substrate depended on the experiment. Generally it
was 0.5g total substrate (tolerance of £0.001g), although 1g total substrate, weighed to tolerance of

+0.002g was used in some of the experiments.

One day before the preparation of the medium, the stock solutions for the medium were prepared
according to formulations given above and the serum bottles were arranged in order, placing them on

trays for easy handling.
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Preparation of the medium

In the early morning, a suitable amount of medium was made up, stirred and gassed with CO, for about
2 to 3 hours, then a small volume of reducing agent (about 2 ml per litre buffer) was added. The

medium was thoroughly saturated with CO, until it changed from a bluish to a pink colour (reduced).

The pre-reduced medium was dispensed (90 ml) into 125 ml serum bottles (Phase Separations Ltd,
Clwyd, UK; actual capacity 160 ml, but sold as 125 ml bottles) using an automatic dispenser and
gassing with CO,. Spare bottles were made up to use in preparing the inoculum. The bottles were
sealed with butyl rubber stoppers (Bellco Glass Inc., Vineland, NJ, USA), but they were not crimped
and were stored at 4°C to be filled with the substrates the following day.

Placing the samples into the bottles

A suitable amount of reducing agent was prepared in a fume cupboard, as described above, and stirred
continuously. A small wide bore funnel was used to transfer the substrates into the bottles and 4ml of
reducing agent were added to each. At this moment, any other substrate needed for the experiments
(e.g. Casein) was added. Reducing agent was also added to the spare bottles. These additions were
made always under a constant stream of CO,. The rubber stoppers were replaced and they were
crimped with aluminium caps. The bottles were replaced in the incubator at 4°C which was

programmed to switch to 39°C at about 2 am.

Preparation of the inoculum

Rumen digesta was taken from 2 sheep fitted with a rumen fistula by means of a small vacuum pump
(Vacuubrand ME2 80mbar) with a hose and a Biichner flask, Pyrex 2000ml, attached to it. The sheep
were a Border Leicester crossbred and a Hampshire weighing 100 and 70kg respectively. They were
fed with 1.2 and 1 kg/day respectively of meadow hay distributed in two meals. They had also ad
libitum access to salt blocks and fresh water. The sample was taken from the donor sheep prior to the

morning feed. Immediately after collection, the sample was transported in Thermos flasks to the

laboratory (1 minute trip).

The fluid was filtered through 4 layers of course cotton muslin and collected in a beaker under an
atmospherc of CO,. The liquid was gently stirred through. The approximate volume of filtered liquid

was noted. The solids were transferred to a blender and a volume of medium (using the spare bottles
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prepared earlier) approximately equal to the volume of filtered liquid was added. This was blended
for about 30 seconds and filtered again through muslin into the beaker with the filtered liquid to be

pooled with the original filtered rumen fluid. This inoculum was kept under CO,.

Inoculation of the bottles

Prior to inoculation, the serum bottles were adjusted to atmospheric pressure as described below, but

the gas volumes produced were not noted. The bottles were returned to the incubator at 39°C.

Using a 10ml syringe and 21 gauge 1.5in (0.8 x 40 mm) needles, Sml of inoculum were injected into
each bottle. The bottles were shaken and returned to the incubator. Starting at 10 a.m., the bottles were
readjusted to atmospheric pressure, shaken and returned to the incubator. This was taken as the starting

point (time=0) of the experiment. The entire procedure is summarised in Table 3.3.

Table 3.3: Protocol followed for the pre-inoculation and inoculation periods.

e ——
AR

Preparation of the sample Days before inocuiation day
Grind and weigh out substrates. 5
Prepare serum bottles. 5

Preparation of the medium

Make up stock solutions for medium. 3
Make up suitable amount of medium. 2
Dispense medium into serum bottles, seal with buty!

rubber stoppers, but do not crimp and store at 4°C. 2

Place the samples into the bottles

Transfer substrates into bottles and

add 4 ml reducing agent.

Reseal and crimp with aluminium caps, replace
in incubator at 4°C and programme it to switch

to 39°C at about 2 am. 1

Prepare inoculum Inoculation day (time a.m)
Collect rumen fluid. 8:45

Filter fluid and prepare inoculum. 9.00
Inoculation of bottles

Adjust to atmospheric pressure. 9:00

Inject inoculum, shake and return

each bottle to the incubator. 9:45

Readjust to atmospheric pressure, shake and return

bottles to the incubator. 10:00

h
h
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Measuring gas production

A pressure transducer (Bailey and Mackey Ltd, Birmingham B42 1DE, UK) was used to measure the
headspace pressure in the bottles. The transducer had a range of 0 - 25psi, accuracy of 0.1 £ 2%, and
it was calibrated to read in units of psi. It was connected to a disposable Luer lock 3-way tap allowing

aneedle (23 gauge lin, 0.6 x 25mm) and a syringe to be fitted to the other outlets.

The gas pressure was read by removing the bottles tray by tray from the incubator, inserting the needle
through the butyl rubber stopper into the headspace above the culture medium. The pressure was
noted. The pressure was then adjusted to atmospheric by removing gas into the syringe and the volume
of gas removed (read from syringe) was noted (see Figure 3.1). When the readings for all of the bottles
in the tray were taken, the bottles were shaken and returned to the incubator. Times at which the

readings were taken are presented in Table 3.4.

Table 3.4: Timetable for the gas production readings for a long term fermentation (166 hours).

e
I

Time Hours after Day
start

13.00 3 Day 1

16.00

19.00

22.00 12

02.00 16 Day 2

06.00 20

10.00 24

14.00 28

19.00 33

01.00 39 Day 3

07.00 45

14.00 52

22.00 60

08.00 70 Day 4

20.00 82

08.00 94 Day 5

20.00 106

08.00 118 Day 6

08.00 142 Day 7

08.00 166 Day 8
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Figure 3.1: The gas produced was recorded using a needle, syringe and pressure transducer fitted to a 3-way tap and LED
digital readout ammeter. The gas was measured as the pressure value indicated on the digital display (psi) and the volume of
gas collected in the syringe when readjusting to atmospheric pressure (mi).

Determination of the dry matter disappearance (DMDp)

At the end of the incubation period, the substrate left in the bottles was recovered by vacuum filtration
through pre-weighed filter crucibles (Sintaglass, porosity 1 - regraded P160). Water was used to wash
the bottle to remove residues and to wash residues on the filter. The crucibles were oven-dried
overnight at 105°C then allowed to cool in a desiccator and weighed. The DMDp was expressed as
a proportion of the initial dry matter in the substrate. After much use, the crucibles tend to become
clogged with residual matter so, after each use, the following cleaning procedure was adopted. After
recovering the residue, the crucibles were ashed at 500°C overnight. When cooled, water in reverse
flow was forced through the filter plate and the crucibles were immersed overnight in a solution of

0.5% ethylene diamine tetra acetic acid (EDTA), then rinsed and washed as normal.

Calculations

Data handling

The gas volumes were expressed per unit dry matter weight according to the following formula.
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Cumulative Gas Volume (ml) = Cumulative gas x Nominal Weight
(corrected) Weight of Substrate g x Dry matter (g/kg)/1000

Sometimes when reading the volume the needle can break or the syringe can be pulled off from the
3 way tap by accident. There were a few cases in which the gas volume could not be recorded at a
given time. In these cases, the gas pressure was taken and the volume calculated from a regression
equation. This equation was produced using data gathered at random from all fermentations. Figure

3.2 shows the relationship and the regression equation.
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Figure 3.2: Relationship between volume and pressure for the gas production technique.

MODIFICATIONS OF THE THEODOROU'S GAS PRODUCTION TECHNIQUE WITH
MENKE'S MEDIUM

Only two of all fermentations were carried out with Theodorou’s medium. The rest were carried out,
using the same gas production technique described above, but the medium was changed. The aim was
to have a nitrogen-free medium in which to study the effects of different sources and levels of nitrogen
and in order to characterise the tree leaves as sources of nitrogen. A full explanation of the reasons

why the medium was changed is given and supported by data in Chapter 4.
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The nitrogen-free Menke medium used here has the composition described by Menke et al., (1979).
In 1988, Menke and Steingass changed the original composition of the medium by changing the buffer
solution from 39 g/l of NaHCO; to 35 g/l of NaHCO; plus 4 g/l of NH,HCO, (identical to
Theodorou's). However, the use of the first version of Menke was preferred as it contains no nitrogen

at all.

Theodorou's medium is similar to Menke (1979 version) but it is less concentrated as more water is
added. Apart from nitrogen concentration (Theodorou’s medium has 165mgN/l1), the main differences

are in the macromineral and buffer solutions (as described above) and in the reducing agent.

Theodorou's reducing agent uses cysteine hydrochloric acid, C;H,NO,S.HCI, but Menke's does not
(to keep the medium free of nitrogen). Due to the absence of cysteine HCI, it takes longer for Menke's
medium to be fully reduced. It is therefore necessary to add more reducing agent to speed up the
process (Theodorou's uses 2ml of reducing agent per litre of medium whereas 3ml are used with

Menke's medium). The composition of the Menke's medium is described below.

Menke's medium

This medium was prepared by mixing the following component solutions (in numerical order).

1. Microminerals 0.1 ml
2. Buffer 200 ml
3. Macrominerals 200 ml
4. Resazurine (redox indicator) 1 ml
5. Distilled water 400 ml

The medium was gassed with CO, and small volume of Menke reducing agent (3 ml per litre buffer),
was added to reduce it prior to bottling, similar to the treatment of the Theodorou medium. Table 3.5

shows the component solutions for Menke’s medium.

The ingredients were added together (in the order specified) in a fume cupboard and stirred but no N,
was used. The reducing agent was freshly prepared prior to use. The fermentation procedure was

followed exactly as described for the Theodorou's gas fermentation technique.
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Table 3.5: Component solutions for Menke’s medium (made up to volume in distilled water)
%
%
1. Micromineral solution (same as Theodorou's) (g per 100 ml)

This was made up in 100m! lot and stored at 4°C as a stock solution.

CaCl,.2H,0 13.2
MnCl,.4H,0 10.0
CoCl,.6H,0 1.0
FeCl,.6H,0 8.0

2, Buffer solution (g per )
This is made up fresh in variable quantities according to the experiments.
NaHCO, 39

3. Macromineral solution (g per )
This solution was also made up in variable quantities according to what was needed for each experiment.

Na,HPQO, (anhydrous) 5.7
KH,PO, 6.2
MgSQO,.7H,0 0.6

4. Resazurine solution (same as for Theodorou medium)(g per 100 ml)

Resazurine 0.1

Menke reducing agent

Distilled water 95 ml
1M NaOH 4 ml
Na,S.7H,0 625 mg

Mathematical models

According to Cheng et al. (1980), three phases can be distinguished in gas production curves: 1) the
phase of slow or no gas production (initial phase or lag phase), 2) The phase of rapid gas production
(exponential phase), and 3) the phase in which the rate of gas production slows and finally reaches
zero (asymptotic phase). During the initial phase, hydration, attachment and colonization of insoluble
substrate by rumen microbes take place. When the substrate is saturated with microbes or enzymes,
the phase of exponential gas production is reached. During this phase the most easily degradable part
of the insoluble substrate is degraded first, leaving an increasingly less digestible substrate. Finally,
non-degradable material is left and the gas production rate reaches zero. The length and magnitude of
each of the these phases depend upon the substrate. The description of such a dynamic system requires
an appropriate mathematical model. Most models available to fit the curves produced by the
fermentation of a substrate in vifro represent a sigmoidal shape, but it is necessary that the model allow

for linear and exponential trends as well.
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The model proposed for gas production (France et al., 1993) has been criticised for being too
complicated and difficult to fit (Huntington, 1995), and for lacking a clear biological basis (Schofield
et al., 1994). Recently, Adesogan et al., (1995) tested different available models and suggested that
it may be necessary to fit different models according to different substrates. The suitability of different
models for fodder tree leaves has not been characterised. Because of these considerations and because
of the modifications to the original method, it was necessary to find the appropriate model to describe

the gas production curves under the conditions of this thesis.

Several models have been proposed for different gas production systems. The most frequently quoted
in the literature for Menke’s gas production is that of @rskov and McDonald (1979), which was
developed for the in sacco degradability. Other growth models have been tested for Menke’s gas
production. Beuvink and Kogut (1993) tested several models (exponential, logistic, Gompertz,
Richards and Schnute) using grass silage and found that, although Gompertz and Schnute produced

a good fit, the best description of the data was given by a modification of the Gompertz model.

The gas production of bacterial cellulose (Cellulon), was studied using the in vitro method of Goering
and Van Soest (1970) modified to include computer-interfaced pressure sensors (Schofield et al.,
1994). Different models were tested (exponential with lag phase, logistic and Gompertz). In this case,
the Gompertz and logistic models gave good fits, but the best description was given by a modification

of the logistic model, proposed by the authors.

For Theodorou’s gas production system, the exponential (Orskov and McDonald, 1979), modified
Gompertz (Beuvink and Kogut, 1993) and France models (France et al., 1993) have been compared
using whole-crop wheat (Adesogan et al., 1995). Results showed that the Orskov and McDonald
(1979) model fitted the exponential part of the curve poorly, France’s model underestimated the

asymptotic phase, while the modified Gompertz gave the most accurate description of the data.

Orskov and McDonald’s (1979) is a single exponential (non-sigmoidal) model that has a single rate
and has no lag phase term. This model clearly cannot described the three phases of the fermentation
process as the assumption behind the model is that the substrate is fermented instantaneously at
maximum rate. This model produced the worst fit in all comparisons previously mentioned. The model
was modified by the inclusion of a lag phase term by McDonald (1981). This revised model is the

same substrate limited exponential model proposed to describe digestion kinetics by Mertens and

Loften (1980).
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After considering the various alternatives, it was decided to test the following models: exponential
with lag phase (McDonald, 1981), Gompertz, logistic, modified Gompertz (Beuvink and Kogut, 1993),
modified logistic (Schofield et al., 1994) and France (France et al., 1993). Table 3.6 shows the

mathematical description of the evaluated models.

Table 3.6: Mathematical description of the evaluated models.

McDonald V=C*{1-exp[-B*(t-M)]}

Logistic V=C/{1+exp[2+4*B1/C1*(M-t)]}

Modified Logistic V={C1/[1+exp(2+4*B1/C1)*(M-1)]}+{C2/[1+exp(2+(4*B2/C2)*(M-1)]}
Gompertz V=C*exp{-exp[-B*(t-M)]}

Modified Gompertz V=C~exp(-po/D, * exp(D,*t)-Ho/D, *exp(-Ds*t)

t V=C"exp(-B*exp(D,t)-C*exp(-D,*t)

France V=C{1-exp[-b(t-M)-c(vt-vM)]}

tt V=C(Q')(Z")

V= Gas volume,

C= Gas Pool Size or Total gas production (represents the asymptote).
C1,C2= Specific gas pool size (dual pool model).

B= Gas Production Rate.

B1, B2= specific gas production rates (dual pool model).

M= Lag Phase.

t= Time.

o= Initial gas production rate for the rapidly fermentable fraction.
U= Initial gas production rate for the slowly fermentable fraction.
D,= Decay constant for rapid gas production (early stages).

D.= Decay constant for slow gas production (late stages).

b= Rate constant related to the substrate.

c= Rate constant of the lag phase.

tModified Gompertz functional form.

t1France functional form (see main text), where Q=e® and Z=e*.

MacDonald’s model was described previously. The logistic is a very common model also known as
the autocatalytic growth function. This is a sigmoidal model which is symmetric about its point of
inflection. The modified logistic is a dual pool model which adds two single logistic equations
together. It has two gas pool size terms and two rates, but the two lag phases are considered identical.
It attempts to explain the fermentation kinetics obtained from mixed substrates (e.g., starch plus
cellulose). The Gompertz model is a widely used model in many areas of science. It is similar to the
logistic but the difference is in the substrate dependence term,; the logistic model assumes a linear and

the Gompertz a logarithmic dependence (i.e., rate of growth is proportional to cell mass and growth
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rate decays with time due to inactivation of the bacteria). The modified Gompertz is a more elaborate
model than the modified logistic. It is a single pool model that divides gas production into two parts,
one for the rapid early gas production rates and one for the slower gas production rates during the later
stages of fermentation. In the modified Gompertz, the lag phase, maximum gas production rate and
time at which gas production rate is maximal can be calculated from the resultant parameters. France’s
model describes an initial microbe-limiting phase and a secondary substrate-limiting phase. The rate
constant of the lag time (C) allows the model to describe exponential and sigmoidal trends. A negative
rate may occur during optimization and as the equation does not permit a negative term, the authors
suggested fitting the functional form of the model (see Table 3.6). All models have been criticised at

some time for lacking precision and/or biological bases.

Comparison of models

Curve fitting was done using the statistical program Genstat 5 Release 3.1 (Lawes Agricultural Trust,
Rothamsted Experimental Station, 1993). Up to 100 iterations were used to fit an equation. The
statistics used to evaluate a fit were: the residual mean square (RMS), coefficient of determination (R?)
and the standard error (SE). The R’ was close to unity in all cases and was insensitive to small
variations between the models. Therefore it was used as an overall measure of the fit rather than as a
basis for choosing between models. The model that gives the most adequate description of the data has
the lowest RMS. Strictly speaking, there is not an overall “best” model. Because gas profiles can have
different trends, different models may be preferred for different substrates. However, it was necessary
to choose one model to compare between experiments. The most suitable model is that which gives
a good fit to the data for the majority of substrates under all conditions. Data from different
experiments were used to test the suitability of the different models. The kinetics of each fermentation
will be discussed in the respective chapters. The models were tested for their suitability for long and

short-term fermentations (166 and 70 hours) and for nitrogen content in the medium (0 and

165mgN/1).
Gas production Kinetics of fodder tree leaves for a long term fermentation

Samples of 19 fodder tree leaves were fermented with Theodorou’s medium for 166 hours and the
fermentation kinetics described for all models. Table 3.7 shows the RMS of the different models for
each of the forages. The model that had the lowest RMS values was the modified Gompertz, followed
by France, McDonald, modified logistic, Gompertz and logistic. These results are in agreement with
those found by Adesogan et al.(1995). It was concluded that the modified Gompertz was the best

model to describe the fermentation kinetics of the gas production technique under these conditions.
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Table 3.7: Residual mean squares of gas production curves of fodder tree leaves fitted using 6 mathematical models.

Incubation was carried out for 166 hours with Theodorou’s medium.

Modified Modified

McDonaid France Gompertz logistic
Gompertz logistic

Amaranthus dubius 14.65 15.22 58.89 1.25 18.46 112.7
Malvasrum sp. 10.71 11.18 41.65 0.77 8.81 81.82
Bidens pilosa 27.31 23.23 98.12 0.59 17.25 174.3
Dioclea sericea 1.22 1.22 17.48 217 11.93 45.87
Simphytum peregrinum 12.97 13.26 54.42 5 20.61 106.3
Urera baccifera 5.5 4.2 45.26 0.92 10.59 92.43
Canavalia ensiformis 1.7 11.7 36.8 0.47 10.74 78.42
Sapindus saponaria 11.34 10.64 36.98 3.48 16.87 67.58
Tithonia diversifolia 16.09 14.76 46.19 0.55 9.38 103.1
Clitoria ternatea 24.24 18.43 100.8 4.49 31.82 180.4
Erythrina edulis 11.21 11.75 45.7 1.23 14.97 90.63
Enterolobium cyclocarpum 1.96 1.75 11.33 2.04 6.59 23.45
Pithecellobium dulce 7.52 3.23 31.14 0.3 43 54.91
Leucaena leucocephala 1.87 1.98 33.35 2.14 15.29 79.17
Trichanthera gigantea 27.08 9.62 10.37 4.65 9.84 35.67
Inga sp. 1.86 0.62 9.39 1.22 3.45 17.49
Erythrina poeppigiana 8.85 2.44 27.54 1.45 7.91 45.02
Gliricidia sepium 21.34 22.04 53.78 0.55 14.32 108.5
Prosopis juliflora 7.03 5.72 7.75 6.26 9.86 18.39

Gas production Kinetics of fodder tree leaves for a short term fermentation

The samples were fermented for 70 hours with Theodorou’s medium. The RMS of the different fitted
equations can be seen in Table 3.8. The model that had the lowest RMS values was France followed
by McDonald, Gompertz and logistic. Modified Gompertz and modified logistic could not be fitted
to most of the curves. Just 5 curves were fitted by the modified Gompertz and 6 by the modified
logistic. These two models rely on the data reaching an asymptote and most of the fodder tree leaves
curves did not reach this condition in 70 hours. It was concluded that France was a better model for

fodder tree leaves in a short term fermentation with Theodorou’s medium.

The same samples were fermented with Menke’s medium (no nitrogen) for 70 hours. The fits provided
by the different models can be seen in Table 3.9. Under these conditions, (short term fermentation with
no nitrogen), the fermentation profiles for fodder tree leaves were lower than previous examples, with
increased lag phases and some curves tended towards linearity. The modified versions of Gompertz
and logistic were not able to describe the fermentation of these samples. The model with the lowest

RMS was France followed by Gompertz, McDonald and logistic. It was decided that France was the

most adequate model for these conditions.
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Table 3.8: Residual mean squares of gas production curves of fodder tree leaves fitted by 6 mathematical models. Incubation

was carried out for 70 hours with Theodorou’s medium.

Modified  Modified

McDonaid France Gompertz Logistic
Gompertz Logistic

Amaranthus dubius 10.21 2.28 8.73 0.95 3.84 29.98
Malvasrum sp. 10.13 2.84 6.66 136 - 23.31
Bidens pilosa 14.23 3.01 1971 e e 59.37
Dioclea sericea 8.17 5.45 304 - e 6.22
Simphytum peregrinum 13.26 3.55 14.76 190 - 43.28
Urera baccifera 12.18 1.47 215 - 3.30 10.78
Canavalia ensiformis 10.44 0.66 3.88 057 - 21.30
Sapindus saponatria 4.73 2.78 784 - 8.41 22.79
Tithonia diversifolia 2.09 205 - e 7.07
Clitoria ternatea 18.76 1.21 1328 e e 49.66
Erythrina edulis 2.59 1.38 1390 - e 37.89
Enterolobium cyclocarpum 0.83 0.32 436 0 - e 12.65
Pithecellobium dulce 1.22 1.33 1164 - e 25.46
Leucaena leucocephala 3.70 2.60 15.27 e e 41.26
Trichanthera gigantea 14.05 10.72 877 - e 19.07
Inga sp. 0.59 0.21 224 0.13 4.03
Erythrina poeppigiana 0.19 0.21 435 e 0.20 10.22
Gliricidia sepium 11.23 1.60 17.43 0.37 10.82 59.14
Prosopis juliflora 3.66 3.02 1367 - e 33.25

------ The model did not fit the data.

Table 3.9: Residual mean squares of gas production curves of fodder tree leaves fitted by 4 mathematical models. Incubation

was carried out for 70 hours with Menke's medium.

McDonald France Gompertz Logistic
Amaranthus dubius 27.32 2.80 4.38 20.21
Malvasrum sp. 0.66 0.71 8.49 20.34
Bidens pilosa 44 83 4.61 7.32 34.56
Dioclea sericea 13.02 1.78 2.01 5.18
Simphytum peregrinum 10.81 1.78 9.36 33.08
Urera baccifera 8.89 1.52 4.41 17.18
Canavalia ensiformis 9.89 7.33 0.92 3.12
Sapindus saponaria 17.95 12.44 7.37 9.42
Tithonia diversifolia 74.06 2.32 2.01 1.76
Clitoria ternatea 9.85 7.09 14.07 28.56
Erythrina edulis 2.89 1.42 9.94 29.53
Enterolobium cyclocarpum 1.26 0.56 2.93 9.05
Pithecellobium dulce 0.61 0.67 8.57 20.32
Leucaena leucocephala 2.83 2.01 10.61 30.16
Trichanthera gigantea 9.42 6.68 6.49 17.70
Inga sp. 0.17 0.10 0.43 0.71
Erythrina poeppigiana 0.21 0.20 2.04 4.44
Gliricidia sepium 7.04 1.04 5.50 19.79
Prosopis juliflora 3.23 1.39 4.90 15.02
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Discussion

The fit at 166 hours was better with exponential models than with Gompertz or Logistic. The two latter
models are sigmoidal and the long incubation time and high level of nitrogen favour an exponential
response. Short term fermentations and low levels of nitrogen increased lag phases and curves tended
to have a sigmoidal or almost linear response, especially with slowly fermentable substrates (starch,
cellulose and fodder tree leaves high in tannins). Gompertz and logistic equations could be fitted to
this type of response. The logistic always gave the worst fit in all cases. This is due to its symmetrical
point of inflexion. It will be shown that this is not the case in this fermentation system where the point

of inflexion varies according to the substrate.

Initially, it was decided to use France’s equation to fit all the data in this thesis as most of the
fermentations were carried out for 70 hours. This equation fitted data for the fermentation of glucose
at 45 hours extremely well. However it could not be fitted to some of the data for starch and cellulose
up to 70 hours, especially with low levels of nitrogen. The reason for this is that the incubations with
starch had a very long lag phase (starch exhibits a characteristic “S” shape curve) and the functional
form chosen to fit this model does not allow for a lag phase (it may be calculated from acid pepsin
digestion of the residue after fermentation). Treatments with cellulose showed curves that approach
linearity, and this non-linear model could not be fitted. Other models were also tested including single
and modified Gompertz and logistic. The only model that could fit all the curves was the standard
Gompertz equation with the constant set to zero. It is important to have the best fit to describe the
fermentation kinetics but at the same time it is also important to be able to compare the data across
different fermentations. Therefore it was decided to use the modified Gompertz for the 166 hours and
France for the 70 hours data (Chapter 4); and Gompertz was chosen as the main model for the

experimental part of the thesis (Chapter 5 onwards).

The Gompertz model

The Gompertz model assumes that the microbial growth rate 1s proportional to the microbial mass M

and to a function of the digestible substrate concentration S, i.e.,

aM
dt

«MF(S)

Where u is a rate constant. The integration of this rate produces the Gompertz model (see Schofield

et al., 1994):
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V=C*exp{-exp[-B*(t-M)]}
Where:
V= Cumulative gas production
t = Time
C = Gas pool size
B = Rate constant

M = Lag time

Although this curve is sigmoidal like the logistic, it is not symmetrical about its point of inflexion. The

time of inflexion occurs when the second derivative of the rate is equal to 0, i.e.;

ti=(Log C)
B

The gas produced at the time of inflexion (C,) can be calculated by replacing its value in the equation.
A complete evaluation of the fermentation kinetics can be achieved by the parameters obtained from
the Gompertz model. These parameters are: length of the initial phase (M), rate constant (B), total gas

production (C), time at which the rate is maximal (ti) and gas produced at the time of inflection (C,).

The rate profiles were used to understand the dynamics and fluctuations between the treatments. The

rate equation was derived from the Gompertz model (full derivation is shown in Appendix 14):
Rate = C*B*exp(-exp(-B(X-M)) * exp(-B(X-M))
3.4 ASSOCIATIVE EFFECTS

Theodorou’s gas production has proved to be useful for investigating associative effects (Prasad et al.,
1994). To study the associative effects it is necessary to test additivity. The method chosen was similar
to that followed by Brown and Pitman (1991) to study mixtures of grasses and legumes in vitro. In this
thesis, all the mixtures were restricted to a 50:50 ratio to obtain the observed values. The expected

values were calculated from the values obtained from the fermentation of the individual components

of the mixture (100:0 and 0:100 values).

Student’s ¢ tests were used to test for associative effects on the cumulative gas production from
fermentation of the different mixtures at 12, 24, 45 and 70 hours. The null hypothesis was that gas

production of a mixture was equal to the sum of the gas production of its individual components
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(H, {GasAB-GasA-GasB=0}) (testing additivity). The cumulative gas production at a given time of
each individual component of the mixture was halved and their means were compared against the
observed value as explained below. The variances of each halved individual component and the

observed mixtures were determined and a pooled variance was calculated as:

O =(Myp-1)Pp+ (-1)0 F(ng-1) P
(nyg-1)+(n,-1)+(np-1)

The pooled standard error of (x,5-%,-Xg) Was then calculated as:

S.E=\‘ 52(L L +i)

hyp Ny Np

The value of ¢ for testing the null hypothesis was calculated as the difference between the expected
values of the individual components and the observed values of the mixture divided by the standard
error {f,,=(X,pg-Xa-Xg)/S.E}; and it was compared against a tabulated point of the ¢-distribution (5%)

with (nsg-1)+(n,-1)+(ng-1) degrees of freedom.

Associative effects were tested at a given time as explained before. To compare the fitted parameters,
it is necessary to calculate the expected response of a particular mixture, as the sum of its individual
components. However, despite the fact that there were enough replicates to calculate the expected
response, replicates of one component cannot be assigned to the replicates of the other component, as
there they are not true replicates of each other. That is to say, replicate A of individual component 1
cannot be added to replicate A of component 2, to obtain replicate A of the mixture 1-2. Because of
this, the curve parameters of the expected profile cannot be tested statistically. However, parameters

of the observed value can be obtained and tested.



Chapter 4

THE IMPORTANCE OF CHEMICAL CONSTITUENTS OF FODDER
TREE LEAVES FOR THE FERMENTATION

4.1 INTRODUCTION

Chemical analysis of feeds is used routinely to predict digestibility and to assess the most appropriate
use of forages as components of diets for ruminants. Prediction of digestibility from chemical
composition is based on statistical association between the chemical components and feeding value.
Because a single chemical component cannot predict the nutritive value, it is necessary to include

several components to improve the prediction and to use multivariate statistical analyses.

Chemical components of tropical feeds have been found to be poorly related to the in sacco DMD
(Vadiveloo and Fadel, 1992). There is even less certainty about the relationship between chemical

composition and the fermentability of feeds using newer methods like Theodorou’s gas production.

This chapter studies the chemical components of tree leaves and their contribution to gas production
as a way to characterise the plant material and to better understand the fermentation process in vitro.
In addition, two main modifications of the original gas production method are proposed: the reduction
of the incubation period and the change to a nitrogen-free medium. The contribution of the chemical

composition to gas production and the time at which this contribution is more important are also

studied under the proposed modifications.

42 THE RELATIONSHIP BETWEEN GAS PRODUCTION AND CHEMICAL
COMPOSITION OF FODDER TREE LEAVES

OBJECTIVES

The objectives of this section are to:

. characterise the plant material according to its chemical composition;
. identify the chemical components that most affect the fermentation and,;
. according to the previous results, select a smaller number of tree species for further research.
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MATERIALS AND METHODS

Samples of leaves from twenty different plant species from Colombia (see Table 3.1) were dried,
ground and analysed for their chemical composition, and in sacco DM degradability and in vitro
fermentability were assessed according to the methods described in Chapter 3. The gas production
was carried out for 166 hours with Theodorou’s medium. Samples were run in triplicate. All results

are expressed on a dry matter basis.

The relationship between mean values for condensed tannins, total phenols and protein precipitation
activity were established by linear regressions. This approach was also used to compare the calculated

values for the rate constant and degradability from the in vitro and in sacco methods and to establish

the relationship between them.

A data set was constructed to evaluate the relationship between the different chemical components and
in vitro gas <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>