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1 Introduction

J. DUKSTRA,' J.M. FORBES? and ). FRANCE>

'Animal Nutrition Group, Wageningen Institute of Animal Sciences,
Wageningen University, P.O. Box 338, 6700 AH Wageningen,

The Netherlands; 2Centre for Animal Sciences, School of Biology,
University of Leeds, Leeds LS2 9T, UK; 3Centre for Nutrition Modelling,
Department of Animal & Poultry Science, University of Guelph, Guelph,
Ontario N1G 2W1, Canada

Preamble

Ruminant animals have evolved a capacious set of stomachs that harbour
microorganisms capable of digesting fibrous materials, such as cellulose. This
allows ruminants to eat and partly digest plants, such as grass, which have a
high fibre content and low nutritional value for simple-stomached animals.
Thus, animals of the suborder Ruminantia, being plentiful and relatively easy
to trap, became prime targets of hunters and, eventually, were domesticated
and farmed. Today, ruminants account for almost all of the milk and approxi-
mately one-third of the meat production worldwide (Food and Agriculture
Organization, 2004) (Fig. 1.1). It is not surprising, then, that a great deal of
research has been carried out on the digestive system of ruminants, leading to
studies on the peculiarities of metabolism that cope with the unusual products
of microbial digestion. The reading list at the end of this chapter gives some of
the books in which the biology of ruminants is reviewed.

As qualitative knowledge increased, so it became possible to develop
quantitative approaches to increase understanding further and to integrate
various aspects. Initially this was achieved by more complex statistical analysis,
but in recent years this has been supplemented by dynamic mathematical
models that not only summarize existing data but also show where gaps in
knowledge exist and where further research should be done. The purpose of
this book is to bring together the quantitative approaches, concerned with
elucidating mechanisms, used in the study of ruminant digestion, metabolism
and related areas. In this introductory chapter, we describe briefly the special
features of the ruminant and the potential for quantitative description of
ruminant physiology to contribute to our understanding. We also indicate the
chapters in which detailed consideration is given to each topic. This chapter is
based firmly on Chapter 1 of the previous edition of this book (Forbes and
France, 1993). However, all the subsequent chapters in this second edition are

© CAB International 2005. Quantitative Aspects of Ruminant Digestion
and Metabolism, 2nd edition (eds J. Dijkstra, J.M. Forbes and J. France) 1
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Fig. 1.1.

Relative contribution of various groups of ruminants and non-ruminants to the

production of meat (left graph) and milk (right graph) worldwide in 2003 (Food and Agriculture
Organization, 2004).

either major revisions of the old chapters or, in the majority of cases, com-
pletely new chapters written either by old or new authors.

Special Features of the Ruminant

The gastrointestinal tract

Reticulorumen
As there is no sphincter between the rumen and the reticulum and they
function to a large extent as a single organ, they are usually considered
together. Feed, after being chewed during eating, enters the reticulorumen
where it is subjected to microbial attack and to the mixing and propulsive forces
generated by coordinated contractions of the reticulorumen musculature. This
muscular activity results in the pattern of movement of digesta that is shown
diagrammatically in Fig. 1.2. It is coordinated not only to mix the digesta but
also to allow the removal of fermentation gases by eructation, the regurgitation
of digesta for rumination, which is largely responsible for the physical break-
down of digesta particles (see Chapter 5), and the passage of digesta out of the
reticulorumen through the reticulo-omasal orifice (see Chapter 3). The rate and
extent of degradation in the reticulorumen and developments in techniques to
estimate the rate and extent are described in Chapters 2 and 4, respectively.
The microbial activity in the reticulorumen gives the host the ability to eat
and utilize forages. Chapters 8 and 9 review the dynamics and energetics of this
microbial population. Most of the material digested in the rumen yields short-
chain fatty acids, known as volatile fatty acids (VFA), which are absorbed
through the rumen wall. Acetic acid is produced in the greatest quantities,
around 20-50 moles per day in dairy cows, while propionic acid is usually
produced at about one-third of the rate of acetic acid. Butyric acid accounts for
around 10% of the total acid production, while valeric and isovaleric acids each
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Fig. 1.2. Movement of digesta within the
reticulorumen, omasum and abomasum:
oesophagus (E), reticulum (R), reticulo-
omasal orifice (Ro), cranial sac (C), dorsal
rumen (D), ventral rumen (V), dorsal blind
sac (DB), ventral blind sac (VB), omasum (O)
and abomasum (A).

form about 1% to 2%. The ratio of acetic:propionic acids is higher for forage
diets than for concentrate diets (see Chapters 6 and 10).

Much of the dietary protein, as well as the urea that is recycled via the
saliva, is metabolized to ammonia. Both ammonia and amino acids or small
peptides are available for microbial protein synthesis (see Chapters 7 and 10).

Omasum

Digesta pass from the reticulum to the omasum via a sphincter, the reticulo-
omasal orifice. The omasum is filled with about 100 tissue leaves (the laminae),
which almost completely fill the lumen. The role of the omasum is not well
understood but it is known that water, ammonia, VFA and inorganic electro-
lytes are absorbed in the omasum and that ammonia and, presumably, some
VFA are produced there.

Abomasum

From the omasum, digesta pass to the abomasum, the compartment equivalent
to the monogastric stomach. As in monogastrics, acid and enzymes are secreted
in the abomasum and are mixed with the digesta by the muscular activity of the
organ. However, whereas in monogastric animals there is a circadian rhythm in
this activity associated with the feeding pattern, abomasal motor activity exhibits
an ultradian rhythm as a consequence of the relatively continuous passage of
digesta from the reticulorumen. Distension of the abomasum inhibits reticuloru-
men emptying but is the main stimulus for emptying of the abomasum.

The small intestine

The small intestine comprises three segments: the duodenum, jejunum and
ileum. Digesta pass from the duodenum along the small intestine as a conse-
quence of contractions that start at the gastroduodenal junction due to the
generation of electrical activity at this junction in the form of migrating motor
complexes (MMC). These also show an ultradian rhythm resulting in cyclical
variations in flow over periods of 90 to 120 min. The velocity of propagation
of MMC in the jejunum of normally fed sheep is 18 cm/min, which is similar to
the value of 20 cm/min for the velocity of digesta flow in the jejunum of sheep.
The agreement between these measurements confirms the concept that
propulsive activity of the small intestine is directly mediated by MMC. The
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increases in digesta flow that occur with increasing intake are the result of
increases in the amount of digesta propelled per contraction rather than in the
number of contractions. Digestion in the small intestine is similar to that in
simple-stomached animals.

The large intestine

The flow of digesta to the caecum and proximal colon from the ileum is intermit-
tent and can be followed by periods of quiescence, which may range from 30 min
to 5 h. Digesta in the caecum and proximal colon are subjected to both peristaltic
and antiperistaltic contractions so that digesta are mixed as well as being moved
towards the distal colon. There is further VFA production and absorption in the
large intestine but its main function is probably the absorption of water.

The flow of digesta through the distal colon differs between sheep and
cattle. In sheep, bursts of spiking activity, which last less than 5 s and do not
propagate, result in the segmenting contractions that are responsible for the
formation of faecal pellets as the digesta pass through the spiral colon. By
contrast, in cattle bursts of spiking activity of long duration propagate along the
spiral colon. These occur as several phases of hyperactivity per day and are
associated with the propulsion of large volumes of digesta. As a consequence,
faeces are voided by cattle as an amorphous mass.

Metabolic adaptations

The intermediary metabolism of ruminants has adapted to the consequences of
the production of VFA in the rumen in a number of ways (see Chapters 11 and
12). Acetate is absorbed into the ruminal venous drainage, some of it being used
as an energy source by ruminal tissue, and used throughout the body for fat
synthesis, including milk fat, and as an energy source. Propionate, passing from
the rumen in the hepatic portal vein, is taken up almost completely by the liver and
used, together with amino acids, for gluconeogenesis. The glucose released by the
liver is necessary for lactose synthesis in the mammary gland, for fructose synthe-
sis in the placenta and by the nervous system, although the latter can use ketones
sufficiently to continue to function with very low blood glucose levels. Butyric acid
is, to a large extent, metabolized in the rumen wall, to 3-hydroxy-butyrate.

Rumen fermentation also produces ammonia and that not utilized by the
microbes is absorbed and converted in the liver to urea. Much of this is secreted
in the saliva, which is produced continuously in copious amounts, or is
absorbed through the rumen wall to be available once again for microbial
protein synthesis. Protein that escapes rumen degradation is digested and the
constituent amino acids absorbed.

Metabolic regulation is discussed in Chapter 17, while metabolic adapta-
tions of ruminants are included in Chapter 13 (fat metabolism), Chapter 14
(protein turnover), Chapter 15 (energy—protein interactions) and Chapter 18
(mineral metabolism). Besides, since all life processes including growth, work
and animal production (milk, eggs, wool) use energy, methods to study energy
metabolism in relation to dietary changes are reviewed in Chapter 16.
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Consequences of ruminant adaptations

The ability of the ruminant to utilize forages high in fibre is exploited in many
agricultural production systems. However, the slow rate of digestion means that
feed particles remain in the rumen for long periods and rumen capacity
becomes a limiting factor to further intake; the slower and less complete the
digestion of a particular feed, the greater is the importance of physical factors,
compared to metabolic factors, in the control of feed intake (see Chapter 23).
The ability of ruminants to select a balanced diet from imbalanced foods offered
in choice has become better established since publication of the first edition of
this book and modelling of intake has been extended to food choice in this
chapter.

Feeding large amounts of rapidly fermented carbohydrate produces
sudden changes in acid and gas production that are sometimes beyond the
adaptive ability of the animal. The pH of rumen fluid falls from a normal level
of 6.0 to 6.2, causing cessation of motility and reduction in feed intake.
Excessive gas production causes bloat, under some circumstances, and a re-
duced acetate:propionate ratio depresses milk fat synthesis. A consequence
of microbial protein synthesis in the rumen is that some of the protein in
the diet can be replaced by non-protein nitrogen, typically urea. High-quality
protein sources can be protected against ruminal degradation to obtain
more benefit from their superior balance of amino acids or to better match
the amount of degradable carbohydrates. Moreover, and depending on the
starch degradation characteristics, starch sources may be protected against
ruminal degradation to avoid low pH levels, or starch degradation may be
enhanced to promote energy supply to the microbes in the rumen. The effect
of various technological treatments on nutrient digestibility is discussed in
Chapter 24.

These adaptations and their metabolic consequences have important
effects on productive processes; these are discussed in Chapter 19 (growth),
Chapter 20 (pregnancy), Chapter 21 (lactation) and Chapter 22 (wool).

In the developed world, cattle are often kept in automated, intensive
systems. In these intensive systems, a much better management control over
the environmental effects is achieved. It is therefore important to understand
how cattle interact with their environment, in order to optimize the design and
management of cattle production systems, and also in view of animal welfare.
The topic of animal-environment interaction is discussed in Chapter 25.

Since forages are generally the main part of the ruminant diet, botanical,
physical and chemical characteristics of the forage are important in determin-
ing the nutritive value for the ruminant. Ruminants will adapt their intake
behaviour (in terms of, for example, eating and ruminating time and bite
rate and bite mass characteristics) to changes in such forage characteristics.
The interaction between the pasture and the animal is discussed in Chapter 26.

Finally, various systems have been developed to evaluate the feeding value
of diet ingredients and to predict the animal response to intake of a given set of
feed ingredients. The various approaches to the integration of data in feed
evaluation systems are discussed in Chapter 27.
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Quantitative Approaches to Ruminant Physiology

Traditionally, quantitative research into digestion and metabolism in ruminants,
as in many other areas of biology, has been empirically based and has centred
on statistical analysis of experimental data. Whilst this has provided much of the
essential groundwork, more attention has been given in recent years to im-
proving our understanding of the underlying mechanisms that govern the
processes of ruminant digestion and metabolism, and this requires an increased
emphasis on theory and mathematical modelling. The primary purpose of each
of the subsequent chapters of this book, therefore, is to bring together the
quantitative approaches concerned with elucidating mechanism in a particular
area of ruminant digestion and metabolism. Given the diverse scientific back-
grounds of the contributors of each chapter, the imposition of a rigid format for
presenting the mathematical material has been eschewed, though basic math-
ematical conventions are adhered to. Before considering each area, however, it
is necessary to review the nature and implications of organizational hierarchy
(levels of organization), and to review the different types of model that may
be constructed.

Organizational hierarchy

Biology, including ruminant physiology, is notable for its many organizational
levels. It is the existence of the different levels of organization that give rise to
the rich diversity of the biological world. For the animal sciences, a typical
scheme for the hierarchy of organizational levels is shown in Table 1.1. This
scheme can be continued in both directions and, for ease of exposition, the
different levels are labelled . .., i + 1,i,i — 1,.... Any level of the scheme can
be viewed as a system, composed of subsystems lying at a lower level, or as a
subsystem of higher level systems. Such a hierarchical scheme has some
important properties:

1. Each level has its own concepts and language. For example, the terms of
animal production such as plane of nutrition and liveweight gain have little
meaning at the cell or organelle level.

Table 1.1. Levels of organization.

Level Description of level

i+3 Collection of organisms (herd, flock)
i+2 Organism (animal)

i+ 1 Organ

i Tissue

i—1 Cell

i—2 Organelle

i—3 Macromolecule
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2. Each level is an integration of items from lower levels. The response of the
system at level i can be related to the response at lower levels by a reductionist
scheme. Thus, a description at level i — 1 can provide a mechanism for
behaviour at level i.

3. Successful operation of a given level requires lower levels to function
properly, but not necessarily vice versa. For example, a microorganism can
be extracted from the rumen and can be grown in culture in a laboratory, so
that it is independent of the integrity of the rumen and the animal, but the
rumen (and hence the animal) relies on the proper functioning of its microbes
to operate normally itself.

Three categories of model are briefly considered in the remainder of this
chapter: teleonomic, empirical and mechanistic. In terms of this organizational
hierarchy, teleonomic models usually look upwards to higher levels, empirical
models examine a single level and mechanistic models look downwards, con-
sidering processes at a level in relation to those at lower levels.

Teleonomic modelling

Teleonomic models (see Monod, 1975, for a discussion of teleonomy) are
applicable to apparently goal-directed behaviour, and are formulated explicitly
in terms of goals. They usually refer responses at level i to the constraints
provided by level i + 1. It is the higher level constraints which can select
combinations of the lower level mechanisms, which may lead to apparently
goal-directed behaviour at level i. Currently, teleonomic modelling plays only a
minor role in biological modelling, though this role might expand. It has not, as
yet, been applied to problems in ruminant physiology though it has found some
application in plant and crop modelling (Thornley and Johnson, 1989).

Empirical modelling

Empirical models are models in which experimental data are used directly to
quantify relationships, and are based at a single level (e.g. the whole animal) in
the organizational hierarchy discussed above. Empirical modelling is concerned
with using models to describe data by accounting for inherent variation in the
data. Thus, an empirical model sets out principally to describe, and is based on
observation and experiment and not necessarily on any preconceived biological
theory. The approach derives from the philosophy of empiricism and adheres
to the methodology of statistics.

Empirical models are often curve-fitting exercises. As an example, consider
modelling voluntary feed intake in a growing, non-lactating ruminant. An
empirical approach to this problem would be to take a data set and fit a linear
regression equation, possibly:

I=ap+ayW +aedW/dt + a3D (1.1)
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where [ denotes the intake, W, liveweight, D, measure of diet quality and
ag, a1, ag, and as are parameters.

We note that level i behaviour (intake) is described in terms of level i
attributes (liveweight, liveweight gain and diet quality). As this type of model is
principally concerned with prediction, direct biological meaning cannot be
ascribed to the equation parameters and the model suggests little about the
mechanisms of voluntary feed intake. If the model fits the data well, the
equation might be extremely useful though it is specific to the particular
conditions under which the data were obtained, and so the range of its predict-
ive ability will be limited.

Mechanistic modelling

Mechanistic models, which underlie much of the material presented in this book,
seek to understand causation. A mechanistic model is constructed by looking at
the structure of the system under investigation, dividing it into its key compon-
ents and analysing the behaviour of the whole system in terms of its individual
components and their interactions with one another. For example, a simplified
mechanistic description of intake and nutrient utilization for our growing rumin-
ant might contain five components, namely two body pools (protein and fat), two
blood plasma pools (amino acids and carbon metabolites) and a digestive pool
(rumen fill), and include interactions such as protein and fat turnover, gluconeo-
genesis from amino acids and nutrient absorption. Thus, the mechanistic mod-
eller attempts to construct a description of the system at level i in terms of the
components and their associated processes at level i — 1 (and possible lower), in
order to gain an understanding at level i in terms of these component processes.
Indeed, it is the connections that interrelate the components that make a model
mechanistic. Mechanistic modelling follows the traditional philosophy and
reductionist method of the physical and chemical sciences.

Mechanistic modelling gives rise to dynamic differential equations. There is
a mathematically standard way of representing mechanistic models called the
rate:state formalism. The system under investigation is defined at time t by ¢
components or state variables: X;, Xp,..., X;. These variables represent
properties or attributes of the system, such as visceral protein mass, quantity
of substrate, etc. The model then comprises q first-order differential equations,
which describe how the state variables change with time:

dX/dt = fi(X1, X, ..., X3 S); i=1,2,...,q (1.2)

where S denotes a set of parameters, and the function f; gives the rate of
change of the state variable X;.

The function f; comprises terms that represent individual processes (with
dimensions of state variable per unit time), and these rates can be calculated
from the values of the state variables alone, with of course the values of any
parameters and constants. In this type of mathematical modelling, the differ-
ential equations are formed through direct application of the laws of science
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(e.g. the law of mass conservation, the first law of thermodynamics) or by
application of a continuity equation derived from more fundamental scientific
laws.

If the system under investigation is in steady state, the solution to Eq. (1.2)
is obtained by setting the differential terms to zero and manipulating to give an
expression for each of the components and processes of interest. Radioisotopic
data, for example, are usually resolved in this way, and indeed, most of the
time-independent formulae presented in this book are derived likewise. How-
ever, in order to generate the dynamic behaviour of any model, the rate:state
equations must be integrated.

For simple cases, analytical solutions are usually obtained. Such models are
widely applied in ruminant digestion studies to interpret time-course data from
marker and polyester-bag experiments, where the functional form of the solu-
tion is fitted to the data using a curve-fitting procedure. This enables biological
measures, such as mean retention time in the rumen prior to escape and the
extent of ruminal degradation, to be calculated from the estimated parameters.

For the more complex cases, only numerical solutions to the rate:state
equations can be obtained. This can be conveniently achieved by using one of
the many computer software packages available for tackling such problems.
Such models are used to simulate complex digestive and metabolic systems.
They are normally used as tactical research tools to evaluate current under-
standing for adequacy and, when current understanding is inadequate, help
identify critical experiments. Thus, they play a useful role in hypothesis evalu-
ation and in the identification of areas where knowledge is lacking, leading to
less ad hoc experimentation. Also, a mechanistic simulation model is likely to
be more suitable for extrapolation than an empirical model, as its biological
content is generally far richer.

Further discussion of these issues can be found in Thornley and France

(2005).
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Introduction

Digestion in ruminants is the result of two competing processes: digestion and
passage. Rate of passage determines the time feed is retained in the alimentary
tract for digestive action and the rate and potential extent of degradation
determines the digestion that can occur during the retention time. To predict
dynamic flows of nutrients or static estimates of digestibility at various levels of
performance, the processes of digestion and passage must be described in
compatible mathematical terms and integrated. This chapter will focus on the
mathematical description or modelling of digestion, especially fermentative
digestion in the rumen because it typically represents the largest proportion
of total tract digestibility and is the first step in the digestive process for
ruminants that influences the processes that follow.

The digestive process involves the time-dependent degradation or hydroly-
sis of complex feed components into molecules that can be absorbed by the
animal as digesta passes through the alimentary tract. Conceptually, digestion
and passage can be described as multi-step processes using compartmental
models (Blaxter et al., 1956; Waldo et al., 1972; Baldwin et al., 1977, 1987,
Mertens and Ely, 1979; Black et al., 1980; Poppi et al., 1981; France et al.,
1982). Because feed components do not digest or pass through the digestive
tract similarly (Sutherland, 1988), an understanding about the nature of pas-
sage in ruminants provides an important framework for developing compatible
digestion models.

In ruminants, passage of digesta through the alimentary tract is a complex
process that involves selective retention, mixing, segregation, and escape of
particles and liquid from the rumen before they pass into and through the small
and large intestines. Mechanistically, the reticulorumen, small intestine and
large intestine differ in mixing and flow. The rumen operates as an imperfectly
stirred, continuous-flow reactor, whereas the small and large intestines act

© CAB International 2005. Quantitative Aspects of Ruminant Digestion
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more like plugged-flow reactors (Levenspiel, 1972; Penry and Jumars, 1987).
Furthermore, ruminal contents act as though there were at least three different
subcompartments with different flow characteristics: liquid, escapable particles
and retained particles. Soluble feed components dissolve and pass out at the
rate of ruminal liquids. Ground concentrates and forages pass out of the rumen
more quickly than large fibre particles, which are retained selectively and
ruminated. Models of digestion must be compatible with these differences in
passage rates and processes.

Separate compartments are needed to represent the distinct digestive and
passage processes of the reticulorumen, small intestine and large intestine. The
unique digestive kinetics of feed components should be described by dividing
feed into rapidly digested, slowly digested and indigestible compartments. The
variety of compartments needed to model digestion and passage illustrates an
important principle. Model compartments are defined by their kinetic proper-
ties and may not necessarily correspond to anatomical, physiological, chemical
or physical compartments in the real system. Thus, non-escapable and escap-
able particles should be described as separate compartments, though both are
in the ruminal environment. The kinetic property of ‘escapability’ rather than
particle size is used to define particles because small particles trapped in the
large particle ruminal mat pass differently from those located in the reticular
‘zone of escape’ (Allen and Mertens, 1988). Particles are uniquely defined
because they have different kinetic parameters and require separate equations
to describe the processes of digestion and passage. Similarly, digestible and
indigestible matter may be contained in the same feed particle, yet each
requires a separate compartment to describe their unique kinetics of digestion
and passage.

Current models describe digestion as a function of the mass of substrate
that is available in a compartment, i.e. they are mass-action models. Generally,
digestion is described as a first-order process with respect to substrate (Waldo
et al., 1972; Mertens and Ely, 1979); however, some models describe it as a
second-order process that depends on the pools of substrate and microorgan-
isms present in the system (France et al., 1982; Baldwin et al., 1987).
Regardless of the model used, it appears that rate and extent of digestion are
critical variables in the description of the digestion process. Kinetic parameters
of digestion are important because they not only describe digestion, but also
they characterize the intrinsic properties of feeds that limit their availability to
ruminants.

To be useful, models based on mechanistic assumptions must replicate the
real system with an acceptable degree of accuracy. The number of different
mechanistic models that can predict a set of observations may be large, per-
haps infinite (Zierler, 1981). Thus, accuracy in predicting a specific set of data
cannot prove that a model is uniquely valid, but only indicates that it is one
plausible explanation of reality. To be universally applicable, models should be
valid in extreme situations and under varied experimental conditions, rather
than predicting the average accurately, even if it is from a large data set.

The goal of this chapter is to present the theoretical development and use
of models for quantifying rate and extent of the digestion process in the rumen.
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To accomplish this goal, methods used to collect kinetic data will be analysed,
the background of simple models for measuring rate and extent of fermentative
digestion will be discussed, mathematical models will be proposed that more
accurately describe the methods used to obtain kinetic data, and methods of
fitting data to models for estimating kinetic parameters will be reviewed.

Terminology

Before proceeding, some terminology that will be used in the remainder of the
chapter needs to be defined. Considerable confusion results from incorrect or
undefined use of terms. Even the most common terms such as rate or extent
are often defined or interpreted differently by authors. All too often mathemat-
ical formulations used to generate coefficients are not provided explicitly,
adding further confusion to the discussion of factors affecting digestion kinetics.
For example, in one paper rate may be defined as the starting amount of
material minus the ending amount of material divided by the interval allowed
for digestion (an absolute rate). In another paper, rate is determined as the
fraction of the potentially digestible material that disappears per hour (a frac-
tional or relative rate). Analysing the same data in these two different ways can
lead to opposite conclusions about which treatment has the faster rate (Table
2.1). Caution is advised when reviewing literature on digestion kinetics because
of non-standardized and ambiguous use of terminology. Valuable time and
resources have been wasted in explaining discrepancies that were only a
function of fuzzy definitions or contradictions between verbal concepts and
models.

Table 2.1. Effect of using different definitions of rate (absolute versus
fractional) on the comparison of digestion kinetics from two treatments.

Variable Treatment 1 Treatment 2
Time (h) Residue remaining (mg)
0 100.0 100.0

12 63.9 63.0

24 441 48.8

48 27.3 41.3

72 22.2 40.2
Absolute rate® (mg/h) 2.33 2.13
Fractional rate® (per h) 0.05 0.08
Potential digestibility® (mg) 80 60

@Absolute rate determined by taking the difference in residue weights at 0 and 24 h
and dividing by 24.

PFractional rate (Ky) and potential digestibility (Do) determined using the model
R(t)=Do exp(—Kqt)+lo, where Iy is indigestible residue.
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The following are definitions of terms used in this chapter:

Aggregation: Combining entities or attributes in a model that have similar
kinetic properties to reduce detail and complexity.

Assumptions: Implicit or explicit relationships or attributes of a model that are
accepted a priori.

Attributes: Coefficients of parameters and variables used to describe the
entities in a model.

Compartment: Boundaries of an entity that is distributed in an environment
that is assumed to have homogeneous dynamic or static properties. Com-
partments are typically represented in diagrams by solid-lined boxes.

Dynamic: Systems, reactions or processes that change over time.

Entities: Independent, complete units or substances that have uniquely defined
chemical or physical properties in a system.

Environment: Physical location of an entity in a system.

Extent of digestion: A digestion coefficient that represents the proportion of a
feed component that has disappeared as a result of digestion after a
particular time in a specified system. It is a function of the time allowed
for digestion and the digestion rate. Units are fractions or percentages.
Extent of digestion is a more general term that is not equal to either the
potentially digestible fraction or potential extent of digestion.

Flux or flow: Amount of material per unit of time that is transferred to or from
a compartment. In non-steady-state conditions, fluxes vary over time.
Although they may have the same mathematical form in some cases, fluxes
are not the same concept as the derivative of the pool size. Fluxes typically
are represented in diagrams by arrows.

Flux ratio: Proportion of a flux that is transferred to or from a compartment.
Flux ratios differ conceptually from fractional rates because ratios partition
fluxes, whereas rates are proportions of pools that are transferred. Flux
ratios typically are represented in mathematical equations by lower case ‘r’
with a subscript.

Indigestible residue: Residue of feed that remains after an infinite time of
digestion in a specified system. It is often approximated by measuring the
disappearance of matter after long times of digestion.

Kinetics, mass-action: Systems in which material is transferred between com-
partments in proportion to the mass of material in each compartment.
Kinetics, Michaelis—Menten (or Henri-Michaelis-Menten): Kinetics derived
from a reversible second-order mass-action system in which the flux of
product formation is proportional to the concentration of substrate and
enzyme (or microbial mass). With respect to substrate, the reaction varies
from zero-order when enzyme is limiting, to first-order when enzyme (or

microbial mass) is in excess.

Models: Representations of real-world systems. Models do not duplicate the
real world because they always contain assumptions about, and aggrega-
tions of, components of the real-world system. Mathematical models use
explicit equations to describe a system.
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Models, deterministic: Assume the system can be simulated with certainty
from known or assumed principles or relationships.

Models, dynamic: Simulate the change in the system over time.

Models, empirical: Based on relationships derived directly from observations
about the system. These data-driven models are sometimes called black box
or input—output models.

Models, kinetic: Kinetics refers to movement and the forces affecting it. In
chemical and biological systems, kinetic models are related to the molecu-
lar movement associated with chemical or physical systems.

Models, mechanistic: Are based on known or assumed biological, chemical or
physical theories or principles about the system. These concept-driven
models are sometimes called white box models.

Models, static: Represent time-invariant systems or processes. The steady-
state solution of dynamic systems is a specific type of static model.

Models, stochastic: Assume that the system operates on probabilistic prin-
ciples or contains random elements that cannot be known with certainty.

Order of reaction: The combined power terms of the pools in mass-action
kinetic systems. For example, in first-order systems the flux of reaction is
related to the amount or concentration of a single pool raised to the power
1. In second-order systems, flux is related to a single pool raised to the
power 2 or the product of two pools raised to the power 1.

Parameters: Constants in equations that are not affected by the operation of
the model.

Pool: Mass, weight or volume of material in a compartment. Pools are typically
represented by upper case letters in mathematical equations.

Potentially digestible fraction: Inverse of the indigestible fraction (1.0 —
indigestible fraction). It is the proportion of feed that can disappear due
to digestion given an infinite time in a specified system. The potentially
digestible fraction is the same as the potential extent of digestion or
maximal extent of digestion.

Processes: Activities or mechanisms that connect entities within a system and
determine flows or fluxes between compartments.

Rate: Change per unit of time, which can be expressed in many different units;
therefore, it is important to indicate the specific type of rate being dis-
cussed, preferably with a mathematical description.

Rate, absolute: Has the units of mass per unit of time. Absolute rates and
fluxes are the same, but the term ‘flux’ is preferred because it prevents
confusion associated with the unqualified use of the term ‘rate’.

Rate, first-order: Fractional rates that are proportional to a single pool.

Rate, fractional (or relative): Proportion of mass in a pool that changes per
unit of time. This rate has no mass units and is usually a constant that does
not vary over time. First-order fractional rate constants are usually repre-
sented in mathematical equations by a lower case ‘k’ with subscripts.

Simulation: Operation of a model to predict a result expected in the real-world
system.
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Sinks: Irreversible end-point compartments of entities that are outside open
systems. Sinks are typically represented in diagrams by clouds with enter-
ing arrows.

Sources: Initial locations of materials that are supplied from outside open
systems. Sources are typically represented in diagrams as clouds with
exiting arrows.

State, quasi-steady: Occurs when pools within compartments in a dynamic
system do not change significantly. Under natural situations, the time
needed to attain quasi-steady-state is relative. True steady state cannot be
achieved in perturbed systems because small changes are occurring con-
tinuously. Quasi-steady-state is sometimes called the steady-state approxi-
mation.

State, steady: Occurs when pools within compartments in a dynamic system
do not change. True steady state is a mathematical construct that occurs
when the derivative of a pool with respect to time equals zero.

Systems: Organized collections of entities that interact through various pro-
cesses. Open systems can accept or return material outside the system,
whereas all material must originate and be retained in a closed system.

Time, retention: Is the average time an entity is retained in a compartment.

Time, turnover: Is the time needed for a compartment to transfer an amount
of material equal to its pool size.

Validation: Evaluating the credibility or reliability of a model by comparing it to
real-world observations. No model can be validated completely because all
of the infinite possibilities cannot be evaluated. Some modellers prefer the
term ‘evaluation’ rather than ‘validation’.

Variables: Coefficients that change during or among model simulations. Vari-
ables can be external or internal to the model. External or exogenous
variables are inputs that affect or interact with the system that is modelled,
but are controlled outside of it. Internal or endogenous variables are calcu-
lated within the model during its operation.

Variables, state: Define the level, mass or concentration within the pools of the
system.

Verification: Checking the accuracy by which a model is described mathemat-
ically and implemented.

Requirements for Quantifying Rate and Extent of Digestion

Robust quantitative description of the rate and extent of digestion requires
three components:

1. Appropriate biological data measured in a defined, representative system
using an optimal experimental design.

2. Proper mathematical models that reflect biological principles.

3. Accurate fitting procedures for parameter estimation.

The validity of digestion kinetics depends on data that are accurately collected in
arelevant system. Once the biology of the system for collecting data is described,
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models should be developed that correctly reflect the system. Only then can a
valid fitting procedure be used to accurately estimate rate and extent of digestion.

Kinetic Data

Accurate biological data, generated by a method that is consistent with the
mathematical model and its assumptions, is a necessary first step in quantifying
digestion kinetics. Subtle differences among measurements can have substan-
tial effects on the parameterization and interpretation of digestion kinetics.
Three characteristics of the data have critical impact on modelling and the
interpretation of kinetic properties:

1. The method used to measure kinetic changes.
2. The specific component on which kinetic information is measured.
3. The design of sampling times and replications.

Kinetic data can be collected using either in vitro or in situ methods, and the
component measured can vary from specific polysaccharides to total dry matter
(DM). Reported end-point sampling times have varied from as little as 6 h to
more than 40 days.

Data collection method

Both in vitro and in situ techniques use time-series sampling to obtain kinetic
data. In vitro methods involve the incubation of samples in tubes or flasks with
a buffer solution and ruminal fluid or enzymes. In situ techniques require the
incubation of samples in porous bags that are suspended in the rumens of
fistulated cows. Either method may be appropriate for measuring digestion
kinetics, depending on research objectives. However, both methods have
advantages and disadvantages that influence their suitability for a given appli-
cation, affect the mathematical model that is needed, and alter interpretation of
results. Regardless of the model used to describe digestion, kinetic parameters
can be determined only on the assumption that they are constant during the
time data are collected, and the component that is reacting can be measured
accurately and unambiguously.

In vitro methods

Models to measure digestion kinetics in vitro are less complex than those
needed to measure in situ kinetics because the environment of the system is
easier to control and measurements are not affected by infiltration or loss of
materials from the fermentation vessel. However, not all in vitro systems used
to measure 48-h digestibility are acceptable methods for measuring kinetic
data. Many in vitro systems fail to include adequate inocula, buffers, reagents
or equipment to guarantee that pH, anaerobiosis, redox potential, microbial
numbers, essential nutrients for microbes, etc. do not limit digestion during
some or all of the time that kinetic data are collected. Furthermore, it is
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important that particle size of the sample does not inhibit digestion if the
research objective is to measure the intrinsic rate of digestion of chemical
components and for this purpose samples are typically ground to pass through
a 1 mm screen.

If some characteristic of the in vitro system limits digestion, it is obvious
that kinetic parameters intrinsic to the substrate are not measured. Besides
ensuring that factors affecting rate and extent of digestion do not change
significantly during fermentation, any in vitro system used for kinetic analysis
also must ensure that conditions in early and late fermentation do not limit
digestion. Many in vitro procedures shock microbes during inoculum prepar-
ation or at inoculation because the sample-containing media is inadequately
reduced and anaerobic. These systems will cause biased estimates of digestion
kinetics because digestion during early fermentation is low. If non-substrate
characteristics of the in vitro technique limit digestion Kinetics, it may be
difficult to detect underlying mechanisms or measure differences among treat-
ments. Differences in in vitro systems can create a two- to threefold difference
in kinetic parameter estimates.

The primary disadvantage of the in vitro method for generating kinetic
data is that it may differ from the in vivo environment. Yet, this deficiency can
be an advantage when the research objective is to study intrinsic properties of
the substrate. Conditions in vitro can be controlled to prevent fluctuations in
pH, dilution, fermentation pattern, etc., that occur in vivo. In addition, in vitro
methods can be adjusted to ensure that the characteristic of interest in the
substrate is the only factor limiting fermentation. For example, if the intrinsic
characteristics of fibre are to be investigated, the in vitro method can be
modified to ensure that particle size, nitrogen, trace nutrients, pH, etc. are
not the factors limiting rate and extent of fibre digestion.

If the goal is to assess effects of extrinsic factors on rate and extent of
digestion, the in vitro method can be modified to maintain constant fermenta-
tion conditions that do not violate assumptions needed to estimate kinetic
parameters. For example, pH of the buffer can be varied in vitro to determine
its direct and interacting effects on digestion kinetics. If the objective is to
measure the digestion kinetics of a feed when fed to an animal as the sole
diet, the substrate should be fermented in an in vitro system that contains no
supplemental nitrogen or trace nutrient sources that would not be available by
recycling in the animal.

In situ methods

If the research objective is to determine the combined effects of the intrinsic
properties of the feed and the extrinsic characteristics of the fermentation
pattern in the animal on digestion kinetics, the in situ method may be appro-
priate, biologically. Justification for using the in situ method is based on the
concept that dynamic animal-diet interactions are important. Consequently,
kinetics of digestion measured in situ are valid only when the feed in the bag is
also the feed fed to the host animal. However, if in situ data are to be used to
estimate kinetic parameters, an additional constraint is required. Conditions
of fermentation in the rumen must be constant, i.e. the animal must be in
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quasi-steady-state to meet the restriction that compartments have homoge-
neous kinetic properties during the time kinetic data are collected.

Usually, the objective of kinetic experiments is to measure the intrinsic rate
and extent of digestion of the test material. In these situations, the in situ
method has disadvantages that affect the interpretation of rate and extent
parameters. Kinetic results obtained under non-steady-state conditions may
be biased by the time samples were placed in the rumen because fermentation
patterns vary relative to the animal’s feeding time. In addition, kinetic param-
eters may be related more to the type of diet that the host animal is fed (and
resulting ruminal conditions) than to the intrinsic properties of the substrate. If
rate of digestion varies because of factors that are extrinsic to the substrate,
interpretation of kinetic parameters is complex, and their general applicability
is questionable. Even if all samples are included in the same animal simultan-
eously, it is difficult, if not impossible, to attribute differences between treat-
ments to intrinsic differences in substrates, unless interactions between intrinsic
and extrinsic factors are known not to exist.

In situ kinetic data also is hampered by losses of DM and contamination
from incoming material. In situ bags are porous to allow infiltration of microbes
for fermentation of residues inside the bag. Unfortunately, these same pores
allow escape of undigested, fine particles, and infiltration of fine particles from
ruminal contents. France et al. (1997) suggested models and mathematics for
correcting in situ disappearance for particle losses and variable fractional rates
during the initial period of digestion. However, these models do not account for
the possibility that material may also enter bags while they are in the rumen, but
not be completely washed out after fermentation. Because much of the fine
matter in the rumen is indigestible or extensively digested, influx contamination
can result in high estimates of the indigestible fraction, which in turn can bias the
potentially digestible fraction and the fractional digestion rate.

An obvious solution to fine particle infiltration is to either physically remove
fine-particle mass by washing the bags or arithmetically subtracting an estimate
of particle contamination of the residues using blank bags (Weakley et al.,
1983; Cherney et al., 1990). The first option has the disadvantage that
extensive washing can cause loss of substrate from the bags (especially at
early fermentation times) that is not due to digestion. In addition, it is not
possible to confirm that the washing technique is adequate without first includ-
ing blanks. Blank bags probably should contain ground inert material of a mass
similar to that of the samples to prevent them from collapsing and preventing
the infiltration of fine particles. Alternatively, a model can be developed that
represents migration of residues into and out of in situ bags. Similarly, models
can be developed that account for the initial solubilization of matter that occurs
in both the in vitro and in situ systems.

Component

Determining kinetics of fibre digestion is the least complex of any feed
component because fibre should not be affected by initial solubilization or
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contamination by microbial debris. Models are often developed to account for
initial solubilization of feed components such as DM or protein (@rskov and
McDonald, 1979). However, without careful design of the experiment it is
difficult, if not impossible, to separate solubilization from lag phenomena. If
kinetic analysis of feed components that solubilize is desired, samples must be
taken at zero time to measure solubilization directly.

For compounds that are contaminated by microbial residues, the determin-
ation and interpretation of digestion kinetics is more complex. Digestion of DM
and protein, uncorrected for microbial contamination, does not represent true
digestion kinetics of feed components, rather it represents the kinetics of net
digestion, which is analogous to apparent digestibility coefficients. Not only is it
uncertain that microbial contamination will be similar in other situations where
the kinetic parameters are used, but also the moderating effect of microbial
residues on disappearance of DM and protein may mask true differences
among feeds. If the goal of the research is to relate digestion kinetics to intrinsic
properties of the feed, the use of net residues, contaminated by microbial
debris, is questionable.

Theoretically, simple models of digestion are inappropriate for measuring
intrinsic kinetic properties of DM or protein. One solution to this problem is to
measure and subtract the contamination associated with microbial debris using
microbial markers (Nocek, 1988; Huntington and Givens, 1995; Vanzant
et al., 1998). Fractional rates of protein degradation were changed dramatic-
ally by removing contamination, thereby providing empirical evidence that
microbial residues can result in biased estimates of kinetic parameters. Alter-
natively, the digestion model can be modified to include microbial residues as
described later in this chapter. These models can assess potential errors asso-
ciated with the use of simple models and provide analytical solutions that can
estimate more appropriately the intrinsic rates and extents of digestion of DM
and protein.

Regardless of the method used to generate kinetic data, the experimental
design must be consistent with the objective of obtaining accurate estimates
of parameters. Biological, statistical, kinetic and resource management consid-
erations should be used to adequately and efficiently collect kinetic data. Bio-
logically, variation in both in vitro and in situ experiments is greater between
runs than within runs. Therefore, to estimate universally valid kinetic param-
eters the experimental design should replicate substrate between runs rather
than within runs. Replicated measures within a run are repeated measures, like
replicated laboratory analyses, and do not qualify as independent measures
when doing statistical tests or estimating standard errors. Replicated data from
different runs provide additional information about run by substrate interactions
and are useful in estimating lack-of-fit statistics.

For most efficient use of resources, more measurements should be made at
additional fermentation times instead of replicating measurements at fewer
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fermentation times within a run. Statistical concepts indicate that regression
coefficients are determined more accurately when the same number of obser-
vations are collected once at more times rather than multiple observations
collected at fewer times. Deviation from regression is a good estimate of
replicate variation, thereby making duplicate sampling at each time statistically
redundant. Although there is no statistical rule, experience suggests that there
should be at least three observations for each parameter to be estimated in the
model. Most digestion models contain three independent parameters, indicat-
ing that at least nine fermentation times are needed to estimate parameters of
simple digestion models adequately and accurately.

Spacing of fermentation times is important in optimizing the design of
kinetic experiments. When nothing is known about the process, it is best to
evenly space observations for regression analysis. However, a priori informa-
tion about digestion kinetics can be used to improve the efficiency of regression
analysis. In general, variance in kinetic data is proportional to the absolute rate
of reaction that occurs between 6 and 18 h of fermentation. Therefore, obser-
vations should be taken more often between 3 and 30 h than during other
periods of fermentation to offset the greater variation that occurs during this
period of rapid fermentation. Optimal and minimal sampling times suggested
for collecting kinetic data are given in Table 2.2. Also, it is desirable to record
the exact time samples are taken to the nearest 0.1 h because regression
analysis assumes that the independent variable (time) is measured without
error and inaccurate time measurements can significantly affect results.

Table 2.2. Recommended sampling times to obtain accurate parameter estimates for
digestion kinetics.

Rapidly digesting component Slowly digesting component
Number of samples (hours after inoculation) (hours after inoculation)
Optimal Minimal Optimal Minimal Optimal Minimal
sampling® sampling® sampling sampling sampling sampling
1 0 0
2 1 0 0 0 0
3 2 2 2 3 3
4 3 4 4 6 6
5 4 8 8 9 9
6 5 12 12 12 12
7 16 18
8 6 20 20 24 24
9 24 30
10 7 32 32 36 36
11 40 48
12 8 48 48 72 72
13 9 64 64 96 96

@0ptimal sampling strategy for digestion models containing three parameters.
PMinimal sampling strategy for digestion models containing three parameters.
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Observations at the beginning and end of fermentation also are critical
because they establish initial solubilization/lag and potential extent of digestion,
respectively. Accurate zero-time measurement is needed to distinguish solubil-
ization from digestion and estimate the lag effect. Thus, it is important to make
extra observations during the lag phenomenon and to duplicate measurements
when time equals zero. Replicated measurements are also valuable in estimat-
ing the potential extent of digestion.

Models of Digestion

Fig. 2.1.

The mathematics for describing first-order dynamic systems is rather simple.
Too often it is assumed that rigorous mathematical training is required to model
a biological system. Typically, biological conceptualization of the system is the
most difficult part of the modelling process. Fear of mathematics has created
too much dependence on the selection of equations from those reported in the
literature and has inhibited many scientists from formally describing their
conceptual model in precise mathematical terms that accurately describe the
biological process being investigated. The focus of this section will be the
development of simple models that demonstrate the principles of relating
biology to the mathematical model and thereby stimulate the reader to generate
other suitable models for describing kinetic data.

First-order digestion models can be classified into four types, depending on
the number of compartments and the number and type of reactions (Fig. 2.1).
In simultaneous systems, flows from compartments occur simultaneously and
independently. In sequential systems, flow from some compartments becomes

Ak
A 4, A
Single compartment Single compartment
Single reaction Multiple simultaneous reactions
A. kg
A A Kk B.k
A a B —b>
B.kp
B —
Multiple compartments Multiple compartments
Single simultaneous reactions Single sequential reactions

Illustrations of the various types of first-order models used to describe digestion.
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the input to other compartments, which creates a ‘time dependency’ for the
second compartment. Because the models are first-order, they will have an
exponential function in the equation for each compartment in the system. Each
type of model has a distinct set of linear and semi-logarithmic plots of their
differential and integral functions that can be used to identify the type of
digestive process being investigated.

Comments about rates of digestion first appeared in the literature in the
1950s, but development of digestion kinetics was hampered by the lack of a
biological concept of the digestion process that could be described by a math-
ematical formula. Description of the process was difficult because digestion
curves were non-linear, differed in asymptote and did not appear to fit the kinetics
of typical chemical reactions. Waldo (1970) was the first to suggest a conceptual
breakthrough that serves as the basis for our current view of digestion kinetics. He
suggested that digestion curves are combinations of digestible and indigestible
material. His hypothesis that some matter is indigestible was based on the work of
Wilkins (1969) who observed that some cellulose was undigested in the rumen
after 7 days. Waldo speculated that if the indigestible residue was subtracted, the
potentially digestible fraction might follow first-order, mass-action kinetics. Inter-
estingly, nutritionists would have arrived at this same conclusion if they had used
classical curve peeling approaches to analyse and interpret digestion curves in
which fermentation was extended to more than 72 h.

Model 1: Simple first-order digestion with an indigestible fraction

Fig. 2.2.

The concept that all feed components are not potentially digestible not only
simplifies the mathematical description of digestion, but also clarifies the bio-
logical framework for explaining digestion. However, the problem in describing
digestion kinetics is that residues remaining at any digestion time are a mixture
of undigested and indigestible matter. The model proposed by Waldo (1970) is
illustrated in Fig. 2.2. It assumes that the indigestible residue does not disap-
pear, whereas the potentially digestible residue disappears at a rate that is
proportional to its mass at any time. It is intuitive that rates of digestion are
only valid for potentially digestible components, i.e. indigestible components
have rates of digestion of zero. Equations for this model are:

D. ky Digested
sink

D = potentially digestible fraction
ky = fractional rate of digestion
| = indigestible fraction

Model 1: Simple first-order model of digestion with an indigestible fraction.
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dD/dt = —ksD (2.1)
dI/dt = 0

where t represents time, I the indigestible residue, D the potentially digestible
residue and kq the fractional rate constant of digestion.

Although derivatives of time describe the system elegantly, we seldom
measure fluxes under steady-state conditions, instead we measure amounts or
concentrations in a system at specified times. Thus, to describe the data usually
collected, the above equations must be integrated over time to derive equations
that correspond to observed data. The integrated equations are:

D(t) = D; exp (—kgqt) (2.3)
It) = I (2.4)
R(t) = D(t) + I(t) = D; exp (—kgqt) + I (2.5)

where [y and D; are the indigestible and potentially digestible residues at t = 0
and R(t) is the total undigested residue at any time.
The implicit assumptions of this first-order model are:

1. The potentially digestible and indigestible pools act as distinct compart-
ments with homogeneous kinetic characteristics.

2. The fractional rate of digestion is constant and is an intrinsic function of
the digestive system and the substrate.

3. Digestion begins instantly at time zero and continues indefinitely.

4. Enzyme or microbial concentrations are not limiting.

5. Flux or absolute rate is strictly a function of the amount of potentially
digestible substrate present at any time.

The equation for D(t) can be transformed into a linear function by natural
logarithmic transformation (In) and substitution:

In[D(t)] = In[D;] — kqt (2.6)
D({t) =R(t)— I (2.7)
In[R(t) — Ip] = In[D;] — kgt (2.8)

By estimating I using long-term fermentations and regressing In [R(t) — Iy] on
time, the intercept can be used to estimate D; and the slope or regression
coefficient estimates the fractional rate constant of digestion (kg4), which is
described on page 42. The true indigestible fraction can be reached only after
infinite time, and any fermentation end-point is an overestimation of the true
asymptote. A practical estimate of the asymptote (Iy) can be obtained when
digestion is >99% complete. The time at which a pool declines to 1% of its
original value can be approximated by dividing 4.6 by the fractional rate of the
pool. For a rate of 0.10/h it will take 46 h to decline to 1% of its original value
compared with 92 h for a fractional rate of 0.05/h.

Van Milgen et al. (1992) observed differences in the indigestible acid deter-
gent fibre fraction when measured after 42 days in situ when host animals were
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fed diets differing in the proportion of concentrate. They concluded that the
indigestible fraction is not an intrinsic characteristic of the feed because it was
affected by the diet of the animal. However, it could be argued that the intrinsic
indigestibility of a feed can only be measured under optimal ruminal conditions
that result in maximal digestion. Any perturbation of fermentation that does not
allow maximal digestion results in indigestible residues that are contaminated by
undigested potentially digestible matter. Although indigestibility may not be a
constant intrinsic characteristic of the feed, it may be more appropriate to
measure the intrinsic indigestibility of the feed using an optimal system and
then modelling the extrinsic factors that cause incomplete digestion, even after
long fermentation times, as a function of the fermentation system.

The classical test for the appropriateness of the first-order mass-action
model is to plot the natural logarithm of the potentially digestible residue versus
time. If the plot is linear, the flux or absolute rate of reaction is constant and
proportional to the amount of the potentially digestible pool; therefore the first-
order, fractional rate constant model is a plausible description of the digestive
process. Although most researchers have used R? to assess linearity, the most
powerful statistical test is a lack-of-fit test comparing linear and quadratic
functions of time using multiple samples each measured once in replicated
in vitro or in situ trials. Several scientists (Gill et al., 1969; Smith et al.,
1972; Lechtenberg et al., 1974) evaluated the first-order model for potentially
digestible matter, using either 48- or 72-h fermentations as the end-point for
estimating Ip. Their results indicated that first-order, mass-action kinetics
with an indigestible fraction was an acceptable model of digestion for neutral
detergent fibre (NDF) and cellulose.

Model 2: Simple first-order digestion with indigestible and soluble fractions

For feed components that contain a significant soluble fraction, such as protein
and DM, the simple first-order model must be modified to include an additional
parameter to describe the digestive process. At the beginning of digestion,
there can be disappearance of residue due to solubilization that should not be
confounded with rate of digestion (@rskov and McDonald, 1979). This solubil-
ization is so rapid compared with degradation that it can be considered instant-
aneous. Except for the instant of solubilization, the differential equations for
this model (Fig. 2.3) are:

dD/dt = —ksD (2.9)
dI/dt= 0 (2.10)
dS/dt = oo (2.11)

where S is the soluble fraction of the feed component and all other variables are
the same as defined for Model 1.

The integral equations for this system are the same as the simple first-order
model except:
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[ee]

S
Digested
D K sink

- Kd
D >

0
I —

S =soluble fraction
 =infinite fractional rate indicating instantaneous transfer

Fig. 2.3. Model 2: Simple first-order D =potentially digestible fraction

model of digestion with soluble and ky =fractional rate of digestion
indigestible fractions. I =indigestible fraction
att =0,
S(0) =Sy (2.12)
and
R(0) = D(0) + 1(0) + So = D; + I + So (2.13)
att > 0,
S(t)=0 (2.14)
and
IR(t) = D(t) + I(t) = D; exp (—kqt) + Iy (2.15)

where IR(t) is insoluble residue at any time t¢.

The last equation, similar to that for the simple first-order model, can be
used to estimate instantaneous solubilization, assuming no lag effect, by ex-
trapolating the potentially digestible fraction to t = 0 and comparing (D; + I)
to Ry. If (D; + Ip) is less than Ry, the difference is an estimate of Sy, assuming
no lag. Because the assumption of no lag effect is uncertain, it is necessary to
measure insoluble residue at time zero (IR,), which allows estimation of both
So(= Ry — IRy) and lag effects.

Model 3: Simple first-order digestion with discrete lag time and an indigestible fraction

The simple first-order model indicates that digestion begins instantaneously at
time zero. Mertens (1977) observed that logarithmically transformed digestion
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0 D. ky Digested
b ' b 7 sink
0 0
I - I "
Fig. 2.4. Model 3: Simpl
At t < discrete lag time At t= or > discrete lag time '|g ode S}mp .e
first-order model of digestion
D = potentially digestible fraction with a discrete lag time before
kyq = fractional rate of digestion digestion and an indigestible
| =indigestible fraction fraction.

curves typically exhibited non-linearity before 6 h of fermentation, which sug-
gests a lag phenomenon. The potentially digestible pool (D;) estimated as the
intercept of the simple model at t = 0 usually exceeded 100% of that possible
because the actual potentially digestible pool (D) at t = 0 must be equal to total
residue at time zero minus indigestible residue. Mertens (1977) proposed that
the lag phenomenon could be easily quantified by including a discrete lag time
in the simple first-order model (Fig. 2.4). Discrete lag time was defined as the
time at which the first-order equation derived for a data set equals the actual
potentially digestible fraction at zero time. The discrete lag model assumes that
no digestion occurs until lag time, when digestion begins instantaneously. After
a discrete lag time, the differential equations and integral solutions are similar to
Model 1. Differential equations for this model are:

att <L:
dD/dt = 0 (2.16)
and
dl/dt =0 (2.17)
att > L:
dD/dt = —k4D (2.18)
and
dl/dt =0 (2.19)

where L is discrete lag time.
The integral equations for the discrete lag model are:

att < L:

D(t) = Dy (2.20)
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and
I(t) = I (2.21)
R(t) = Do +Io (2.22)
att > L:
D(t) = D; exp (—kqlt — L)) (2.23)
and
16 = I (2.24)
and
R(t) = D(t) + I(t) = D; exp (—kqlt — L)) + Iy (2.25)
Att=L:
Ro — Ip = Do = D; exp (—kq[L) (2.26)
and
L = [In (Do) — In(Dy))/(—kq) (2.27)

This model can be modified easily to incorporate the digestion kinetics of feed
components that exhibit initial solubilization (Dhanoa, 1988). However, to
estimate lag time for these components, there must be a measure of the amount
of insoluble residue at t = 0 to provide an estimate of IR that must equal
(Dg + Ip). Although the discrete lag model may not adequately describe lag
phenomena for use in dynamic simulation models, it provides a simple and
quantitative measure of the lag effect that can be used to compare feeds.
Although Loépez et al. (1999) concluded that discrete lag models are difficult
to justify biologically because some digestion occurs before lag time, they
observed that the simple exponential model with discrete lag was only ranked
below generalized exponential and inverse polynomial models for lack-of-fit,
rank of residual mean of squares (RMS) and average RMS when used to describe
in situ DM, NDF and protein degradation. However, generalized exponential
and inverse polynomial models also have difficult biological interpretations.

When the intercept (D;) is greater than Dy clearly some type of lag phe-
nomenon has occurred (see Fig. 2.9 in the Curve Peeling section). When
D; < Dy, the discrete lag time L is negative, which implies that digestion begins
before t = 0, a result that is difficult, if not impossible, to accept biologically.
However, there is a biological explanation for negative lag times because they
simply indicate that instantaneous solubilization has occurred, which equals
Dy — D;. However, both solubilization and lag can occur when initial solubiliza-
tion is greater than that indicated by the difference between Dy and D;, but their
effects cannot be separated unless IR is measured at time zero so that Dy can
be estimated. Setting bounds on discrete lag to prevent it from being less than
zero is not appropriate because it eliminates the possibility for detecting solu-
bilization and can result in biased estimates of kinetic parameters.
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Model 4: Sequential first-order reaction for lag and digestion with an indigestible

fraction

Fig. 2.5.

Other models of digestion have been proposed that describe digestion as a
sequential compartmental process (Allen and Mertens, 1988; Mertens, 1990;
Van Milgen et al., 1991). In these models, the digestive process is described by
a two-step mechanism (Fig. 2.5). In the first stage, lag is modelled as a first-
order process involving the change in the substrate from an unavailable form to
one that is available for digestion. Biologically, this step could represent hydra-
tion of substrate, removal of digestion inhibitors, or attachment or close asso-
ciation of microorganisms with the substrate. The second stage is also first-
order and represents actual degradation of the substrate. This model exhibits a
smooth curvilinear transition from no digestion at t = 0 to maximum absolute
digestion rate at the inflection point of the digestion curve. Differential equa-
tions for this model are:

dU/dt = —kU (2.28)
dA/dt = kU — kA (2.29)
dI/dt = 0 (2.30)

where U is the unavailable potentially digestible pool, A is the potentially
digestible pool that is available for digestion, I is the indigestible residue, k; is
the fractional rate constant for lag and kq is the fractional rate constant for
digestion.

The integral equations for this digestive process are:

U(t) = Uy exp (—kit) (2.31)
Alt) = Uolky/(kq — k)l exp (—kit) — exp (—kqt)] (2.32)
U U-k A Ak Digested
sink
0
1

U = unavailable potentially digestible fraction

k, = fractional rate of availability (lag phenomena)
A = available potentially digestible fraction

ky = fractional rate of digestion

| = indigestible fraction

Model 4: Sequential multi-compartmental model of digestion and lag with an

indigestible fraction.
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I(t) = I (2.33)
R(t) = U(t) + A(t) + I(¢) (2.34)
Ro=Up + 1 (2.35)
because Ag =0att=0
Given
R(t) = U(t) + Alt) + I (2.36)
att > 0:
R(t) = [Uo/(kq — ki)llkg exp (—kit) — ki exp (—kqt)] + I (2.37)

Although this model does not contain a discrete lag, Mertens (1990) observed
that a discrete lag term was a necessary addition to the model for it to
adequately describe digestion processes with prolonged lag effects.

Model 5: Second-order digestion based on substrate and enzyme concentrations

Previous models assume that rate and extent of digestion are limited only by
intrinsic properties of the substrate. However, it may be possible that extrinsic
factors, such as microbial mass or enzymatic activity, limit the rate of reaction
(France et al., 1982; Baldwin et al., 1987). A more complex model used to
describe digestion is based on the Henri-Michaelis-Menten (HMM) kinetics
developed for enzyme reactions. The complete model of HMM Kkinetics is a
reversible, four-compartment system with both first- and second-order reac-
tions (see p. 20 in Segel, 1975). Using quasi-steady-state approximation, the
series of differential equations used to describe the complete system can be
solved as a function of substrate concentration (Segel, 1975). If we assume that
microbial mass acts like an enzyme and the substrate is potentially digestible
fibre, the final differential equations are:

dD/dt = —[Viax/(Kum + D)ID (2.38)
dljdt = 0 (2.39)

where V. is the maximal rate of reaction when all microbial mass is actively
digesting substrate, Ky, is proportional to the rates of degradation (k,,g) and
formation (ki) of the active complex, i.e. (ki + kmnqg)/ki, and other variables as
defined previously.

This model assumes that microbial mass can limit digestion instead of
assuming, as in all previous models, that only intrinsic properties of the sub-
strate limit digestion. In the HMM model, the fractional rate of digestion relative
to the amount of potentially digestible fibre is not a constant, but is proportional
to the total amount of microbial mass, which changes throughout fermentation.
In a rumen or in vitro system with low microbial mass relative to potentially
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digestible sites, the order of the overall reaction varies with respect to the
concentration of the substrate. Initially, the concentration of substrate is high
relative to microbial mass (D > K,) and dD/dt = —Vaxt, which is zero-order
relative to D. This occurs because at high substrate concentrations, the absolute
rate of reaction is more a function of the amount of microbial mass than of
substrate concentration. As potentially digestible substrate is degraded, its
concentration decreases relative to microbial mass (D < Ky,) and dD/dt =

(Vinax/Km)D, i.e. the reaction is first-order with respect to D with a fractional
rate equal to (Viax/Km)

The HMM-type differential equation can be integrated (Segel, 1975) to

Vimaxt = —Km In(D/Dy) — (D — D) (2.40)

Although this equation cannot be solved analytically for D at any time, even if
Vmax and K, are known, it can be rearranged to a linear form and used to
estimate V.« and K,, from time-series measurements. A linear form of the
integral equation that is useful is:

(Do — /t = —Kq[ln DO/D /t] + Vinax (2.41)

By regressing (Dy—D)/t versus In(Dy/D)/t, K and Vyax can be estimated
from the slope and intercept, respectively. To obtain accurate estimates of
parameters, the values of D should vary from approximately 0.1 K, to 10 K.

After estimates of K, and Vax are determined, the differential form of the
HMM-type equation can be integrated numerically to obtain values of D(t) at any
time. Use of numerical integration is only a minor inconvenience with the
availability of computers and computer programs. A factor complicating the
use of HMM kinetics with microbial systems is that microbial activity increases
during the reaction as microbes use substrate for growth. Thus, microbial activity
is not constant in a fermentation system like enzyme concentrations are in
classical enzyme Kkinetics. To more accurately mimic HMM Kkinetics, microbial
growth could be inhibited during kinetic measurements or the model could be
modified to add microbial growth and then derive a new equation that more
accurately describes microbial fermentation of a substrate. Biologically the HMM
model is valid only if microbial concentrations limit degradation during the early
period of fermentation. Thus, one can never be sure when interpreting HMM
results that intrinsic limitations of the substrate are being evaluated because Vax
depends on microbial concentration, and the intrinsic second-order rate con-
stant of substrate disappearance is not estimated.

Model 6: Simple first-order model for in situ digestion with influx and efflux of matter

Previous models assume that no contamination of feed components from outside
the fermentation vessel occurs during the collection of data. Porous bags used in
in situ methods allow entry of particles from the rumen and exit of particles from
the bag (Fig. 2.6). Washing bags is often used in an attempt to minimize errors
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D sink
0
, ———
Ruminal ls . ke Ruminal
particle le —— > particle
sink sink
Fig. 2.6. Model 6: Simple first-order D = potentially digestible fraction
model of digestion with an indigestible ky = fractional rate of digestion

fraction and influx and efflux of
indigestible fine particles in the rumen

I = indigestible fraction
l = exogenous indigestible fine particles

that can occur when using an in situ fi = zero-order influx rate of exogenous fine particles

system.

ke = fractional rate of escape of fine particles

associated with the former problem, whereas grinding samples coarsely is some-
times used to minimize the latter. However, washing bags varies substantially
among laboratories and it is difficult, if not impossible, to balance the errors
between washing out contaminating matter and removing actual sample. Coarse
grinding may influence digestion processes and alter digestion kinetics (Michalet-
Doreau and Cerneau, 1991). Because neither of these strategies may solve the
problems associated with measurement of digestion kinetics in situ, it is intuitive
that models used for in vitro digestion kinetics may not be valid for in situ kinetics.

In this model (Fig. 2.6), the number of fine digestible and indigestible
particles in the feed and the amount of fine digestible particles in the rumen
are assumed to be negligible. Thus, influx and efflux of fine particles is assumed
to be only indigestible fibre from ruminal contents. The influx rate is assumed to
be zero-order, i.e. is only a function of time, and is probably related to pore size
and surface area of bag material. Differential equations describing the digestion
of fibre in situ are:

dD/dt = —k4D (2.42)
dl/dt =0 (2.43)
dl./dt = fi — kele (2.44)

where [, is the pool of escapable indigestible particles from the rumen that are
in the bag, f; is the zero-order influx rate of particles into the bag and k, is the
first-order efflux rate of fine, escapable particles from the bag.

The integrated solutions to these equations are:

D(t) = Dy exp (—kgt) (2.45)

It =1Io (2.46)
Le(t) = (fi/ke)[1 — exp (—ket)] (2.47)
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The total residue in the bag at any time ¢t is:

R(t) = D(t) + I(t) + (1) (2.48)
R(t) = Do exp (—kat) + Io + (fi/ke)[1 — exp (—ket)] (2.49)

Because the influx rate is zero-order and has the units mass per unit of time, the
residue at any time must be expressed in the same units to estimate the
parameters of this model using non-linear regression. Thus E(t) cannot be
expressed as a percentage of the starting sample weight, but must be expressed
as mg, g, etc. This differs from first-order Models 1 to 4 that obtain the same
fractional rate constants irrespective of the units used to express R(t).

If it is postulated that washing fine particles out of bags follows first-order
kinetics (the amount washed out at any time t is proportional to the amount
of fine particles in the bag at any time [I.(t)]) and the concentration of fine
particles in the wash water is so small that influx during washing is negligible, it
can be shown that changes during washing are described by the following

equations:
dD/d(ty) =0 (2.50)
dl/d(ty) =0 (2.51)
dl./d(ty) = —kwle (2.52)

where t, is washing time and k,, is the fractional washout rate of fine particles
from the in situ bag.

Because the amount of each pool at the time of washing is equal to D(t), I(t)
and I.(t), respectively, it can be shown that after any washing time t.,:

R(t) = D(®) + I(t) + L(t) exp ( — kwtw) (2.53)
R(t) = Do exp (—kat) + Io + [exp (—kwtw))(fi/ke)[1— exp (—ket)] (2.54)

If washing time t,, is the same for all samples, the term exp (—kyt.,,) becomes a
constant, and when non-linear least squares regression is used to estimate the
parameters of the model the term [exp (—ketw)l(fi/ke) will be determined as a
single coefficient.

The equation for Model 6 is similar to the simple equation for an in vitro
system (Model 1) except that an additional term is needed to describe the net
accumulation of fine particles in the bag at any time t. Model 6 predicts that
infiltration of fine particles will increase to an asymptote that is equal to the
ratio of influx and efflux rates. This indicates that indigestibility will be overesti-
mated in situ and suggests that fractional rates and lag times will be biased if
simpler models such as Models 1 to 4 are used that do not contain terms for net
accumulation of residue in the bag and washing does not remove all influx
material.

Analysing models derived from the biology of the specific digestion process
demonstrates one of the often overlooked uses of models. Once equations are
derived, they can be used to detect differences in timing and magnitude
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between alternative models and suggest experimental designs that can be used
to effectively compare them. Model 6 could be modified to incorporate add-
itional biological processes including losses of fine particles in a more finely
ground sample than is assumed in Model 6 or by including a discrete lag time
during which influx and efflux occurred, but digestion did not. However, these
models require additional terms that cannot be estimated realistically using
current data collection and fitting techniques.

Model 7: Simple first-order model with contamination of residues by microbial matter

The measurement of protein and DM digestion kinetics is complicated by the
contamination of these residues by microbial debris. When simple models are
used, digestion kinetics of these feed components are actually determined as
net coefficients that include true digestion of feed as well as appearance and
disappearance of microbial matter. Indirect methods (Negi et al., 1988) and
markers (Nocek, 1987; Nocek and Grant, 1987) have been used to estimate
the amount of microbial contamination in the residue obtained at each fermen-
tation time. However, microbial growth can be described using several simpli-
fying assumptions to obtain models that estimate the microbial contamination
at each time in in vitro systems that retain all microbial matter (Fig. 2.7). These
models also can indicate the potential errors that will occur in estimating rate
and extent of digestion when using simple models such as Models 1 to 3.

If it is assumed that a constant proportion of DM is converted to microbial
residues, no recycling of DM through the microbial pool occurs and lysis of
microbes is proportional to the amount of microbes in the in vitro system at

S.ky.(1=r)
S S k. r Digested
D.ky.(1—r) ( Sk
D D.ky.r
1.0
I
M M.k,
Fig. 2.7. Model 7: Simple first- S = soluble fraction
order model of digestion with ks = fractional rate of soluble matter digestion
soluble and indigestible fractions D = potentially digestible fraction
and contamination of residues by kq = fractional rate of insoluble matter digestion
microbial debris that occurs when  r = proportion of digested matter converted to microbial mass
measuring the digestion kinetics of [ = indigestible fraction
protein or dry matter (DM) using M = microbial mass
an in vitro system. ky = fractional rate of microbial lysis
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any time, the following differential equations can be used to describe the
digestion of DM:

dS/dt = —rksS — (1 — kS = —ksS (2.55)
dD/dt = —rk4D — (1 — kgD = —k4D (2.56)
dl/dt =0 (2.57)

dM/dt = rksS + rkgD — keM (2.58)

where r is the proportion of digested matter that is converted to microbial DM,
ks is the fractional rate of digestion of soluble matter, k, is the fractional lysis
rate of microbial DM, M is the pool of microbial matter in the in vitro vessel at
any time and all other variables are defined as for Model 2. In this model,
digestion of soluble matter is not assumed to be instantaneous, although this
assumption could have been used.

The differential equations can be integrated to obtain the following solutions:

S(t) = Sp exp (—kst) (2.59)
D(t) = Dy exp (—kgt) (2.60)
Itt) = Iy (2.61)

M(t) = [rksSo /(ky — ks)l[exp (—kst) — exp (—kyt)]

+ [rkgDo(k, — allexp (—kegt) — exp (k) (262
To solve for M(t), it was assumed that a blank microbial residue was subtracted
so that M = 0 at time = 0. If residues are filtered to isolate undigested DM
residues, S(t) will not be measured at any time. Since Ry = Sg + Dy + Iy, the
function (Ry — Do — Ip) can be substituted into the microbial contamination
function to eliminate the Sy term. The final DM residue function is:

DM(t) = Do exp (—kqt) + Io + [rks(Ro — Do — Io)/(key — k)l exp (—kst)

— exp (—kyf)] + rkgDo (ke — kallexp(—kt) — exp (ko] O

Model 7 could be simplified to assume an instantaneous loss of soluble
matter and conversion to microbial mass, or it could be made more complex by
including recycling of microbial DM and addition of lag phenomena. However,
the biological process described for Model 7 and the equations that are
obtained can be used to demonstrate the errors inherent in using simple models
such as Models 1 to 3 to describe a complex process involving microbial growth
when microbial debris contaminates the feed component that is being studied.
The equation used to describe Model 7, which includes microbial lysis, indicates
that microbial debris increases, then decreases, during fermentation which
agrees with data of Nocek (1987). Observations by Negi et al. (1988) indicate
that microbial nitrogen contamination increased to an asymptote during fer-
mentation; this occurrence could be modelled by assuming that no lysis occurs.
Both Nocek (1987) and Negi et al. (1988) used an in situ procedure to
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determine digestion kinetics and additional terms would be needed to describe
the influx and efflux of microbial debris that does not occur in the in vitro
system described by Model 7.

If Model 7 is simulated assuming no lag and the resulting data are fitted to
Model 2, two principles can be demonstrated. First, apparent or net fractional
rates of digestion are biased estimates of the true fractional digestion rates of
the feed. Second, the standard technique for assessing the adequacy of the first-
order model of digestion is not sensitive enough to detect model discrepancies
associated with production or recycling of microbial mass. The standard test for
determining the adequacy of the first-order model is to determine the R?, i.e.
R? near 1.00 are assumed to indicate a good fit of the data to the first-order
model. However, it is possible to obtain R? greater than 0.9 for residues
contaminated with microbial debris, suggesting the simple first-order model is
a good fit to the data. Although R? can be criticized as a test of model adequacy,
even lack-of-fit tests may not detect inadequate models with typical biological
variation. Parameters will be biased when a simple model is used to estimate
digestion Kkinetics for components contaminated with microbial debris and it
appears that biological justification rather than statistical evaluation is the key to
determining the validity of models for use in estimating digestion kinetics.

Fitting Digestion Data to Kinetic Models

Curve peeling

Although curve peeling has fallen out of favour because non-linear least squares
estimation and other computer algorithms are more accurate and less prone to
subjective decisions, it is an excellent learning device because it demonstrates
graphically the process needed to estimate kinetic parameters. Data in Table
2.3 are typical of kinetic measurements collected using in vitro systems and

Table 2.3. Example data that can be used to demonstrate the
problems in fitting digestion data to first-order models.

Time (h) Data set 1 (mg) Data set 2 (mg) Data set 3 (%)

0 400 400 100.0
3 327 379 94.6
6 244 337 84.1
9 181 292 73.3
12 134 250 63.6
18 73 187 49.3
24 40 145 40.3
30 22 118 34.8
36 12 102 31.4
48 4 85 27.5
72 0 77 242

96 0 75 22.6
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Fig. 2.8. Plots of data from Table 2.3 illustrating the exponential behaviour of data set 1 and the
sigmoid and incomplete asymptotic behaviour of data sets 2 and 3 (a), and the natural logarithmic
plots for data sets 1 and 2 with and without correction for the asymptotic indigestible residue (b).

can be used to illustrate the fitting of digestion data to alternative kinetic
models. Data set 1 represents substrates with simple and complete degradation
(Fig. 2.8a), such as sugars or protein (after correction for microbial contamin-
ation), which can be described with simple exponential models (Fig. 2.1, upper
left model). Data set 2 represents substrates that exhibit sigmoid degradation
curves (Fig. 2.8a) that require more complex models to adequately describe
degradation, which include multiple pools, discrete lag times, or variable frac-
tional rates (e.g. Models 1 to 5 or the generalized single exponential model of
Lopez et al., 1999). Data set 3 represents substrates that have increasing
variable rates of degradation during early fermentation and decreasing variable
rates during late fermentation. Substrates like data set 3 may require models
with multiple exponential pools (Mertens, 1977; Mahlooh et al., 1984; Robin-
son et al., 1986) or with variable fractional rates (e.g. inverse polynomial,
generalized inverse polynomial, logistic, Gompertz, or generalized Von Berta-
lanffy models as described by Lopez et al., 1999).

The rationale for curve peeling is that pools with rapid first-order rates will
decline to near zero at long times of reaction. Thus, at later reaction times the
composite curve is primarily a function of pools with slow fractional rates of
digestion and the composite curve at long times of reaction can be used to
estimate the kinetic parameters of the slowest pool in the system. The first step
in graphical curve peeling is to plot the observed data on semi-logarithmic
graphing paper with residue as the Y axis (logarithmic scale) and time as the
X axis (linear scale). Alternatively, the natural logarithm of the residue can be
plotted versus time on linear graphing paper or using a computer spreadsheet
(Fig. 2.8b). To identify the slowest pool using graph paper, draw a straight line
through the linear portion of the data with the longest times of reaction (in the
spreadsheet a regression line between time and the natural logarithm of the last
data points can be used to define the slowest pool). After the line or regression
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is established, it is peeled from the composite curve by subtracting its actual
value (not its logarithm) at each time from the value of the composite line. This
leaves a residual line that is the result of other pools in the system. If the residual
line is linear, curve peeling is complete; if it is curvilinear, the peeling procedure
is repeated on the residual line. The slope of each line is the fractional rate
constant of that pool or compartment, whereas the intercept of each line may
be the size of the pool or may be undefined, depending on whether the system
has sequentially or simultaneously reacting pools. In practice, it is difficult to
separate more than three pools unless extremely long times of reaction are
recorded and the fractional rates differ greatly. It also is difficult to separate
systems in which the fractional rates do not differ by a factor of three or more.

The plot of data set 1 (Table 2.3) is linear with only a slight deviation during
initial fermentation (Fig. 2.8b). The linear semi-logarithmic line indicates that a
first-order model with a constant fractional rate (equal to the slope of the line) is
plausible and a model like that in Fig. 2.1 (upper left model) could be used to
describe degradation of this substrate. However, data set 2 (Table 2.3) results in
a non-linear semi-logarithmic line that appears to be asymptotic (Fig. 2.8b). An
asymptotic plateau indicates a pool with a slope of zero (i.e. an indigestible
pool), which corresponds to an indigestible residue that never degrades in the
anaerobic system in which feeds are fermented as indicated by Wilkins (1969).
Using curve peeling, the indigestible pool, which is typically assumed to be the
residue after long (> 72 h) fermentation times, is subtracted from the compos-
ite data line to obtain a residual digestible pool or fraction (Fig. 2.8b). The line
for the digestible fraction is linear suggesting that it can be represented by a
first-order model with a constant fractional rate of digestion except during early
fermentation.

Because a fractional digestion rate can only apply to a pool that is digest-
ible, it is crucial that a valid estimate of the indigestible fraction be used to
determine the potentially digestible fraction by difference. Mertens (1977)
illustrated the consequences of using 48, 72, or 96-h fermentations to estimate
the indigestible fibre fraction. If the 48-h observation in data set 3 (Table 2.3) is
used to estimate the asymptote of fermentation, the residual plot of the poten-
tially digestible fraction will be concave and shifted to the left, resulting in an
overestimation of the indigestible fraction, fractional rate, and discrete lag time
compared with the 72-h fermentation end-point. When data sets terminate at
24 or 48 h of fermentation, it is easy to miss the asymptotic nature of the
digestion process in anaerobic systems and conclude that degradation can be
described by a single exponential pool without an indigestible fraction. This
conclusion results in estimates of fractional rates that are low compared with
the true fractional rate of digestion because their rates are ‘averaged’ over both
potential digestible and indigestible pools. These results not only cause confu-
sion in the literature, but also they are fundamentally incorrect because they
violate two assumptions of kinetic principles. First, the single digestion pool is
an aggregate of both digestible and indigestible components and does not
represent a pool with homogeneous kinetic properties. Second, the inclusion
of the indigestible fraction in a digesting compartment results in the paradox
that indigestible residue has a non-zero fractional rate of digestion.
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When long times of fermentation (>90 h) are used to estimate indigestible
residues, semi-logarithmic plots may become convex and non-linear suggesting
that the potentially digestible fraction can be described as the sum of two or
more first-order pools with different rates. Robinson et al. (1986) confirmed
that this model is most appropriate in some situations. Mahlooh et al. (1984)
carried this approach to its extreme, and proposed that a stochastic model
could describe digestion that assumes a population of digestible pools with a
gamma distribution of factional rates. Alternatively, sigmoid mathematical
models (inverse polynomial, generalized inverse polynomial, logistic, Gom-
pertz, and generalized Von Bertalanffy) as described by Lépez et al. (1999),
which have diminishing variable fractional rates toward the end of fermenta-
tion, can describe the degradation curve, but these models cannot be parame-
terized by curve peeling.

Data sets 2 and 3 (Table 2.3) indicate that disappearance of the potentially
digestible fraction does not start instantaneously at time 0. Instead, there is a lag
period during which digestion occurs slowly or not at all (see Fig. 2.9). Mertens
(1977) suggested that the lag phenomenon could be easily described by the
addition of a discrete lag time to the simple exponential model (Model 3).
Fig. 2.9 indicates that the lag effect is a gradual process with an increasing
variable fractional rate. This process can be described as two sequential first-
order reactions (Model 4), as sigmoidal mathematical models, or as a general-
ized single exponential model with time dependency related to the square root
of time (Lopez et al., 1999). Lépez et al. (1999) observed that this latter model
consistently performed the best based on lack-of-fit, residual mean of squares,
and ease in fitting for DM, protein and NDF using in situ data.

Finally, data sets 1 and 2 (Table 2.3) are provided in mg to demonstrate
that the units used to express the data do not affect the estimation of fractional
rate constants. To prove this point, express the weight data as a percentage
and plot it to show that the same fractional rate (slope of the line) will be
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Fig. 2.9. Semi-logarithmic graph of digestible fibre illustrating the interpretation of the discrete
lag-time model.
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obtained whether the data are expressed as mg or percentages. It is often
assumed that the data must be expressed as percentages before kinetic analysis
because fractional rates are sometimes reported in the literature as %/h.
The first-order rate constant is a pure fraction that has no units other than
per hour. Expressing fractional rates as percentages or g/kg is confusing and
erroneous.

Logarithmic transformation and regression

Although graphical curve peeling visualizes the process, estimating digestion
kinetics using linear regression of logarithmically transformed data is a statis-
tical adaptation of the process for estimating kinetic parameters. In this
method, the indigestible residue, typically estimated from the last fermentation
point, is subtracted from the measured residues at each fermentation time. The
natural logarithm of the resulting potentially digestible residue is regressed on
time (see Eq. 2.8). The regression coefficient obtained is an estimate of the first-
order rate constant of digestion (if logarithms to the base 10 are used the
resulting rate must be multiplied by 2.302). The regression intercept can be
used to calculate a discrete lag time (Mertens and Loften, 1980) if a measure-
ment of residue at t = 0 is available (Eq. 2.27). If a lag effect is detected, the
fermentations prior to the lag time must not be included because they bias
the regression and result in an underestimation of both fractional rate and
discrete lag time. The log-transform regression method, when combined with
a good approximation of the indigestible residue and elimination of observa-
tions prior to lag, can yield reasonably accurate estimates of kinetic parameters.

An implicit assumption of logarithmic transformation is that the random
error in the data is multiplicative rather than additive (Mertens and Loften,
1980; Moore and Cherney, 1986), which may be a potential problem in the
use of the logarithmic transformation method for estimating kinetic param-
eters. In effect, log transformation assumes that observations with smaller
residues (after long times of fermentation) have smaller errors and effectively
gives greater weight to their contribution during regression analysis. However,
it is typically observed that variation among replicated measurements is lowest
at the end of fermentation when residue amounts are smallest. Therefore, it
does not seem that the multiplicative error distribution associated with logarith-
mic transformation is a significant problem during parameter estimation.

The most serious problem with the logarithmic transformation and linear
regression method of estimating kinetic parameters is error in estimating the
indigestible fraction. Indigestibility measured at any time other than infinity is an
overestimate of the asymptotic indigestible residue. A more accurate estimate
of the indigestible residue can be obtained by iteratively assuming the indigest-
ible residue is smaller than the observed end-point of fermentation and recal-
culating the log transformed linear regression coefficients. As the estimate of
the indigestible residue is reduced, the R? of regression increases until the
indigestible residue that optimizes the R? is obtained. The use of fermentation
end-points as approximations of the indigestible residue can result in fractional
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rates of digestion that are 10% to 15% too high and discrete lag times that are
20% to 30% too long.

Non-linear least squares regression

Many problems associated with curve peeling and logarithmic transformation-
linear regression can be overcome by estimating kinetic parameters using non-
linear least squares regression procedures (Mertens and Loften, 1980; Moore
and Cherney, 1986). As with linear regression, non-linear regression deter-
mines the values of regression coefficients that minimize the residual sums of
squares from regression. Unlike linear regression, non-linear regression cannot
calculate parameter solutions directly. Instead the estimates of model param-
eters are adjusted iteratively from an initial estimate to reduce the squared
deviations from regression using numerical or analytical derivatives of the
non-linear model. This approach is similar to that accomplished by manual
iteration. Iteration continues until a negligible improvement in fit of the data to
the model occurs. Several algorithms are used for non-linear regression, in-
cluding steepest descent, Gauss—Newton, Marquardt compromise and simplex.
Each algorithm has advantages and disadvantages that can influence the rate
and occurrence of convergence to a solution that minimizes the deviation from
regression to an acceptable level. Regardless of the algorithm used, standard
errors of parameters derived by non-linear regression are based on linear
assumptions and always underestimate the true uncertainty of parameter
values.

Because of their ability to use all the data to identify the set of parameter
estimates simultaneously, non-linear regression procedures are the method of
choice for estimating kinetic parameters of digestion. However, the advantages
of non-linear regression are not achieved without cost. In most cases, initial
estimates for each parameter should be close to the final solution. In well-
behaved models, poor selection of initial estimates will only increase computa-
tional time. In other models, poor initial estimates may not converge to a
solution, or may arrive at a solution that is not valid. Complex, multi-
exponential models can have several solutions that can fit a narrow range of
observations with almost equal accuracy. This results from the occurrence of
‘local’ minima in residual sums of squared deviations from regression that do
not correspond to the ‘global’ minimum that achieves the best fit of the data to
the model equation.

To increase the probability that a non-linear solution is the global min-
imum, it is wise to develop specific algorithms for each non-linear model that
derives initial estimates for parameters that are refined by iterative non-linear
least squares regression. For example, linear regression after logarithmic trans-
formation can be used to derive initial estimates for the simple models that have
been described. Alternatively, several sets of initial estimates can be used for
each data set to ascertain if they all converge to the same solution. If so, the
kineticist can be reasonably confident that the global solution was obtained for a
particular set of data.
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The flexibility of multi-exponential models also causes them to be sensitive
to variations in single data points when fitted by non-linear regression. It is not
unusual for one parameter in the model to change dramatically in an attempt to
reduce the deviations associated with an ‘outlier’ data point. It may be desirable
to use weighted rather than unweighted least squares as the best minimization
criteria to reduce effects of spurious data points. Choice of weighting factors is
somewhat arbitrary, but the most commonly accepted weighting factor is the
reciprocal of the variance at each observation time. However, this criterion can
be used only when multiple measurements are made at each time. Alterna-
tively, iteratively reweighted least squares can be used in data sets with single
observations at each time. This approach attempts to use deviations from
regression within the single data set to detect and minimize the effects of
outlying data points. Iteratively reweighted non-linear least squares is not a
panacea for poor data, but it can be helpful in deriving biologically useful
parameter estimates from data with a few apparently outlying data points
when used with caution and judgement.

Conclusions

Quantitative description of rate and extent of digestion depends on:

1. The adequacy of the model in describing the real biological processes of
digestion.

2. The appropriateness of the methods and experimental design used to
collect kinetic data.

3. The accuracy of the method used to estimate kinetic parameters when
observations are fitted to the model.

No single component of the methodology needed to quantify rate and extent of
digestion can be ignored. Kinetic parameters are just as likely to be invalid when
the data are appropriate, but the model is wrong, as when the model is
adequate but the method of fitting it to the data is inaccurate. It is speculated
that the first-order kinetic model that is used most often to describe the
digestion process is a simplification of the real system. However, it can serve
as an appropriate ‘defender’ model to be used to assess improvements in fitting
and understanding associated with the use of ‘challenger’ models
to be developed in the future. Current knowledge about measurement of
the dynamic digestion process is adequate to suggest optimal experimental
designs for measuring digestion kinetics. It appears that at least three obser-
vations are needed for each parameter to be estimated in the digestion
model. It is also apparent that a broad range of fermentation times is needed
to determine the existence and magnitude of the indigestible component.
Greater variation associated with early digestion times and their importance
in determining fractional rates and lag effects indicates that observations
should be more closely spaced during early digestion. Finally, non-linear least
squares regression procedures are the methods of choice for estimating kinetic
parameters.
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Digesta Flow

G.). Faichney
School of Biological Sciences A08, University of Sydney, NSW 2006, Australia

Introduction

The structural carbohydrates that constitute plant fibre represent a major feed
resource. Herbivorous animals, unable to produce fibre-degrading enzyme
systems of their own, have evolved a range of strategies (Hume and Sakaguchi,
1991) to make use of a consortium of microbes, including bacteria, protozoa
and anaerobic fungi, for this purpose. The strategy adopted by the ruminants
involves the development of a compound stomach in which the feed eaten can
be fermented by the microbes before being subjected to attack by the animal’s
own enzymes and, finally, to a second fermentation in the hindgut before the
undigested residues are voided in the faeces. This strategy suits the domestic
ruminants to the utilization of diets of moderate fibre content for the production
of food and fibre and the provision of motive power. They are not so well
adapted to poor quality diets of high fibre content because the extended time
required to break down the fibre for passage out of the stomach severely limits
the amount of such diets that can be eaten. Thus a knowledge of digesta flow
through the ruminant gastrointestinal (GI) tract, and of the factors that affect it,
is important because of its role both in the processes of digestion and absorp-
tion and in the expression of voluntary feed consumption.

The Nature of Digesta

The ruminant GI tract consists of a succession of mixing compartments — the
reticulorumen, abomasum and caecum/proximal colon, in which residues from
successive meals can mix — and connecting sections in which flow is directional
and axial mixing is minimal. Of these latter, the small intestine and the distal
colon (consisting of the spiral colon, terminal colon and rectum) are tubular in
nature. However, the omasum is a bulbous organ whose lumen is largely
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occupied by leaves of tissue (the laminae) so that, although particulate matter
may be retained between them, little mixing can occur. The digesta in the GI
tract consist of particulate matter, including microorganisms, and water, in
which is dissolved a range of organic and inorganic solutes of both dietary
and endogenous origin. The relative proportions of these digesta components
are different in the different sections of the tract.

The particles exist in a continuous range of sizes from the very small to
pieces of plant material up to several centimetres long that can be found in the
rumen when a diet of long hay is given. In order to study the characteristics
of these particles, various sieving procedures have been devised which
divide the continuum of sizes into fractions of defined size range. Both dry-
and wet-sieving procedures have been used but it is now generally accepted that
a wet-sieving procedure is preferable for digesta particles (Kennedy, 1984;
Ulyatt et al., 1986). However, plant particles are generally elongated, often
having a length/width ratio in excess of six (Evans et al., 1973), and there
remains uncertainty regarding the relative importance of length and diameter
in the separations achieved during sieving. McLeod et al. (1984) concluded
that discrimination in their wet-sieving procedure was mainly on the basis of
diameter. However, examination of their data indicates that for three of five
fractions, particle diameter was less than the mesh size of the sieve which
retained them, and particle length was less than the theoretical maximum
(Vaage et al., 1984) for particles passing through the particular sieve. Thus it
seems more likely that, with their technique, discrimination between particles
was mainly on the basis of length. The technique used by Evans et al. (1973)
also appeared to discriminate on the basis of length (Faichney, 1986).

Particles that pass a sieve of mesh 150 wm are sufficiently fine to behave
like solutes (Hungate, 1966; Weston and Hogan, 1967; Kennedy, 1984) but,
in the rumen, only a proportion of them flow in the fluid phase (FP) because
many are trapped in the ‘filter-bed’ of the reticulorumen digesta mass (Faich-
ney, 1986; Bernard et al., 2000). On the other hand, particles above a certain
size are retained in the reticulorumen, few if any being found in digesta distal to
the reticulorumen (Ulyatt et al., 1986). This has led to the concept of a critical
size above which particles have a low probability of passage from the rumen
(large particles). Poppi et al. (1980) presented evidence to support the use of a
sieve of mesh 1.18 mm to define the critical size for both sheep and cattle.
Subsequently, Kennedy and Poppi (1984) suggested that different sieve sizes
could be used for cattle and sheep on the basis that sieves of, respectively, 1.18
and 0.89 mm mesh would retain 5% of the faecal particulate dry matter (DM).
Values of 1.41 mm for grazing cattle and 0.91-1.08 mm for sheep given
lucerne hay can be obtained from the data illustrated in Fig. 3.1, and a value
of 1.2 mm can be obtained for grazing cattle from the data of Pond et al.
(1984), supporting the suggestion of a real, albeit small, difference in critical
size between cattle and sheep.

It has been claimed that the critical size is not constant but increases when
hay is ground and when the level of intake increases (Van Soest, 1982).
However, this claim has been challenged (Faichney, 1986) because it was
based on an observed increase in faecal mean particle size, a measure that
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Fig. 3.1. Cumulative particle size distribution in: (a) faeces from grazing cattle; (b) faeces from
sheep given chopped (0- - - -0) or ground (e—e) lucerne hay (Van Soest, 1982); and (c) digesta
leaving the stomach of sheep given chopped (o- - - -0) or ground and pelleted (e—e) lucerne hay.

gives no information on critical size. The data of Van Soest (1982) for faecal
particle size in sheep given chopped or pelleted lucerne hay are plotted in
Fig. 3.1b; sieves of, respectively, 0.98 and 0.91 mm mesh would have retained
5% of the particles. For comparison, Fig. 3.1c shows data from the author’s
laboratory for particles in digesta leaving the abomasum of sheep given
1 kg/day of lucerne hay either chopped or ground and pelleted; sieves of,
respectively, 1.08 and 1.06 mm mesh would have retained 5% of the particles.
Faichney and Brown (1991) found no significant effect of grinding lucerne hay
on critical mesh size and could find no evidence of an increase in critical mesh
size as the intake by sheep increased from 20% to 90% of voluntary consump-
tion. In fact, the critical mesh size at the lowest intake (1.12 mm) was higher
(P<0.05) than at the higher intakes (0.91 mm). Chewing time during rumin-
ation decreases as intake increases (Faichney, 1986) so that it might be
expected that the size of particles leaving the reticulorumen would increase as
intake increases. However, this does not occur because the efficiency of ru-
mination increases as intake increases (Faichney, 1990). Thus the available
data support the conclusion that the critical size of particles for passage from
the reticulorumen is relatively unaffected by grinding and pelleting the diet or by
the level of feed intake.

Selective retention of particles in the reticulorumen, which is more pro-
nounced in cattle than in sheep and goats (Lechner-Doll et al., 1991), is also
affected by the buoyancy, or functional specific gravity (FSG), of the particles
(Sutherland, 1987; Kennedy and Murphy, 1988; Lechner-Doll et al., 1991).
The FSG of a particle in the reticulorumen is a function of its solid, liquid and
gaseous components. Thus recently ingested particles, undergoing rapid
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fermentation, tend to have a relatively low FSG. Such particles also tend to be
larger because less time has been available for comminution by chewing during
rumination so that size and buoyancy are directly related (Sutherland, 1987).
For particles of a given size, retention in the reticulorumen decreases as FSG
increases (Lechner-Doll et al., 1991). However, retention of particles in the
abomasum increases with density (Faichney, 1986), leading to the commonly
observed optimum FSG for passage through the stomach of ruminants (Ken-
nedy and Murphy, 1988). As there is no differential passage of fluid and
particulate matter distal to the abomasum (Faichney, 1986), this optimum is
probably due to selective retention of particles in the abomasum (Faichney,
1975a; Barry et al., 1985) on the basis of their density. Such selective reten-
tion may occur because particles in the abomasum must be drawn up, against
their tendency to settle, and pumped upwards through the pylorus by antral
contractions. Thus, small, dense particles would stay in the abomasum for
extended periods as is the case with copper oxide needles used as a slow-
release copper supplement (Faichney, 1986).

The microbial population of the reticulorumen digesta consists largely of
bacteria, protozoa and anaerobic fungi. The latter colonize plant particles,
invading them by hyphal extension of the thallus within the plant tissue, and
reproduce by releasing motile zoospores which then colonize new particles
(Orpin, 1975). They can contribute 1% to 4% of the non-ammonia nitrogen in
the reticulorumen, but may be completely suppressed if free (accessible) lipid
exceeds about 4% of the diet (Faichney et al., 1997, 2002). Bacteria and
protozoa are found both free-floating and attached to particulate matter. For
example, Faichney et al. (1997) found 53-62% of the bacterial nitrogen and
61-76% of the protozoal nitrogen in the sheep reticulorumen in the fluid
phase. The sheep were given a hay diet on which bacteria contributed 58—
62% and protozoa 35-41% of the microbial nitrogen in the reticulorumen or a
hay/concentrate diet on which the contributions were 33-40% for bacteria
and 57-66% for protozoa. The proportion of the microbial population that is
free-floating appears to depend on the diet and the rumen turnover rate
(Faichney and White, 1988a).

Distal to the stomach, digesta become progressively more viscous as di-
gestive and mucous secretions are added and water is absorbed. The plant
particles that leave the stomach flow together with microbial residues and
epithelial cells shed into the digesta, showing no evidence of differential pas-
sage (Faichney, 1986), indicating that there is no separating mechanism in the
ruminant small intestine and hindgut (Faichney and Boston, 1983).

Digesta Flow

Digesta flow can be considered in terms of velocity, flow rate or rate of passage
(Warner, 1981). Velocity, which has units of distance per unit time, is applic-
able only to tubular segments of the GI tract where it provides an index of gut
motility. Flow rate refers to the volume or mass of digesta passing a point in the
Gl tract per unit time and its measurement in association with particular
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analyses allows estimates to be made of the partition of digestion, i.e. the extent
of digestion, absorption and/or secretion occurring in defined segments of the
tract.

Rate of passage is a measure of the time during which a portion of digesta is
exposed to the processes of mixing, digestion and absorption in the Gl tract or a
defined segment of it; it is measured as the mean retention time (MRT), which is
the ratio of the amount of any component of digesta in a segment to the flow of
that digesta component from that segment. Thus the MRT of a digesta com-
ponent is its time constant of flow. Under steady-state conditions, i.e. with all
volumes and flow rates constant, the fractional outflow rate (FOR) of a digesta
component from a segment of the Gl tract can be calculated as the reciprocal of
its MRT. However, there cannot be an FOR for reticulorumen particulate
matter and its constituents because large particles cannot leave the reticuloru-
men until they are reduced in size (see above). For any digesta component,
MRTs in successive segments are additive. On the other hand, within a segment
of the GI tract, fractional rates applying to a digesta component are additive;
thus, in the reticulorumen, the fractional disappearance rate of a digesta com-
ponent is the sum of its fractional degradation rate and its FOR.

Measurement of Digesta Flow
Surgical preparations

Measurement of digesta flow requires some degree of surgical modification of
the animal. A continuous record of digesta flow can be obtained by implanting
an electromagnetic flow probe at the reticulo-omasal orifice (Dardillat, 1987) or
the ascending duodenum (Poncet and Ivan, 1984). For the measurement of the
flow of digesta components, cannulation of the GI tract is required so that
samples can be taken for analysis. Samples from the reticulum are not repre-
sentative of digesta leaving the reticulorumen because they contain large
particles not found distal to the reticulo-omasal orifice (Hogan, 1964). At-
tempts have been made to sample digesta leaving the rumen by cannulating
the omasum (Hume et al., 1970) or by diverting to the exterior the digesta
flowing into (Collombier et al., 1984) or from the omasum (Bouchaert and
Ovyaert, 1954), but these techniques are not in common use. Estimates of
rumen outflow have been made from samples taken by aspiration from the
omasal canal through a tube passed through the reticulo-omasal orifice via a
rumen fistula (e.g. Faichney et al., 1994; Ahvenjarvi et al., 2000). However,
most of the studies of digesta flow from the stomach involve either simple
cannulas close to the pylorus (in the antrum of the abomasum or the ascending
duodenum) or re-entrant cannulas in the duodenum. Similarly, simple or re-
entrant cannulas can be used to measure digesta flow at selected points along
the small intestine, most commonly at the terminal ileum. Re-entrant cannulas,
which divert digesta flow outside the body, allow it to be measured directly by
total collection (MacRae, 1975) or by the use of an electromagnetic flow meter
(Singleton, 1961). Measurement of digesta flow in animals fitted with simple
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cannulas requires the use of markers (see below) or of an electromagnetic flow
probe inserted into the cannula (Malbert and Ruckebusch, 1988).

Several workers have examined the effects of these surgical preparations on
the animal and its performance. Wenham and Wyburn (1980) showed by radio-
logical observations that intestinal cannulation disrupted normal digesta flow;
flow was affected more in the duodenum than in the more distal sites and re-
entrant cannulas caused the most disturbance. Poncet and Ivan (1984) reported
disturbances in GI electrical activity due to cannulation; these were most marked
with re-entrant cannulas. However, MacRae and Wilson (1977) found little
difference in voluntary feed consumption, digestibility, marker MRT and several
blood parameters in sheep before and after being fitted with simple or re-entrant
cannulas in the duodenum and terminal ileum. Thus, in terms of nutrient supply,
the sheep appeared not to have been affected by cannulation, but the question of
a metabolic effect with the re-entrant preparation remains open because these
sheep showed a reduction in wool growth (MacRae and Wilson, 1977).

Re-entrant cannulas and total collection

MacRae (1975) has reviewed the use of re-entrant cannulas for measuring
digesta flow in the small intestine. Diversion of digesta without their return to
the distal cannula results in substantial increases in flow due to the reduction in
pressure distal to the cannula (Ruckebusch, 1988). Collection procedures
involving the diversion, sampling and return of digesta tend to depress digesta
flow, necessitating the use of an indigestible marker whose recovery can be used
to correct the flow rate. The depression in flow rate may be a consequence of
short-term disturbances since, when collections are continued over several
days, reduced flow in the first 24 h may be compensated for over the next
48 h (MacRae, 1975).

Automated equipment has been developed to make continuous digesta
collections for periods of several days (MacRae, 1975). Although flow meas-
urements made with such equipment should be reliable, it is advisable to
maintain the routine use of a marker. With such long-term collection
techniques, it would be possible to study the changes in digestive function
consequent upon, for example, changes in the quantity or composition of the
diet, or even those associated with meals, but no such studies have been
reported. However, Malbert and Baumont (1989) have studied the effect of
changing the diet on duodenal digesta flow using an electromagnetic flow
probe inserted into a simple cannula.

Simple cannulas and the use of markers

When animals are prepared with simple cannulas in the small intestine,
indigestible markers are required to measure digesta flow at the point of
cannulation. They can also be used to measure the MRT between the point
at which the marker is administered and any point distal to that location at
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which samples can be taken, as well as the MRT in cannulated mixing com-
partments (reticulorumen, abomasum or caecum/proximal colon). From
reviews of a variety of markers, the criteria of the ideal marker can be
summarized as follows (Faichney, 1975b):

1. It must be strictly non-absorbable.

2. It must not affect or be affected by the GI tract or its microbial population.
3. It must be physically similar to or intimately associated with the material
it is to mark.

4. Its method of estimation in digesta samples must be specific and sensitive
and it must not interfere with other analyses.

The ideal marker does not exist and care is needed to ensure that the
effects of all assumptions, both explicit and implied, regarding marker behav-
iour are taken into account when interpreting results obtained by their use.

Faichney (1975b) and Warner (1981) have described the methods used for
the measurement of digesta flow and rate of passage. The most commonly
used method for measuring digesta flow involves administration of markers at a
constant rate, either in the diet or by infusion at a point proximal to the points at
which flow is to be measured, followed by sampling at that (those) points
once equilibrium (steady-state) conditions have been achieved. Steady-state
conditions exist when marker pools and flows proximal to the sampling points
are constant and are reflected in constant concentrations of markers in
the samples when the animal is fed continuously (Faichney, 1975b), or at
regular short intervals, or in a repeating pattern of concentrations related to
the feeding and/or marker dosing patterns (Faichney, 1980a; Dove et al.,
1988). Digesta flow can then be calculated as marker dose rate divided by mean
marker concentration in digesta.

This calculation assumes that the concentrations in the sample of all the
constituents of digesta, including the marker, are the same as in the digesta
flowing past the sampling point. However, as already discussed, digesta consist
of a heterogeneous mixture of particulate matter and fluid. When sampling
through a simple cannula, it is difficult to obtain samples containing these
constituents in the same proportions as are present in the organ sampled or
flowing past the cannula (Hogan, 1964; Hogan and Weston, 1967). Similarly,
the concentration of any single marker in the sample may differ from that in the
digesta and so may introduce errors into the calculated values for digesta flow.
For example, although chromium sesquioxide (Cr,O3) is the most commonly
used marker for estimating faecal output and is satisfactory for correcting flow
estimates made by total collection from re-entrant cannulas (MacRae, 1975), it
behaves independently of both the fluid and particulate phases of digesta (criter-
ion 3 above). When samples are taken from simple cannulas, it gives estimates of
flow rate that can be grossly in error (Faichney, 1972; Beever et al., 1978) and
should never be used for this application, even in association with other markers.

Other markers, used alone, have also been shown to give erroneous flow
values (Faichney, 1980a). Hogan and Weston (1967) suggested that, if digesta
in forage-fed ruminants were considered to consist of two phases, a particle
phase and a fluid phase, two markers could be used to measure digesta flow as
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the sum of the two phases. This approach requires that each marker associates
exclusively with and distributes uniformly throughout the phase that it marks.

The double-marker method

To overcome the requirement of exclusive association, Faichney (1975b) pro-
posed a method by which two markers could be used simultaneously to correct
for sampling errors so as to calculate the composition and flow of the digesta
actually passing a sampling point, i.e. true digesta, and later extended it to the
calculation of reticulorumen true digesta content (Faichney, 1980b). This
method, called the double-marker method to distinguish it from methods that
use markers to measure the flow of different phases of digesta independently
(Faichney, 1980a), does not require that each marker associates exclusively with
one phase but does assume uniform distribution of the markers within phases.

Thus, given that steady state has been achieved and is maintained by
continuous infusion of a solute marker (S) and a particle-associated marker
(P) and that their concentrations are normalized by expressing them as frac-
tions of the daily dose per unit of digesta or its phases, it can be shown
(Faichney, 1975b, 1980b) that:

R =(Ppg —Z - Spg)/(Z - Skp — Prp) 3.1)

where R is the reconstitution factor, i.e. the number of units of FP that must be
added to (or removed from) one unit of digesta (DG) to obtain true digesta (TD),
and Z is the marker concentration ratio, P/S, in TD; when calculating TD
passing a point distal to the reticulorumen, Z = 1.

For these calculations, marker concentrations must be corrected for losses
due to absorption and/or leakage from cannulas (Faichney, 1975a,b, 1980b).

Similarly,
R' = (Ppg —Z - Spac)/(Z - Spp — Ppp) (3.2)
and
R* = (Ppp — Z - Spp)/(Z - Spp — Prp) (3.3)
= -R/R' (3.4)

where R’ is the number of units of particle phase (PP) that must be added to
(or removed from) one unit of DG to obtain TD and R* is the number of units of
FP that must be added to one unit of PP to obtain TD (note that R’ is negative
when R is positive and that R* is always positive).

Then, for the concentration, C, of any constituent:

Crmp=(Cpc+R - Crp)/(1+R)=(Cpc +R - Cpp)/(1+R))
=(Cpp +R" - Cpp)/(1 + R)
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Marker concentrations in TD are calculated from Eq. (3.5) and then, for digesta
flow, F, distal to the reticulorumen:

Frp =1/Stp =1/Pmp (3.6)

If sampling is continued for at least 24 h after ending the infusion, reticuloru-
men TD content, Qp, can be calculated using uncorrected marker concentra-
tions (Faichney, 1986) in Egs (3.1)+3.5) by setting Z = MRTp/MRTsg,
determined as ks/kp from the disappearance curves y(t) = y(0)exp (—kt)
where vy is the concentration of marker in TD (using the concentrations in
DG will provide a reasonable approximation but the TD values can be obtained
iteratively by recalculating the concentrations using the P/S ratio Z; from
Eq. (3.11) in Egs (3.1)~(3.3) and refitting the model; two iterations should
suffice). Note that only those markers whose reticulorumen disappearance
can be described by this model can be used to calculate Z.
Then, if MRT is expressed in hours:

Qrp = MRTs/(24Stp) = MRTp /(24Prp) (3.7)

The preparation of the particle-rich (PP) and fluid-rich (FP) subsamples of the
digesta sample (DG) must be done at the time of sampling. It may be done by
centrifugation but is best done by straining because the filtrate so produced
contains fine particles that would be expected to behave like solutes (Hogan and
Weston, 1967) in the GI tract.

A sample of TD can be reconstituted physically for subsequent analysis
since TD is made up of the two subsamples, PP and FP. Thus a quantity, w, of
TD can be reconstituted from a quantity, x, of PP and a quantity, v, of FP from
the relationship:

wtp = xpp + (R* - x)pp = (/R )pp + Vrp (3.8)

However, before doing such a reconstitution, it is important to confirm that the
equalities shown in Eq. (3.5) hold. Failure indicates a problem in the analysis of
one or other marker either in DG, PP and/or FP. The most likely sources of
error are in the analysis of PP for the solute marker and of FP for the particle-
associated marker. The values obtained can be compared with the expected
values by first calculating the fluid-phase fraction (FPF) as described by Faichney
(1986):

FPFpg = (DMpp — DMpg)/(DMpp — DMEp) (3.9
Then
Cpg = (1 — FPFpg) - Cpp + FPFpg - Cep (3.10)

Thus, given the marker concentration in DG and one phase, the concentration
in the other phase can be calculated. The FPF in TD, FPFtp, can be calculated
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by substituting DM1p in Eq. (3.9). It can then be seen that R* = FPFp/
(1 — FPFp).

If marker concentrations are determined in DG, PP and FP for individual
reticulorumen samples during the marker disappearance phase, and checked
as described above (Egs (3.9) and (3.10)), the samples can be reconstituted by
correcting Z, the P/S marker concentration ratio, for marker disappearance

(Faichney, 1992a). Thus:
Zi = Zexp|(ks — kp)ti] (3.11)

where Z; is the P/S marker concentration ratio in the reticulorumen
sample i, Z = kg/kp following termination of a continuous infusion (see pre-
amble to Eq. (3.7)) and t; is the time (h) elapsed since the termination of the
infusion. After substituting Z; in Eqgs (3.1)—(3.3) and confirming the equalities in
Eq. (3.5), the reconstitution factor R; (Eq. (3.3)) can be used to reconstitute
reticulorumen sample i (Eq. (3.8)).

Following a single dose of the markers and expressing concentrations as
fractions of the dose, samples can be reconstituted as above by substituting the
dose ratio, Z =1, in Eq. (3.11) and using Egs (3.1)—(3.5) and (3.8). Then,
marker distribution space, Qp, can be calculated as:

Qrm = 1/Stp) = 1/Prp(0)

1< 1<
= ; exp(—kst;)/Stpi = - ; exp(—kpt;)/Prpi

1

(3.12)

The continuous infusion double-marker method is commonly used to measure
digesta flow and reticulorumen digesta content when animals are fed continu-
ously or at short intervals. However, it can also be used when animals are
given one or two meals daily because the repeating 24-h feeding cycle can be
considered to be a steady state (Faichney, 1980a). Samples are taken to
represent a sequence of sub-periods within the feeding cycle and mean values
of TD flow or reticulorumen TD content for the feeding cycle are obtained. If
there are n sub-periods, estimates of variation in TD flow or reticulorumen TD
content between sub-periods can be obtained by calculating the mean values
for FP and PP from the mean TD value using the FPF for TD (Eq. (3.9)),
assigning corrected values to the sub-periods in proportion to the relative
marker reciprocal factors (RMRFs) and summing to obtain the TD values.
For any sub-period i

RMRFep, — (1/Skp) / F ) (1/spp,->] 3.13
i=1
and

n

RMRFpp; = (1/Ppp;) / E > /Pppi)] (3.14)

i=1
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Theoretically, digesta flow can be measured using a single dose of an
indigestible marker, provided steady-state conditions apply during passage
past the sampling point of the whole dose, because the product of digesta
flow and the integral of (or area under) the marker concentration vs. time curve
represents the marker dose. Thus, expressing C as a fraction of the dose,
F =1/ [;° Cdt. Although the double-marker method can be applied using
the integrals in place of the marker concentrations (Eq. (3.1), etc.), it is probably
not a practical approach to flow measurement because of the frequent sam-
pling and the large number of analyses required. However, the principle has a
useful application in determining the digestibility of a labelled compound in the
small intestine because flow itself need not be determined. Thus, if a labelled
compound, A, and a marker, M, are given simultaneously into the duodenum
and samples are taken from a simple cannula in the terminal ileum:

Digestibility of A = 1 — (AUC,4/AUC) (3.15)
where AUC is the area under the concentration (fraction of dose per kg) vs.

time curve. An approximation to this method was used by Ashes et al. (1984)
to measure the intestinal digestibility of radioactively labelled protein.

Consequences of variations in marker distribution

In practice, particle-associated markers are not distributed uniformly through-
out the particulate matter. For example, it can be seen in Table 3.1 that, in
reticulorumen digesta, the concentrations of the particle-associated markers
169yh (Siddons et al., 1985) and the phenanthroline complex of 1°3Ru (Tan
et al., 1971) are higher in the fine-particle DM of the reticulorumen FP than in
the larger particle DM of the reticulorumen particle phase. Table 3.1 also
shows that this distribution changes when the digesta are exposed to the acid

Table 3.1. Concentration® (mean and coefficient of variation) of particle-associated markers
in the particle and fluid phases of digesta present in the rumen and leaving the abomasumP® of

sheep.
Rumen digesta Digesta passing pylorus

Particle Fluid Ratio Particle Fluid Ratio
Marker phase phase PP:FP phase phase PP:FP
189y 0.776 2.001 0.4 1.584 1.774 0.9
(n=4) (25%) (11%) (44%) (7%) (18%) (11%)
103Ry-phen 1.177 1.946 0.6 1.861 1.485 1.3
(n=4) (8%) (12%) (18%) (9%) (3%) (11%)

8Fraction of daily infusion rate per kg DM.

Samples taken from the duodenal bulb during intraruminal infusion of 18°Yb chloride (Faichney et al, 1989)
and from the pyloric antrum during intraruminal infusion of '%Ru-phen (G.J. Faichney and H. Tagari,
unpublished results).
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conditions of the abomasum, but to a different extent for each marker. Thus,
while the 1°°Yb concentration in FP DM remained relatively high, that of
103Ry-phen was lower than in particle phase DM.

The consequences of such differences in distribution were discussed by
Faichney (1992b) and are illustrated in the sensitivity test shown in Table 3.2.
The synthetic data used were based on the author’s use of the markers
SICrEDTA (solute), 193Ru-phen and °°Yb in sheep. Changing the distribution
of the particle marker to the extent that might be observed with 19°Yb in-
creased R from 0.1847 to 0.2380 (29%) relative to the ideal but decreased DM
flow by only 3%. Changing the distribution to the extent that might be observed
with 193Ru-phen decreased R from 0.1847 to 0.1642 (11%) relative to the
ideal but increased DM flow by only 1%. When the distribution was biased
towards PP (Ru-phen), DM flow was 4% greater than when the bias was
towards FP (Yb). Ortigues et al. (1990) reported differences of a similar order
of magnitude from an experiment with cattle in which they compared Ru-phen
and Yb as particle-associated markers in the double-marker system. By contrast
with the simulation in Table 3.2, their sampling procedures resulted in negative
R values, so that R calculated using Yb was 20% less than when Ru-phen was
used and DM flow was 5% greater.

However, Ortigues et al. (1990) modified the double-marker method by
imposing the assumption that their solute marker, CrEDTA, remained totally in
solution even though it is known that some CrEDTA does adsorb to particulate
matter (Faichney, 1975b). This adsorption leads to a higher apparent
concentration of CrEDTA in digesta water than in FP water in samples of
abomasal or duodenal digesta. Table 3.2 shows that, when the apparent

Table 3.2. Sensitivity of the digesta (DG)/fluid phase (FP) reconstitution factor (R), and of
calculated water and dry matter (DM) flow, to deviations from uniform distribution of the particle
marker throughout the DM of the particle phase (PP) and digesta (DG) and of the solute marker
throughout the water of the FP and digesta—simulation of true digesta (TD) flowing to the
duodenum of sheep during continuous infusion of markers. Concentrations are fractions of the
daily infusion rate per kg.

Synthetic data: DG PP FP TD
Solute marker (day/kg) 0.0940 0.0700 0.0980 R =0.1847 0.09462
Particle marker (day/kg) 0.1056 0.5279 0.0352 R’ = —0.02533 0.09462
DM (kg/kg) 0.0600 0.3000 0.0200 R*=17.2914 0.05376
Simulation: Solute marker (water ratio) DG:FP

Particle 1.0 1.03

marker

(DM ratio) Water flow DM flow Water flow DM flow
PP:FP R (I/day) (g/day) R (I/day) (g/day)
1.4 ("°3Ru-phen) 0.1642 10.00 574.8 0.1246 9.74 573.2
1.0 0.1847 10.00 568.2 0.1401 9.75 568.2

0.6 ('%°Yb) 0.2380 10.00 552.0 0.1806 9.76 555.6
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concentration of the solute marker in digesta water was assumed to be 3%
higher than that in FP water, imposing the assumption of complete solution
resulted in an increase in R from 0.1401 to 0.1847 (32%) and an increase of
2.6% in calculated water flow, and increased the difference in DM flow between
the particle-associated markers from 3% to 4%. Thus, in using the double-
marker method, it is important to: (i) use sampling methods that minimize
sampling errors so that errors due to variable distribution of particle-associated
markers remain small; (i) not impose the assumption of complete solution on
the solute marker; and (iii) to compare marker concentrations obtained in PP
and FP with expected values calculated using Eq. (3.10) so as to confirm the
equalities in Eq. (3.5).

Conclusions on marker methods

The assumption that digesta can be considered as two phases, upon which the
double-marker method relies, appears reasonable for forage diets. However,
for some concentrate and mixed diets, especially those based on maize silage,
digesta flowing to the duodenum can be so heterogeneous that this assumption
fails and the double-marker method is inappropriate (Faichney, 1993). France
and Siddons (1986) have shown that the double-marker method may be
extended to the use of three (or more) markers provided that their partition
between the notional three (or more) phases is significantly different. This
procedure has been used by Ahvenjarvi et al. (2000) in cows given silage/
barley/oilseed by-product diets. If digesta are so heterogeneous that multiple
marker systems cannot be used, total collection procedures must be used if
digesta flow measurements are required.

In summary, no single marker can give reliable values for digesta flow.
Taking the average of two values obtained using two independent markers
(Mambrini and Peyraud, 1994) does not improve reliability and does not
correct for sampling errors affecting other digesta constituents. The use of
two (Hogan and Weston, 1967) or three (Armentano and Russell, 1985)
markers to measure the flow of defined phases of digesta will improve the
reliability of digesta flow measurements but suffers from the disadvantage that
the assumption of exclusive association of each marker with its phase must be
made. On the other hand, the use of two (Faichney, 1975b; this chapter) or
more (France and Siddons, 1986) markers which partition differentially be-
tween digesta phases does not require the assumption of exclusive association
and, by allowing for sampling errors, provides corrected concentrations not
only for the markers but also for the other digesta constituents of interest. The
reservations regarding the double-marker method expressed by Titgemeyer
(1997) appear to be based on the misapprehension that ideal marker behaviour
is required. However, his conclusion that complete faecal recovery of markers
should be verified confirms the importance of criterion 1 above.

The use of Cry03 with sampling from simple cannulas appears to have
increased in recent years (Faichney, 1993; Titgemeyer, 1997). Despite
the statement of Firkins et al. (1998) that they could find ‘...no definitive
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evidence . . . to choose the double-marker technique over CrOs3 . .., there are
sound theoretical reasons and good experimental evidence (see above) to
exclude the use of CroO3 as a digesta flow marker. Its continued use for this
application should be actively discouraged to prevent the accumulation of
unreliable data in the literature (Faichney, 1993).

Digesta flow in sheep and cattle

In Table 3.3, data from the literature on digesta flow in sheep and cattle have
been summarized. The data for cattle are limited because few workers who
study the partition of digestion in cattle report their digesta flow values. It can be
seen that, for sheep on a given diet, digesta flow is a function of feed intake. It
occurs through an increase in the amount passed from the reticulorumen per
contraction because the total number of contractions per day remains relatively
constant and similar for sheep and cattle (Ulyatt et al., 1986). Digesta flow is
also influenced by physical and chemical characteristics of the diet and by
animal factors. The highest rates of flow of duodenal digesta occur in animals
given fresh forage and the lowest rates occur with concentrate diets. The effects
of intake and physical form of a lucerne hay given to sheep are illustrated in
Fig. 3.2. Grinding a forage (Fig. 3.2) or including concentrates with a forage
decreases flow. Thus duodenal flow tends to decrease in the order: fresh forage
> dried forage > chopped hay > ground hay and mixed diets > concentrates.
Pregnancy and lactation are associated with increased flow and flow appears to
be higher in cattle than in sheep. Digesta flow through the terminal ileum is
much less than through the duodenum but some of these effects can still be
detected.

The coefficient of variation associated with measurement of duodenal
digesta flow has ranged from 4% to 20% and, for ileal flow, from 9% to 23%
(MacRae, 1975). A range from 6% to 20% was reported for concentrate diets
(Faichney, 1975b). The values for the data in Fig. 3.2 range from 7% to 14%
(chopped hay) and from 4% to 16% (ground and pelleted hay); the standard
deviations increased from 0.2 to 2 kg/day (chopped hay) and 0.7 to 1.3 kg/day
(ground and pelleted hay) as intake increased. It is often noted that, within a
group of sheep, the ranking of animals on the basis of digesta flow tends to
be maintained across diets. This is confirmed by the observation that animal
variation usually accounts for more than 50% and can account for as much as
80-90% of the variation in digesta flow (Faichney, 1975b; MacRae, 1975).

Measurement of Rate of Passage

Measurement of the MRT of a digesta component in a segment of the GI tract
requires the measurement of the amount of the component in the segment and
its flow from that segment. Then, MRT is calculated as (pool/outflow). Turn-
over time is calculated as (pool/inflow) so will be less than MRT if the digesta
component is digested in and/or absorbed from the segment. Alternatively, the
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Table 3.3. The flow of digesta through the proximal duodenum of sheep and cattle and
the terminal ileum of sheep.

Organic Digesta flow®
matter  Live
intake  weight kg/day kg/kg
Diet (kg/day) (W) (kg) Method® kg/day W27 OMI Reference
DUODENUM
Sheep
Fresh forage
Ruanui ryegrass 0.5 93 056 18.6
0.8 145 0.88 18.1
Manawa ryegrass 0.5 42 TC 172 1.04 344 Ulyatt and
0.8 22.0 133 275 MacRae (1974)
White clover 0.5 135 082 27.0
0.8 213 129 26.6
Forage®(dried)
F.M1 0.81 1791 2211
F.M2 0.81 1291 16.0 |
F.M3 0.48 MA 9.91 20.71 ( Hogan and
U.M1 0.86 16.4 1| 19.11 | Weston (1969)
uU.m2 0.78 15.21 19.6 1
Hay diets
Legumes 1.12 199 133 178
Grasses 1.01 142 095 141
Chopped 1.05 37 MA 17.7 118 16.8 Kennedy (1985)
Ground and pelleted 1.08 164 1.09 151
Orchard grass hay  1.06 1051 0521 991
Lucerne hay 1.62 54.5 EM 1721 0.861 10.71 ( Malbert and
Lucerne hay 1.02 11.91 0591 11.61 J Baumont (1989)
Orchard grass hay
10% Ground 1.1 176 079 159
50% Ground 1.12 62 MA 16.0 0.72 143 Bernard et al.
90% Ground 1.13 16.1 073 143 (2000)
Chopped 0.80} 64 MA 10.8 048 134 } Faichney et al.
+ concentrates 0.75 66 9.8 042 131 (1997)
Alkali-treated straw 0.72 MA 12.7 | 171
0.44 8.11 181 Hogan and
0.31 571 191 Weston (1971)
Oaten hay 0.39 23.2 6.5 0.61 16.5
+ concentrates
low 0.53 25.6 MA 7.7 0.67 144 Doyle et al. (1988)
medium 0.53 247 6.9 0.63 13.0
high 0.60 26.0 75 063 125

continued
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Table 3.3. continued.
Organic Digesta flow®
Matter  Live
Intake  weight kg/day kg/kg
Diet (kg/day) (W) (kg) Method® kg/day W-°75 OMI Reference
Lucerne hay 0.65 17.6 27.0
+ barley 0.66 TC 15.9 24.2 Mathers and
Barley 0.67 1.9 17.8 Miller (1981)
+ lucerne 0.66 12.0 18.0
Hay 0.66"} 40 TC 8.62 0.54 13.1 } Topps et al. (1968)
Concentrates 0.49° 599 0.38 12.3
Concentrates 0.81 48.0 MA 6.40 0.35 7.9 Faichney and
White (1977)
Lucerne + oats
(pelleted)
Non-pregnant 0.75 50.5 MA 8.0 042 107 Faichney and
Late pregnant 0.76} 50.8° 9.6 0.50 12.6} White (1988b)
Hay (lucerne +
wheaten)
Non-pregnant 0.88 14.3 1 16.3 |
Late pregnant 0.88 MA 16.5 | 18.8 1 ( Weston (1988)
Lactating 0.88 17.4 1 19.8 |
Cattle
(lactating cows)
Fresh grass 10.0 462 265 266 264
8.9 420 267 2.88 299 )
Hay + concentrates 11.3 [ 462  MA 203 204 180 [ V2ntKloosterand
105) 420 175 1.89 167 ) Hogers(1969)
Fresh herbage 10.3¢ 353 34.4
(mature) 8.4¢ 226 26.8 | van't Klooster
Hay + concentrates 11.9¢ TC 288 243 | etal (1972)
11.0° 202 18.3
Cattle (growing
steers)
Grass hay Adlib 100 EM 80 | 251 Ruckebusch et al.
(1986)
ILEUM
Sheep
Fresh forage
Ruanui ryegrass 0.5 21 0.13 4.20
0.8 3.3 0.20 413
Manawa ryegrass 0.5 3.0 0.18 6.00 \ Ulyatt and
0.8 42 TC 4.7 0.29 5.88 | MacRae (1974)
White clover 0.5 26 0.16 5.20
0.8 4.8 0.29 6.00
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Table 3.3. continued.

Organic Digesta flow®

Matter Live

Intake  weight kg/day kg/kg
Diet (kg/day) (W) (kg) Method® kg/day W75 OMI Reference
Lucerne hay 0.66 32 MA 462 0.34 6.95 Dixon and Nolan

(1982)

Hay 0.58¢ 505 0.32 8.74
Concentrates OABd} 40 TC 1.37 0.087 283} Topps et al.(1968)
Dried grass 0.50 1.63 0.11 3.24 Goodall and K
Hay -+ concentrates a%} 38 TC 2.88 0.19 e%} 1&%aa” ay
Hay 0.51 274 018 538 (1965
Concentrates 0.81 48 MA 2.02 0.11 2.49 Faichney and

White (1977)

3TC, total collection from re-entrant cannula; TC', total collection from simple cannula by
balloon occlusion immediately distal to cannula; MA, marker methods; EM, electromagnetic
flow meter giving flow in litres (I).

Bl Indicates values in litres rather than kilograms.

°F, fertilized; U, unfertilized; M1, 2, 3, maturity 1, 2, 3.

9Assumed 0.9 g OM/g DM.

behaviour of markers in the Gl tract can be analysed on the basis of a postulated
model of the tract and assumptions regarding the equivalence of markers
and digesta components. Various combinations of direct measurements and
marker techniques have been used and have been reviewed by Warner (1981).
For example, the net MRT of particles in the reticulorumen can be calcu-
lated as the ratio of the amount of a relatively indigestible component of the
particles, acid-detergent lignin (ADL) (Fahey and Jung, 1983), to the amount
flowing out of the reticulorumen. It is essential that reticulorumen outflow be
identified for this calculation; for many diets, faecal ADL flow is equivalent to
reticulorumen ADL outflow but, because some dietary ADL disappears from
the stomach (Hogan and Weston, 1969; Fahey and Jung, 1983), use of ADL
intake will underestimate particle net MRT. Failure to distinguish between
inflow and outflow in this calculation will lead to the false conclusion that
digestible and indigestible constituents of a particle have different MRTs.

Marker MRT and its interpretation

Solutes in the reticulorumen

Determination of the MRT of solutes requires the use of a marker. Thus,
following the cessation of a continuous infusion or a single dose of a solute
marker into a mixing compartment, the disappearance of the marker can be
described by the model y(t) = y(0) exp(—kt) where vy is the amount of marker
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present at time t and k is the rate constant. Provided the volume remains
constant (steady state), the concentration of the marker in fluid from the mixing
compartment can be substituted in the equation. The MRT of unabsorbed
solutes is then calculated by taking the reciprocal of k and correcting for any
marker absorption that occurred (Faichney, 1986). MRT corrected in this way
is the time constant for flow and its reciprocal is the FOR. They apply to both
unabsorbed solutes and the water in which the solutes are dissolved; note,
however, that the mean residence time of a water molecule in the reticuloru-
men is an order of magnitude less than its MRT (Faichney and Boston, 1985).
Warner and Stacy (1968) examined the effects of ingestion of feed and water
on the marker concentration curve and Faichney and Griffiths (1978) showed
that a circadian pattern of concentration changes persists in sheep fed con-
tinuously. Also, it should be borne in mind that the model assumes that mixing
is instantaneous but mixing takes 30-60 min in sheep (Faichney et al., 1994).
Thus it is important to make the measurements in such a way that the MRT
value obtained applies to the whole daily cycle rather than only a part of it.

In addition to the calculation of solute MRT, this approach is often used to
calculate both reticulorumen fluid volume as the marker distribution space (Q =
dose/zero time concentration, or = MRT x infusion rate/plateau concentra-
tion) and fluid flow from the reticulorumen (F = Q x FOR, or = infusion rate/
plateau concentration). Caution is needed in interpreting these calculations
because not all the saliva entering the reticulum mixes throughout the
reticulorumen before passing to the omasum (Engelhardt, 1974). Although
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estimates of MRT would not be affected, marker concentration in the reticulum
and in digesta entering the omasum would be less than in samples taken from
the rumen. This is illustrated by the results for two sheep shown in Table 3.4.
Marker concentrations in the reticulum averaged 22% less than those in the
rumen. However, the reticulum contains less than 10% of the digesta in the
reticulorumen of sheep (Weston et al., 1989) so the net concentration would
have been no more than 3% below that in the rumen samples. The fluid volume
of the reticulorumen would have been underestimated to the same extent if it
had been estimated as the rumen distribution volume. By contrast, Poppi et al.
(1981a) reported that CrEDTA overestimated rumen water volume by 15.8%;
this implies that the concentration of CrEDTA in their rumen samples was
lower than it should have been. As these workers injected the marker at
multiple sites throughout the reticulorumen, it is possible that a significant
proportion of the dose was deposited close to the reticulo-omasal orifice and
left the reticulorumen before mixing was complete.

Mackintosh (1985) infused two solute markers, one into the rumen and the
other into the oral cavity of sheep given their daily water requirement by
continuous intraruminal infusion. The rumen concentration of the orally infused
marker was significantly less than that of the marker infused into the rumen
(0.105 to 0.154 day/l), indicating that some of the orally infused marker, and
saliva with which it was swallowed, left the reticulorumen without mixing
throughout its contents. Calculation of rumen volume using its concentration
would give a spuriously high value. There was no significant difference between
the concentrations of the two markers in samples taken from the omasum
(0.128 day/l). These were 17% less than the rumen concentrations of the
ruminally infused marker, which is consistent with the data in Table 3.4.

A further problem with regard to fluid flow from the rumen is indicated by
the observation by Warner and Stacy (1968) that a small proportion of imbibed
water may pass directly to the omasum. Such passage of water would not be
detected as reticulorumen outflow by rumen or omasal sampling but would
affect flow to the duodenum. Thus the difference between measured reticuloru-
men outflow of water and its duodenal flow may be affected by water by-
passing the rumen as well as by omasal absorption and abomasal secretion.

Particulate matter in the reticulorumen
Values for the MRT of particle-associated markers, such as 1°3Ru-phen and
rare earths such as Yb, have also been obtained using the single exponential

Table 3.4. Concentration (fraction of daily infusion rate per kg) of
S1CrEDTA in fluid samples from stomach compartments in sheep
(mean =+ sg; n = 6) (G.J. Faichney and H. Tagari, unpublished results).

Sheep 1 (day/kg) Sheep 2 (day/kg)
Rumen 0.0834 4+ 0.0016 0.0944 + 0.0026
Reticulum 0.0747 4+ 0.0018 0.0646 + 0.0035

Omasal canal 0.0749 + 0.0032 0.0711 4+ 0.0047
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model. Although MRT values for such external markers are related to
particle passage rate, they cannot be interpreted as the rate of passage of
particulate matter for three reasons. First, external markers bind in propor-
tion to particle surface area (Faichney, 1986) so that, with relatively more
marker associated with smaller particles, their reticulorumen MRTs are biased
towards those of smaller particles. Secondly, they may exchange amongst
binding sites (Faichney and Griffiths, 1978) and, as a result, they leave the
reticulorumen more rapidly than the particles with which they were first
associated (Faichney, 1986). Thirdly, they may increase particle specific grav-
ity, either directly or indirectly by inhibiting fermentation and thus the gas
production that would cause a decrease in FSG (Sutherland, 1987). Thus the
reticulorumen MRTs of 193Ru-phen (Faichney, 1980b) and °°Yb (Faichney
et al., 1989) were considerably shorter than those of the internal marker,
indigestible (I) ADL.

When markers are applied to particles within a relatively narrow range of
sizes using procedures that bind them strongly enough to prevent exchange
(Udén et al., 1980:; Ellis and Beever, 1984), reasonable estimates of the rate of
passage of the defined particles can be obtained (Faichney et al., 1989). Al-
though their disappearance from the defined pool within the reticulorumen can
be described by a single exponential model, their disappearance from the reticu-
lorumen cannot be so described (Faichney, 1986). However, their reticulorumen
MRT can be described as the first moment of the disappearance curve by numer-
ical integration (method PSD of Warner, 1981; Gibaldi and Perrier, 1982).

Thus:
MRT:/ C-tdt// Cdt (3.16)
0 0

A close approximation can be obtained using the trapezoidal rule by manual
calculation provided that samples are taken until no marker can be detected or
the curve can be extrapolated to infinity.

Then:

MRT = ic; A Ati/iq - At (3.17)
i=1 i=1

where C; is the marker concentration at time t; after dosing so that
Ci=(Ci+Ci1)/2, t]=(ti +t;_1)/2, Aty = t; — t; 1, and C, = 0. The smaller
At; is, especially where the slope of the curve is changing rapidly, the better the
approximation.

Microbes in the reticulorumen

Protozoal counts in fluid leaving the reticulorumen are lower than those in
reticulorumen fluid, suggesting that they may be selectively retained (Weller and
Pilgrim, 1974). This has been confirmed by the measurement of protozoal
kinetics (Leng, 1982; Leng et al., 1984). Protozoal MRT can be calculated
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from the turnover time, i.e. the reciprocal of the rate constant for disappear-
ance, if the flow of labelled protozoa from the reticulorumen is measured at the
same time since MRT = turnover time/fraction of disappearance as outflow
(Faichney, 1989). This calculation showed that the reticulorumen MRT of
protozoa was substantially longer than the estimated net value for particulate
matter (Table 3.5), presumably because, being motile and chemotactic, they
can move towards and attach to recently ingested feed particles. Faichney et al.
(1997) reported reticulorumen MRTs of 131 and 352 h for protozoa in two
sheep given a hay diet on which particle MRTs were 18.9 and 20.8 h; when
concentrates were included in the diet, the values were 169 and 240 h for
protozoa and 31.2 and 31.9 h for particles. The MRTs for both liquid-associ-
ated- and solid-associated-bacteria, calculated as (pool/outflow), were similar to
the particle MRT on the hay diet but, when concentrates were included, that for
liquid-associated bacteria was intermediate between particle and solute MRTs
for one sheep and similar to solute MRT for the second sheep. These
observations indicate that solute MRT cannot be taken as a measure of the
passage rate of liquid-associated bacteria.

MRT of specified particle fractions in the reticulorumen

Faichney (1986) proposed a method by which the net reticulorumen MRT of
particles, obtained using the internal marker IADL, could be partitioned
amongst particle fractions. When allowance was made for the entrapment of
fine particles and for random comminution, values for a defined particle
fraction were comparable to those obtained using the external markers Cr
and Yb (Faichney et al., 1989). The calculations required are illustrated in
Fig. 3.3 using data from one of the sheep studied by Faichney et al. (1989).
For the particles that would pass the 0.8 mm screen but be retained on the

Table 3.5. Mean retention time (MRT) and intraruminal degradation of rumen protozoa
(from Faichney, 1989).

MRT Rumen protozoa
Dry matter
intake FDR’
Reference (9/kg®75/day) CrEDTA (h) Particles® (h) TT (h) MRT (h) (% per h)
Leng (1982) 49° 11.2 30 19.5 54.6 3.29
Leng et al. (1984) 54° 9.1 25 16.0 45.7 4.06
Control 54° 15.6 42 19.2 83.5 4.01
Monensin 41° 12.8 51 26.5 109.0 2.86
Punia (1988) 60¢ 10.7 43 291 83.6 2.26

"TT, turnover time; FDR, fractional degradation rate.
8Calculated values.

PFour sheep given chopped roughage.

°Two sheep.

%Two heifers given ground and pelleted lucerne/barley (3/2).
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; Mean retention time (h
Sieve Rumen Intake Duodenal (h)
mesh flow 5-Pool 3-Pool
(mm) (9) (9/day) (g/day)
Particle Rumen Particle Rumen
pool pool
1.0 0.8 15.6 40.9 15.6 40.9
3
0.8 1.3 24.9 38.4
04 45 23.0 28.9 > 26.7 27.5
0.16 7.8 20.2 21.0
J
1.6 14.6 14.6 14.6
Total 264 16.0 16.0 39.6 39.6

Fig. 3.3. Calculation of the partition of particle mean retention time (MRT) in the reticulorumen
of a sheep given chopped ryegrass hay using 3- and 5-pool models of the passage of indigestible
ADL (Faichney et al., 1989). Pools were defined by reference to the mesh size of sieves used

to retain the particles during wet sieving.

0.4 mm screen, the pool MRT (23.0 h) and the reticulorumen MRT (28.9 h) of
IADL were similar to the values of, respectively, 21.3 and 29.1 h for the
external markers reported by Faichney et al. (1989). The small differences
could be due to errors in assessing particle reduction during chewing and hence
in apportioning IADL intake to particle pools, to the effect of the external
markers on FSG or to the bias of the external markers towards the smaller
particles in the fraction isolated. The three-pool model in Fig. 3.3 partitions the
particles between those having a low probability of leaving the reticulorumen,
those having a high probability of leaving the reticulorumen and those that
behave like solutes, defined using the 1.0 and 0.16 mm screens (Kennedy,
1984). This model was used by Bernard et al. (2000) to study the effect of
physical form of the diet on the passage of particulate matter through the
reticulorumen of sheep. It should be remembered that reticulorumen net
particle MRTs reflect both comminution and outflow. Thus particle FOR
cannot be calculated as the reciprocal of net particle MRT.

Marker MRT in the Gl tract
The total (T) MRT of both solute and particle-associated markers in the whole
Gl tract, or sections of it defined by the sites of marker administration and
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sampling, can be calculated using Egs (3.16) and (3.17). When the faecal
output is collected, Eq. (3.17) can be simplified to:

i=1 i=1 i=1

1

where t; is the time elapsed between dosing and the ith defecation, m; is the
amount of marker excreted in the ith defecation, M; is the amount of
marker excreted in the ith defecation as a fraction of the total amount
of marker excreted, i.e. the dose of marker and n is the number of defecations
required to excrete the whole dose.

In practice, faeces are commonly collected during successive (short)
periods; t; is then the time elapsed to the notional defecation time, usually
taken as the mid-point of the ith period. The errors introduced by this approxi-
mation to the time of defecation were discussed by Faichney (1975a). Equation
(3.18) can also be used when total collections are made using re-entrant
cannulas. The time required to recover virtually all of the dose may
be estimated from the expected TMRT less transit time (the time of first
appearance of the marker) using the relationship: fraction remaining
= exp[—t/(TMRT — transit time)]. For example, it would take 5.3 times the
expected (TMRT—transit time) to recover 99.5% of the dose.

The TMRT of a marker in the whole GI tract can be determined when
continuous infusion procedures are being used (Faichney, 1975b). After ending
the infusion, faecal concentrations (C;) are expressed as a fraction of the steady-
state concentration (C) and TMRT is calculated as the area under the marker
elimination curve.

Thus:

TMRT =) A(T:— T 1) (3.19)

n
i=1

where A; is the ratio C;/Cs; for the marker concentration in faeces collected at
time T; after ending the infusion; note that C,, = 0 so that A, = 0.
Alternatively, it can be calculated as the area under the complement of the
accumulation curve after starting an unprimed infusion of the marker.
Thus:

TMRT = ZB,- (Ti =T, 1) (3.20)
i=1

where B; is (1 — C;/Cg) for the marker concentration in faeces collected at time
T; after starting the marker infusion; note that C,, = C so that B,, = 0.
TMRT may also be determined from total faecal collections, provided that
the marker is fully recovered and no re-ingestion is occurring, because there is
no retrograde digesta flow between segments in ruminants. TMRT is the sum of
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the MRTs for the successive segments; since all marker infused digesta flows
through every segment, the sum can be calculated as: TMRT = (GI tract marker
content/infusion rate). GI tract marker content is determined as total marker
excretion after cessation of the infusion or, alternatively, the difference
between the amount of marker infused and the amount excreted between the
start of the infusion and the achievement of steady state (constant concentra-
tions in the faeces). The procedure is not valid if there is any loss of marker by
absorption or leakage because marker flow would then differ between GI tract
segments.

These calculations can provide a way to determine the extent, if any, of
marker re-ingestion (RI units per day) that may be occurring. Thus, given TMRT
(h) from Egs (3.19) or (3.20), GI tract marker content (TQ units) and the
infusion rate (IR units per day), Rl = (24TQ/TMRT)-IR.

Compartmental analysis

Data obtained by sampling distal to the site of a marker dose are also amenable
to compartmental analysis. This may be accomplished by postulating a model
of the GI tract between the sites of dosing and sampling in terms of mixing
compartments and flow segments (time delays) and fitting it to the data. Thus
Blaxter et al. (1956) suggested that the ruminant GI tract could be represented
by two mixing compartments and a time delay. Grovum and Williams (1973)
used this approach to study faecal marker concentrations in sheep, identifying
the mixing compartments as the reticulorumen and the caecum/proximal
colon, and Faichney and Griffiths (1978) used a two-pool plus time-delay
model to describe marker passage through the stomach (reticulorumen,
omasum and abomasum) of sheep. However, although compartment MRTs
and the total time delay are calculated, the identity of the compartment to
which each MRT applies must be determined either by assumption on the basis
of previous experience or by simultaneous direct sampling of one of the
compartments.

It has been commonly assumed that reticulorumen MRT is longer than
MRT in the caecum/proximal colon on the basis of data such as those of
Faichney and Barry (1986) in which the caecum/proximal colon:reticulorumen
MRT ratios for °1CrEDTA, 193Ru-phen and IADL were, respectively, 81%,
52% and 21%. However, in some circumstances, the reticulorumen MRT of
SICrEDTA is often shorter, and that of 1°3Ru-phen sometimes shorter, than
the caecum/proximal colon MRT (Faichney and Boston, 1983); as a result,
compartment misidentification would lead to substantial errors for these
markers. Faichney and Boston (1983) used direct estimates of MRT in the
reticulorumen, abomasum and caecum/proximal colon and of the time delays
in the omasum, small intestine and distal large intestine to simulate the faecal
concentration curves to be expected following the administration of markers
into the reticulorumen. They analysed these curves using the two-pool plus
time-delay model and found that it gave reasonable estimates of pool MRTs but
underestimated TMRT because delay time underestimated the transit time and
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mixing in the abomasum was ignored; abomasal MRTs are about 10% of those
in the rumen (Barry et al., 1985; Faichney and Barry, 1986). France et al.
(1985) developed a multi-compartmental model which to a large extent, over-
comes these problems and have applied it successfully to data from sheep and
cattle (Dhanoa et al., 1985). However, the question of compartment identifi-
cation remains. It should also be remembered that the fitting of such models
assumes that flow is continuous; thus intermittent defecation constitutes a
source of error when faecal concentration curves are analysed.

A graphical approach to compartmental analysis has been used by Mam-
brini and Peyraud (1994, 1997) to partition TMRT (Eq. (3.18)) and stomach
MRT (Eq. (3.17)) between the transit time and the time constants associated
with the ascending and descending components of the marker curve. They
concluded that the time constant for the descending component of the faecal
curve was associated with the escape of feed particles from the rumen and that
for the ascending component, calculated by difference, represented the time
required for particle size reduction in the reticulorumen together with mixing in
the abomasum and caecum.

An alternative to these deterministic models is the use of stochastic models
to encompass the uncertainties resulting from the independent actions of
individual particles. This approach has been proposed by Matis, Ellis and co-
workers (Matis, 1972; Ellis et al., 1979; Pond et al., 1988; Matis et al., 1989)
and is based on the fact that time-dependent as well as time-independent
processes apply to digesta components in the reticulorumen. For example,
mixing in the reticulorumen is not instantaneous (an assumption of the deter-
ministic models) and large particles have a low probability of leaving the
reticulorumen, requiring comminution before they can readily pass out of this
compartment. Matis (1972) proposed the use of a gamma distribution
of lifetimes to model the time-dependency of particle passage through the
reticulorumen. Ellis et al. (1979) and Pond et al. (1988) fitted two-pool plus
time-delay models to faecal marker data obtained from cattle, introducing time-
dependency into the pool with the shorter MRT. Although the models were
able to describe the data well, requiring different orders of gamma dependency
for the different diets used by Pond et al. (1988), all mixing processes in the GI
tract, including those in the abomasum and caecum/proximal colon, were
encompassed by the two compartments. As already noted, particle MRTs in
the abomasum and the caecum/proximal colon can be of the order of, respect-
ively, 10% and 20% of those in the reticulorumen so that interpretation of the
parameter estimates for the time-dependent and time-independent compart-
ments is problematic. From a comparison of estimates obtained by fitting the
model to both duodenal and faecal data, Pond et al. (1988) concluded that the
faster turnover rate (the time-dependent compartment) of their two-
compartment models of the faecal data reflected compartmental mixing flow
in both pre- and post-duodenal segments. This conclusion was confirmed by
the studies of Bernard et al. (1998), who compared stochastic and determin-
istic models of marker excretion in sheep. They also found that the models
tended to overestimate TMRT relative to its direct determination by numerical
integration but concluded that the models provided accurate estimates of
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particle MRT in the reticulorumen. However, only the multi-compartmental
model (France et al., 1985) provided such estimates for their particle markers.
It must be concluded that the analysis of faecal data alone, especially using
stochastic models, cannot provide unequivocal descriptions of particle passage
through the reticulorumen (Faichney, 1986). Where such information is re-
quired, techniques that provide direct estimates of the pool sizes and turnover
rates of specified particle size fractions are needed (Kennedy and Murphy,

1988; Faichney et al., 1989).

Factors affecting MRT

Rate of passage is affected by dietary, animal and climatic factors (Warner,
1981; Faichney, 1986; Lechner-Doll et al., 1991). Dietary factors include feed
intake, the amount of fibre in the diet and its physical form. Thus it has often
been observed that reticulorumen MRT decreases with increased intake and
that increasing the amount of concentrates in the diet increases MRT (Warner,
1981). Prolonged marker MRTs in the reticulorumen have been reported for
concentrate diets (Faichney, 1975a; Faichney and White, 1977). Grinding of
hay has been found commonly to increase rate of passage (Thomson and
Beever, 1980; Warner; 1981) but Balch (1950) reported delayed excretion
of a ground hay diet and Stielau (1967) found no effect of grinding lucerne hay
to different extents on rate of passage in sheep. Bernard et al. (2000) reported
that particle MRT in the reticulorumen decreased and then reached a plateau as
the proportion of ground/pelleted hay in a grass hay diet increased. By con-
trast, Weston and Hogan (1967) reported an increase in the MRT of a solute
marker in the reticulorumen when lucerne was ground, and Faichney (1983)
found that grinding and pelleting of a lucerne hay increased the reticulorumen
MRT of solutes and of a particle-associated marker. Data for solutes and
particles (IADL) from the experiment of Faichney (1983) are shown in
Fig. 3.4. At restricted levels of intake, MRTs were longer for the ground hay.
However, inspection of the curves shows that, were the sheep fed to appetite,
MRTs of both solutes and particles would have been the same for ground and
pelleted as for chopped hay; as intake was reduced, MRT increased more
rapidly when the hay was ground and pelleted.

These differences in the response to the grinding of forages are due to
variations in the components of MRT. Dietary, animal and climatic factors may
affect either reticulorumen volume or digesta outflow, or both. The response
shown in Fig. 3.4 was a consequence of an increase in reticulorumen digesta
volume and, in particular, reticulorumen organic matter fill (Fig. 3.5), presum-
ably because the smaller particles of the ground lucerne hay were able to pack
more closely together in the reticulorumen. There was also a small decrease in
digesta flow (see Fig. 3.2). By contrast, Bernard et al. (2000) found that DM fill
was lower for their grass hay diets that contained more than 10% ground/
pelleted hay. Although the components of MRT are not commonly measured,
a decrease in reticulorumen MRT when forages are ground would be expected
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Fig. 3.6.
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to be associated with little change or a decrease in reticulorumen content and/
or an increase in digesta flow.

Partition of the particle MRTs shown in Fig. 3.4 between large and medium
particles is shown in Fig. 3.6. Large particles were those retained on a sieve of
1.18 mm mesh; medium particles passed a 1.18 mm mesh sieve and were
retained on a sieve of 0.15 mm mesh. Both for chopped and for ground and
pelleted lucerne hay, particles were retained much longer in the medium particle
pool than in the large particle pool; MRT in the large particle pool tended to be
longer for the chopped hay but MRT in the medium particle pool was much
longer when the hay was ground. Retention in the large particle pool is depen-
dent on rumination whereas retention in the medium particle pool is largely a
function of pool size and the propulsive activity to which it is subjected. The data
in Fig. 3.6 indicated that the proportion of the reticulorumen MRT of particles
entering the large particle pool that was accounted for by retention in that pool
increased with intake from about 35% to about 40% when chopped lucerne was
given; the structural relationship predicted 44% for intake to appetite. When the
lucerne was ground and pelleted, the ratio increased from about 18% to about
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28%, with 30% predicted for intake to appetite. The value for chopped ryegrass
hay from Fig. 3.3 was 38%. These results support the contention that retention
of particles in the medium particle pool is a more important determinant of their
rate of passage from the reticulorumen than is rumination (Poppi et al., 1981b;
Bernard et al., 2000).

It is clear from the range of responses observed that prediction of the
effects of dietary changes on MRT is not simple, but will depend on an
understanding of their effects on the mechanisms by which reticulorumen fill,
particle comminution and the propulsive activities of the GI tract are regulated.
Animal and climatic factors modulate these mechanisms. Thus, reticulorumen
MRT tends to be shorter in young animals (Faichney, 1986) and is reduced
during gestation (Faichney and White, 1988a) and lactation (Weston, 1988). It
can be increased by exposure to heat (Warren et al., 1974) and reduced by
exposure to cold conditions (Kennedy et al., 1986). Changes in reticulorumen
MRT can be compensated for, at least in part, by changes in the distal tract
(Barry et al., 1985). Faichney and White (1988a) found that decreased MRTs
in the reticulorumen during gestation in sheep were reflected in a decrease in
whole-tract MRT for a particle-associated marker but not for a solute marker.
The increase in digesta MRT distal to the stomach compensated for the
decrease observed in the reticulorumen.

It can be seen from Fig. 3.4 that variation about the diet means for MRT
increased as intake decreased. The coefficients of variation for solutes ranged
from 8% to 25% (sp 0.7-4.6 h) for the chopped hay and from 14% to 44%
(sp 1.3-14.6 h) for the ground and pelleted hay. For particulate matter (IADL)
they ranged from, respectively, 14% to 27% (sp 3.4-13.0 h) and 9% to 28%
(sp 2.7-24.2 h). This pattern of variation reflects that seen in reticulorumen fill
(Fig. 3.5) which is a determinant of MRT. Examination of the individual values
confirmed that the ranking of animals on the basis of MRT tended to be
maintained across diets and that, within diets, animals with a longer MRT had
greater reticulorumen fill. Such a pattern of variation due to animal effects must
be borne in mind when interpreting the effects of experimental treatments on
MRT and emphasizes the importance of an understanding of the mechanisms
involved. The effects of feed intake on MRT illustrated here were a conse-
quence of its effects on reticulorumen fill (Fig. 3.5) and digesta outflow
(Fig. 3.2). They were obtained by restricting feed intake and may not be the
same as would occur were voluntary feed consumption to vary because the
mechanisms by which reticulorumen fill is regulated would not have been fully
expressed. The effect of intake on reticulorumen fill, digesta outflow and,
hence, MRT needs to be examined in animals fed to appetite.

Application

It is widely recognized that the traditional systems of feed evaluation for rumin-
ants are inadequate, particularly with respect to protein. As a result, much
effort has been put into the development of new systems and of databases to
support them (Robards and Packham, 1983; Jarrige and Alderman, 1987). All
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the new systems are based on attempts to predict the flow of nutrients to
and their absorption from the small intestine in specified animals as a function
of the diet and its interaction with the animal. Most of them rely on empirical
relationships and it was considered that the additive systems, based on tabu-
lated data and software for personal computers, currently being implemented
would remain satisfactory for ration formulation because correction factors
could be used in diet formulation or applied to animal requirements (Jarrige,
1987).

However, these systems are totally unsatisfactory for use with grazing
animals where they are required to identify limitations to production from
pasture and to evaluate strategies to overcome them rather than to formulate
rations to achieve chosen rates of production. One approach to this problem is
the GrazpLAN package described by Donnelly et al. (2002), which uses a series of
empirically based programs to predict pasture growth, feed intake and animal
performance. Another approach to representing the interactions between the
animal, its diet and the environment was described by Black et al. (1982). It
depends on the prediction of nutrient supply to the animal using a quasi-mech-
anistic model of digestive function to describe events in the reticulorumen and
the effect on them of animal, dietary and climatic factors.

The early models of reticulorumen function (Sauvant, 1988) are more or
less empirical and so have a limited range of application. However, empirical
estimates of FOR (e.g. Illius and Gordon, 1991) can introduce serious errors
when the model is extrapolated beyond the conditions of their estimation
because they confound the determinants of digesta passage. Mechanistic
models are needed in which the control of reticulorumen fill and digesta flow
are represented; in such models, FORs are not specified but can be derived if
desired along with any MRTs of interest.

The GI tract transports the physical components of digesta and hence the
chemical constituents that are distributed amongst them. To have general
utility, predictions of the digestion and passage of digesta constituents require
knowledge of their partition between the physical components of digesta and
the processes of comminution, chemical degradation and outflow that apply to
those physical components. The development of mechanistic models that take
account of these factors depends upon concepts derived from the quantitative
study of digesta flow.
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Introduction

New feeding systems need to be founded on the mechanisms that govern the
response of animals to nutrients, dealing with quantitative aspects of digestion
and metabolism in the ruminant animal. Digestibility and rumen degradability
have been recognized as the main sources of variation of the energy and
protein value of feeds, respectively. For the quantitative description of digestive
and metabolic processes, appropriate biological data are required and can be
obtained using in vivo, in situ and in vitro methods.

Information obtained in vivo is the most reliable and should be the refer-
ence to evaluate other methods, because it represents the actual animal re-
sponse to a dietary treatment. However, in vivo digestion trials are expensive,
laborious, time-consuming and not readily applicable to large numbers of feeds
or when only small quantities of each feedstuff are available. In vivo results are
restricted to the experimental conditions under which measurements are car-
ried out, such as level of feeding and associative affects between feeds (Kitessa
et al., 1999). In vivo techniques to determine rumen degradability or intestinal
digestibility require animals to be surgically modified, and measurements of
digesta flows and of microbial and endogenous contributions of nutrients may
be needed, resulting in digestibility and degradability estimates subject to large
variability and additional errors associated with use of digesta flow rate markers,
microbial markers and inherent animal variation. This variation demands use of
sufficient experimental replication to obtain reliable results. Therefore, these
trials cannot be considered routine in most laboratories, and cannot be carried
out for all the possible feeding situations found in practice. Thus, the prediction
of feed digestibility or energy values from in vitro or in situ information has
become a necessity in all the feeding systems.

In vitro and in situ techniques represent biological models that simulate
the in vivo digestion processes with different levels of complexity. These
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techniques allow manipulation of parameters defining the state of the animal
and, if properly evaluated against in vivo observations, can be appropriate to
study the response of the animal when one factor is varied and controlled
without the interaction of other related factors, which could conceal the main
effect. Thus, in vitro and in situ techniques may be used to study individual
processes providing information about their nature and sensitivity to various
factors. Also a number of in vitro and in situ methods have been developed to
estimate digestibility and extent of ruminal degradation of feeds, and to study
their variation in response to changes in rumen conditions. Such techniques
have been used for feed evaluation, to investigate mechanisms of microbial
fermentation, and for studying the mode of action of anti-nutritive factors,
additives and feed supplements.

This chapter will review recent developments in feed evaluation, with
attention given to the role of in situ and in vitro methods in combination
with mathematical modelling, in predicting digestibility and extent of degrad-
ation in the rumen of feeds.

In Vitro Techniques
Methods to estimate whole tract digestibility

An overview of methods in use to estimate whole tract digestibility is presented
in Table 4.1.

Solubility

The objective of separating soluble and insoluble components by simple extrac-
tions is to differentiate fractions that are either readily digestible or potentially
indigestible, respectively (Van Soest, 1994). This could explain why with some
of these techniques and for some feeds, a significant correlation between
solubility and digestibility has been observed (Minson, 1982). Nocek (1988)
has reviewed some of the solubility techniques used to predict the digestibility of
feeds. Different solvents have been used, but with forages the best results have
been obtained with the detergent system of fibre analysis (Van Soest et al.,
1991), which separates feeds into a combination of uniform and non-uniform
fractions. The uniform fractions are the cell contents (or neutral detergent
solubles that are essentially completely digestible), and the lignin that can be
considered indigestible. The neutral detergent fibre (NDF) and the acid deter-
gent fibre (ADF) have a variable digestibility that depends on multiple factors,
but mainly on the lignification (Van Soest, 1994). The detergent system of fibre
analysis has been extensively used to study the chemical composition of forages
and also to predict digestibility (Van Soest, 1994).

Methods using rumen fluid

With these methods, digestibility is measured gravimetrically as substrate dis-
appearance when the feed is incubated in the presence of ruminal contents
diluted in a buffer solution. According to Hungate (1966), the first reported use
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Table 4.1. Methods to estimate whole tract digestibility.

Methods References

1. Using rumen fluid
Substrate disappearance

Incubation in rumen fluid after 24—48 h Walker (1959); Smith et al. (1971)
Incubation in rumen fluid 48 h + incubation  Tilley and Terry (1963)

in HCI pepsin 48 h

Incubation in rumen fluid 48 h + extraction = Goering and Van Soest (1970)

in neutral detergent

e In vitro filter bag technique Ammar et al. (1999)
Fermentation end-products formation
e Gas production after 24 h incubation in Menke et al. (1979)
rumen fluid
Using faecal instead of ruminal inoculum El Shaer et al. (1987); Omed et al. (2000)
2. Using cell-free enzymes
e Cellulase Jones and Theodorou (2000)
e Acid pepsin + cellulase Jones and Hayward (1975)
e Amylase + cellulase Dowman and Collins (1982)
e Neutral detergent extraction + cellulase Roughan and Holland (1977)
e Acid + cellulase De Boever et al. (1988)
3. Solubility
e Neutral detergent extraction Van Soest et al. (1991)

of these techniques was in 1919, but the key progress in this methodology
occurred when buffer solutions able to maintain an appropriate pH were used,
thus allowing for longer term in vitro incubations. Many early in vitro systems
consisted of a one-stage digestion in rumen fluid to measure in vitro digestibility
(Donefer et al., 1960; Smith et al., 1971). One of the first comparisons
between in vitro and in vivo digestibility was reported by Walker (1959).

The two-stage method described by Tilley and Terry (1963) is the most
extensively used for in vitro digestibility. With this technique, a second stage
was introduced after incubation in buffered rumen fluid for 48 h, in which the
residue is digested in acid pepsin to simulate the digestion in the abomasum.
Using a wide range of forages, Tilley and Terry (1963) confirmed the high
correlation between in vitro and in vivo digestibility, with the in vitro values
being almost exactly the same as the in vivo digestibility determined with
sheep. To obtain reliable estimates of in vivo digestibility, the in vitro technique
should be calibrated with samples of known digestibility, and then the conver-
sion of in vitro digestibility to estimated in vivo results can be achieved by using
correction factors (Minson, 1998). The in vitro digestibility technique led to the
development of the concept of forage D value, defined as the content of
digestible organic matter in forage dry matter (DM), used widely to predict
digestibility and energy value of forages (Beever and Mould, 2000).
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Some methodological modifications of the original technique described by
Tilley and Terry have been suggested to facilitate scheduling for routine analysis
of large numbers of samples. These include modifications in the acidification of
the first stage residue, in the filtering system, in the length of the second stage
or in the buffer solution composition (Marten and Barnes, 1980; Weiss, 1994).
Goering and Van Soest (1970) proposed the use of neutral detergent solution
as an alternative for acid pepsin in the second stage. The extraction with the
neutral detergent removes bacterial cell walls and endogenous products in
addition to protein, and therefore this modification predicts true digestibility
rather than apparent digestibility (Van Soest, 1994). Furthermore, the second
stage is substantially shortened allowing for large-scale operation.

One recent and promising alternative is offered by an in vitro filter bag
technique. Small amounts of sample are weighed into polyester bags, which are
incubated within a single fermentation vessel placed in revolving incubators
(Ammar et al., 1999; Adesogan, 2002). A large number of samples can be
analysed at one time, and determinations of DM, NDF and ADF can be carried
out on the residue contained in the bag. The system allows for investigating the
effects of changes in the rumen environment on the digestibility of feeds, such
as the addition of a substance.

Another in vitro method to estimate digestibility that has had wide accept-
ance is the gas measuring technique proposed by Menke et al. (1979), based
on the close relationship between rumen fermentation and gas production (Van
Soest, 1994). Basically, a small amount of feed is incubated in buffered rumen
fluid and then the gas produced by fermentation is measured after 24 h of
incubation. The volume of gas accumulated is highly correlated with
in vivo digestibility, and different empirical equations were developed to predict
in vivo digestibility from chemical composition and in vitro gas production
(Menke and Steinga, 1988). Other methods based on measuring the accu-
mulation of volatile fatty acids (VFA) or heat generation during in vitro fermen-
tation have been suggested to estimate digestibility.

The in vitro rumen fermentation methods are subject to multiple sources of
variation, such as the type of fermentation vessels, the composition of the
buffer-nutrient solution, the conditions of incubation (anaerobiosis, pH, tem-
perature, stirring), the sample size or the sample preparation (drying, grinding,
particle size) (Marten and Barnes, 1980; Weiss, 1994). However, the most
important factors are the length of incubation and the inoculum source, pro-
cessing and amount used. As to the length of incubation, a 48-h incubation
period has been suggested for the gravimetric techniques as the overall optimal
time for better accuracy of the digestibility estimates, whereas for the gas
production method, the best results were observed with incubation times of
24 h. The length of the in vitro fermentation, however, can be altered de-
pending upon the objectives of the trial.

The inoculum represents the greatest source of uncontrolled variation in
these techniques. The activity and microbial numbers in the inoculum can show
significant differences for different animal species, breeds, individuals,
and within the same animal from time to time, as well as for the diet of
donor animals (Marten and Barnes, 1980; Weiss, 1994). To overcome the
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requirement for fistulated donor animals to provide the liquor, the use of faecal
samples as an alternative source of fibrolytic microorganisms has been consid-
ered (El Shaer et al., 1987; Omed et al., 2000). The inoculum activity is
affected by dietary effects to a lesser extent when faecal liquor is used, and
the technique seems to be more suitable for free-ranging animals, although the
values obtained are somewhat different from those observed with ruminal
inoculum (Omed et al., 2000).

Enzymatic methods
The use of enzymes as alternatives to rumen fluid has the advantages of
overcoming the need for fistulated animals and anaerobic procedures, simpli-
fying analytical methodology and eliminating the variability in activity of the
inoculum (Nocek, 1988; Jones and Theodorou, 2000). The enzyme activities
must reflect the digestive process in the ruminant. Cell-wall-degrading enzymes
able to digest the structural carbohydrates have been used to estimate digest-
ibility of forages. In most cases these enzymes are commercial and have
been obtained from aerobic fungi. In particular, crude cellulases from Tricho-
derma species have generally been found to be the most reliable sources of
fibrolytic enzymes (Jones and Theodorou, 2000). Although the main activity of
these enzymes is cellulolytic, they can hydrolyse other structural carbohydrates.
Initially, one-stage methods consisting of incubating feed samples for some
time in a buffer solution containing the cellulase were used. However, the low
substrate disappearance values observed suggested that the enzymes could not
remove readily all the soluble constituents of the feed. Hence, different treat-
ments of the samples prior to the incubation in cellulase were suggested, such
as incubation in acid pepsin (Jones and Hayward, 1975) or in amylase (Dow-
man and Collins, 1982), neutral detergent extraction (Roughan and Holland,
1977) or treatment with hot acid (De Boever et al., 1988). The potential of
these techniques in feed evaluation depends on the reliability and robustness of
the predictive equations derived for in vivo digestibility. Results reported seem
to indicate that enzymatic solubility can be considered a good estimator of
digestibility, with small prediction errors (De Boever et al., 1988; Jones and
Theodorou, 2000; Carro et al., 2002). But the values observed with these
enzymatic techniques differ to some extent from the actual digestibility coeffi-
cients, and the regression equations are affected by forage species, methods of
pre-treatment and source of enzyme (Weiss, 1994; Jones and Theodorou,
2000). Nevertheless, when a simple relative ranking of digestibility is the
objective, enzymatic digestion is clearly an attractive prospect.

Methods for rumen studies

In vitro systems to investigate rumen fermentation

The direct study of rumen fermentation is difficult, and different systems have
been designed to allow rumen contents to continue fermenting under con-
trolled laboratory conditions to follow fermentation patterns (Table 4.2). Sev-
eral systems have been developed with the aim of attaining conditions
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Table 4.2. Methods to investigate rumen fermentation.

1. Batch cultures or bulk incubations
> Short- or medium-term experiments
> Non-steady-state conditions
2. Continuous cultures
> Medium- or long-term experiments
> Quasi-steady-state conditions
> Types:
e 2a. The semi-permeable or dialysis type
e 2b. The continuous flow type
(a) The dual-flow system
(b) The single outflow system
e 2c. The semi-continuous flow type: the Rusitec

approaching those observed within the rumen in vivo, with the system design
being prompted, to some extent, by the particular objectives of the research.
The system will also be different, depending on the type of microbial popula-
tion to be cultured: isolated pure cultures of either one single species or a group
of microorganisms or incubation of mixed rumen contents. Czerkawski (1991)
considered some obligatory (temperature and redox-anaerobiosis control, pro-
vision for replication, ease of use) and optional (efficiency of stirring, pH
control, removal of end-products, provision for gaseous exchanges, sterile
conditions) criteria for successful in vitro rumen fermentation work. In vitro
systems have been classified into two main types: bulk incubations (also called
batch cultures) and continuous cultures. Within each type it is possible to have
open (accumulated fermentation gas is released or gas is circulating through the
reaction mixture) or closed (the mixture is incubated under a given volume of
gas and the gas produced is somehow collected to be measured) systems
(Czerkawski, 1986).

Batcrcuitures. Batch cultures are the simplest and most commonly used in vitro
fermentation systems, and are very useful for experiments in which a large
number of samples or experimental treatments are to be tested (‘screening
trials’), or when the amount of sample available is very small (Tamminga and
Williams, 1998). The main application of these systems is to estimate
digestibility or the extent of degradation in the rumen, either by single end-
point or kinetic measurements of either gravimetric substrate disappearance or
end-products accumulation (Weiss, 1994). VFA production can be measured
easily in vitro as the accumulation of VFA when the substrate is incubated.
Internal (purines) or external (1°N, "*C, 32P) markers are required to measure
microbial synthesis (Hristov and Broderick, 1994; Bliimmel et al., 1997a;
Ranilla et al., 2001). The main drawback of using batch cultures to study
rumen fermentation is that only short- (hours) and medium-term (days)
experiments are possible and steady-state conditions cannot be reached
owing to the microbial growth pattern. After reaching an asymptote, the
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microbial population tends to decrease due to the shortening of substrate and
the accumulation of waste products, resulting in lysis and death of microbial
cells.

ConTINuOUs cuLTures. In continuous culture systems or chemostats, there is a
regular addition of buffer and nutrients and a continual removal of
fermentation products, reaching steady-state conditions, which allow for the
establishment of a stable microbial population that can be maintained for long
periods of time. The systems allow measurement of fermentation parameters,
extent of DM degradation, output of end-products and microbial protein
synthesis (Czerkawski, 1986). Thus, these systems simulate the rumen
environment closer than batch cultures, and enable the study of long-term
(weeks) effects of factors affecting the microbial population and the digestion
of nutrients under controlled conditions of pH, turnover rate and nutrient
intake (Michalet-Doreau and Ould-Bah, 1992; Stern et al., 1997). However,
some time is required after inoculating the culture before steady-state
conditions are achieved. Czerkawski (1991) defined three types of in vitro
rumen continuous cultures or fermenters:

o The semi-permeable type, a continuous dialysis system in which the mi-
crobial culture is enclosed inside a semi-permeable membrane. This system
is very complex, not suitable for routine use, and cannot be fed with solid
substrates.

e Continuous cultures in which the fermenter contents are completely mixed
up, a liquid buffer-solution containing nutrients is infused continuously, the
feed (particulate matter) is dispensed regularly into the vessel, and some of
the reaction mixture, containing particles in suspension, is either pumped
out or simply allowed to overflow. As the input and output of both liquid
solutions and solid feed are continuous, these systems are regarded as
continuous flow type systems (Czerkawski, 1991). Several fermenters of
this type have been described in the literature (Stern et al., 1997). The dual-
flow systems (Hoover et al., 1976) incorporate a dual effluent removal
system, simulating the differential flows for both liquids and solids. In the
single outflow systems a specially designed overflow device is fitted, so the
feed particles stratify in the vessel according to density, providing the basis
for differential liquid and solid turnover rates as in the rumen (Teather and
Sauer, 1988).

e The Rusitec (Rumen Simulation Technique), a fermenter (Czerkawski and
Breckenridge, 1977) with just a single outflow to control dilution. Both the
infusion of the buffer solution into the vessel and the removal of the liquid
effluent by overflowing are continuous. However, there are no provisions
for continuous feed supply and solid particles outflow from the vessel, so the
Rusitec is considered a semi-continuous flow system. Despite its limita-
tions, the Rusitec represents a simple and elegant system to simulate the
compartmentation occurring in the rumen (Czerkawski, 1986), and kinetic
studies are facilitated in comparison with continuous flow systems where the
use of markers is required.
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Modelling the production and passage of substances in continuous culture
systems is simpler than in the rumen because conditions are stable, without
confounding effects of endogenous matter, absorption and passage are a single
process (removal or outflow), and feed input and outflow rates are constant,
regulated and measured directly. Nevertheless, similar to in vivo studies, reli-
able techniques are required for differentiation of microbial and dietary frac-
tions by the use of markers (1°N, purines).

Rusitec and dual-flow continuous cultures seem to simulate rumen
conditions to an acceptable extent (Hannah et al., 1986; Mansfield et al.,
1995) and are excellent biological models for studying ruminal microbial
fermentation.

Estimation of degradability of feeds in the rumen

A number of in vitro techniques have been described to estimate the degrad-
ability of feeds in the rumen (Table 4.3). Specific in vitro techniques have been
developed to estimate protein degradability.

METHODS USING RUMEN FLUID. The in vitro technique of Goering and Van Soest
(1970) has been used to estimate degradability in the rumen. Substrate
disappearance after incubation in buffered rumen fluid followed by neutral
detergent extraction is measured at several incubation times, and the
degradation curve fitted to various mathematical models to estimate the
fractional rate of degradation. This parameter is used with the passage rate to

Table 4.3. Methods to estimate the extent of degradation of feeds in the rumen.

Methods References
1. Organic matter fermentation
e Kinetics of substrate disappearance after Smith et al. (1971)

incubation in rumen fluid
Kinetics of gas production after incubation in rumen  Reviewed by Schofield (2000)

fluid: the gas production techniques and Williams (2000)
Kinetics of substrate disappearance or end-products Nocek (1988); Lopez et al.
formation after incubation in cell-free enzymes (1998)

(amylases, cellulases, etc.)

Protein degradability

Kinetics of ammonia production after incubation Broderick (1987)

in rumen fluid: the inhibitor in vitro method

Kinetics of ammonia and gas production after Raab et al. (1983)

incubation in rumen fluid

Use of microbial markers in vitro Hristov and Broderick (1994);
Ranilla et al. (2001)

Kinetics of nitrogen loss after incubation in Krishnamoorthy et al (1983);

cell-free enzymes (proteases) Aufrere et al. (1991)

Nitrogen solubility Nocek (1988); White and Ashes

(1999)
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estimate the extent of degradation in the rumen (Waldo et al., 1972). The
fermentation kinetic parameters may also be derived from the cumulative gas
production profile, obtained after measuring gas production at different
incubation times, and using non-linear models to estimate the fermentation
rate. The cumulative gas produced at different incubation times can be
measured on a single, small sample (Williams, 2000).

To measure gas production from batch cultures of buffered rumen fluid
at several time intervals, different devices and apparati have been designed,
based on essentially two different approaches: measuring directly the increase
in volume when the capacity of the container can be expanded so the gas is
accumulated at atmospheric pressure, or measuring changes in pressure in the
headspace when the gas accumulates in a fixed volume container (Getachew
et al., 1998). Using the first approach, Menke et al. (1979) incubated the
samples in calibrated syringes so the volume of gas produced could be meas-
ured from the plunger displacement. In other similar techniques gas volumes
are measured by liquid displacement or by a manometric device.

Theodorou et al. (1994) used a pressure transducer to measure the volume
of gas accumulated in the headspace of sealed serum bottles. This system has
been adapted for computer recording to allow for large-scale operation (Maur-
icio et al., 1999). Some automated systems have been developed to obtain
more frequent readings and a large number of data points (Schofield, 2000;
Williams, 2000). Basically the systems consist of computer-linked electronic
sensors used to monitor gas production. Some of the systems (closed) record
the changes in pressure in the fermentation vessel as gas accumulates in the
headspace (Pell and Schofield, 1993), whereas in others (open) the accumu-
lated gas is released by opening a valve when the sensor registers a pre-set gas
pressure, so that the number of vents and the time of each one are recorded by
a computer (Davies et al., 2000).

The gas production technique can be affected by a number of factors, such
as sample size and physical form (particle size), the inoculum source as influ-
enced by animal, diet and time effects, inoculum size, manipulation of the
rumen fluid, composition and buffering capacity of the incubation medium,
anaerobiosis, pH and temperature control, shaking and stirring, correction for
a blank, reading intervals when pressure is increased, etc. (Getachew et al.,
1998; Schofield, 2000; Williams, 2000). Some uniformity in the methodology
is required to compare results from different laboratories. The gas technique
also needs to be validated against comprehensive in vivo data to develop
suitable predictive procedures (Beever and Mould, 2000).

It is important to understand that the technique assumes that the gas
produced in batch cultures is just the consequence of the fermentation of a
given amount of substrate, and the major assumption in gas production equa-
tions is that the rate at which gas is produced is directly proportional to the rate
at which substrate is degraded (France et al., 2000). However, there are some
questions relating to this assumption that need further consideration: (i) some
gas can be derived from the incubation medium, as COs is released from the
bicarbonate when the VFA are buffered in the culture (Theodorou et al.,
1998); (ii) some gas production is caused by microbial turnover, especially for
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prolonged incubation times (Cone, 1998); and (iii) the partitioning of the
fermentable substrate into gas, VFA and microbial mass can be different for
each substrate (Bliimmel et al., 1997b). Gas production is basically the result of
the fermentation of carbohydrates, and the amount of gas produced per unit of
fermentable substrate is significantly smaller with protein-rich feeds (Lépez
et al., 1998), and almost negligible when fat is fermented (Getachew et al.,
1998). Furthermore, the amount of gas produced per unit of fermentable
substrate is affected by the molar proportions of the VFA, because a net yield
of CO5 and CHy is generated when acetate and butyrate are produced, but not
when the end-product is propionate (Bliimmel et al., 1997b). Molar propor-
tions of acetate and butyrate are greater when fibrous feeds are degraded, and
more propionate is obtained when starchy feeds are fermented, giving rise to a
significant variability in the fermentable substrate to gas production ratio. This
ratio, also called partitioning factor (Bliimmel et al., 1997b), is also affected
by the efficiency of microbial synthesis, as the partitioning of ruminally available
substrate between fermentation (producing gas) and direct incorporation
into microbial biomass may vary depending upon, amongst others, the size of
the microbial inoculum and the balance of energy and nitrogen-containing
substrates (Pirt, 1975). Therefore, across different feedstuffs there is an inverse
relationship between the amount of microbial mass per unit of fermentable
substrate and the amount of either gas or VFA produced (Bliimmel et al.,
1997b). Based on this relationship and the stoichiometry of gas and VFA
production, it has been suggested that if the amount of substrate truly degraded
is known, gas production may be used to predict in vitro microbial biomass
(Blimmel et al., 1997b).

In vitro techniques to estimate protein degradability by incubating feed
samples in rumen fluid are based on measuring ammonia production.
However, ammonia concentration in batch cultures will reflect the balance
between protein degradation and the uptake of ammonia for the synthesis of
microbial protein. The amount and nature of fermentable substrates also affect
ammonia concentrations, as uptake by microbes is stimulated to a greater
extent than ammonia release in the presence of readily fermented carbohyd-
rates. In order to measure net ammonia release as the main end-product of
protein degradation, Broderick (1987) described an in vitro procedure using
inhibitors of uptake of protein degradation products and amino acid deamina-
tion by ruminal microbes (hydrazine sulphate and chloramphenicol), and meas-
uring NH3 and amino acid concentration in the incubation medium before any
uptake by microbes can occur. This procedure has been called the inhibitor
in vitro method (Broderick and Cochran, 2000) and it gives acceptable esti-
mates of kinetic parameters for protein degradation, as the inhibitors do not
affect the proteolytic activity of the microorganisms. However, in the absence
of nitrogenous precursors for protein synthesis, microbial growth will be
reduced after a few hours of incubation; hence this procedure involves only
short-term in vitro incubations. Raab et al. (1983) proposed an alternative
procedure, measuring ammonia concentration and gas production at 24 h
when feeds were incubated in rumen fluid with graded amounts of starch or
other carbohydrates.
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A different approach described by Hristov and Broderick (1994) uses a
marker (1°N) to distinguish newly formed microbial protein from feed protein
remaining undegraded. Similarly, differential centrifugation procedures and
markers such as ®N and purines have been used to estimate the efficiency of
protein synthesis in batch cultures (Bliimmel et al., 1997a; Ranilla et al.,
2001). Alternative approaches estimate microbial N formation from the in-
corporation of 3H- or *C-labelled amino acids.

EnzymaTic TEcHNIQUES. In these techniques the feed is incubated in buffer solutions
containing commercial cell-free enzymes instead of rumen liquor. To estimate
the extent of DM or cell wall degradation in the rumen, the techniques used
are similar to those already described to predict digestibility. Specific fungal
and bacterial enzymes have been used to measure degradation of the different
feed carbohydrates, such as amylases (Cone, 1991), cellulases, xylanases,
hemicellulases and pectinases (Nocek, 1988). Use of enzymes to simulate
ruminal fibre digestion results generally in less DM degradation than with
buffered rumen fluid presumably as a result of incomplete enzymatic activity
compared with the ruminal environment. Some studies suggest synergism
between digesting enzymes, so mixtures of enzymes may be necessary.
Enzymatic techniques are usually gravimetric, measuring the disappearance
of DM or any other feed component, but the release of any hydrolysis
product can be also measured to estimate degradation (Lépez et al., 1998).

A number of different techniques have been reported to predict protein
degradability using kinetic or single-point estimates of N loss from feed samples
incubated with various proteases (Krishnamoorthy et al., 1983; Aufrere et al.,
1991). Enzymes of bacterial, fungal, plant and animal origin have been used,
but the reported results seem to indicate that non-ruminal enzymes may be of
limited use as they may not have the same activity and specificity (Stern et al.,
1997). Protein degradability measurements using enzymatic techniques are
affected by factors such as incubation pH, presence of reducing factors, type
of protease used and batch-to-batch variability in enzyme activity, pre-incuba-
tion with carbohydrate degrading enzymes and the enzyme:substrate ratio. It
seems crucial that the enzyme concentration is sufficient to saturate the sub-
strate (Stern et al., 1997). Although with these techniques feeds are ranked
roughly in the same order as with other methods, it seems that enzymatic
techniques do not provide accurate predictions of protein degradability across
all feed types (White and Ashes, 1999).

Sotusiuty. Nitrogen solubility in buffer or in different solvents varying in
complexity has been used to predict protein degradability for some feed types
(Nocek, 1988; White and Ashes, 1999). Although some results indicate a
significant correlation between solubility and degradability, N solubility can be
considered a useful indicator of protein degradation when comparing different
samples of the same feedstuff, but of limited use for ranking different feedstuffs
(Stern et al., 1997). In fact, soluble proteins can be degraded at different rates
or even be of low degradability, in contrast with some insoluble proteins that
are readily degraded in the rumen (Mahadevan et al., 1980).
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The In Situ Technique

In this case, digestion studies are conducted in the rumen of a living animal
instead of simulating rumen conditions in the laboratory, hence the term in situ.
The disappearance of substrate is measured when an undegradable porous bag
containing a small amount of the feedstuff is suspended in the rumen of a
cannulated animal and incubated for a particular time interval (@rskov et al.,
1980).

The technique is based on the assumption that disappearance of substrate
from the bags represents actual substrate degradation by the rumen microbes
and their enzymes. However, a number of questions cannot be resolved com-
pletely, as not all the matter leaving the bag has been previously degraded, and
some of the residue remaining in the bag is not really undegradable matter of
feed origin. Furthermore, the bag can be considered an independent compart-
ment in the rumen, with the cloth representing a ‘barrier’ that on one side allows
for the degradation of the feed to be assessed without mixing with the rumen
contents, but on the other side implies an obstacle for simulating actual rumen
conditions inside the bag. Finally, some methodological aspects require stand-
ardization for the technique to be considered precise and reproducible. Many of
these questions have been investigated extensively and reviewed in the last 20
years, and a number of technical and methodological recommendations have
been made (Drskov et al., 1980; Setala, 1983; Lindberg, 1985; Nocek, 1988;
Michalet-Doreau and Ould-Bah, 1992; Huntington and Givens, 1995; Vanzant
et al., 1998; Broderick and Cochran, 2000; Noziére and Michalet-Doreau,
2000; Drskov, 2000) (see Table 4.4 for overview of factors).

In situ methodology

Loss of matter from the bag

Matter contained in the bag has to be degraded to pass through the pores out of
the bag. However, complete fermentation is not required, and the particles can
be lost once their size is smaller than the pore size. It has been suggested that
the particles escaping consist of material potentially degradable during short
incubation times (Setald, 1983). Nevertheless, the particulate matter lost from
the bag includes particles that have not been previously degraded, which results
in overestimation of both the immediately soluble fraction and the extent of
degradation, and likely underestimation of the rate of degradation (Huntington
and Givens, 1995).

Loss of particles from the bag can be attributed mainly to the interaction
between bag pore size and sample particle size. A standard and appropriate
particle size to pore size ratio is desirable to minimize the impact of such loss on
the estimate of the extent of degradation. As expected, large pore sizes lead to
greater loss of particles and undegraded material. Aperture size of the bag
affects significantly the initial rate of degradation, but the extent of degradation
is affected to a lesser extent (Huntington and Givens, 1995).
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Table 4.4. Factors affecting the in situ technique.

1.

Loss of matter from the bag

a
b
c

. R

a
b
C
a

b
c
d
e
f.
0]
a
b
c

d
e

. Bag pore size

. Sample particle size

. Degradation rate of the soluble fraction

ecovery of matter of non-feed origin in the incubation residue

. Post-incubation washing procedure

. Microbial colonization of the residue

onfining conditions inside the bag

. Textile fibre, weave structure of the cloth

. Bag porosity (pore size, open surface area)

. Sample size

. Bag position within the rumen

. Basal diet (forage to concentrate ratio, forage type, level of feeding, long fibre)
Diurnal changes in ruminal activity (frequency of feeding, time to start incubation)

ther procedural considerations

. Animal effects

. Replication (number of animals, bags, repetitions)

. Sample preparation (high-moisture feeds)

. Routine for introducing and withdrawing bags

. Sampling scheme and mathematical modelling

Multiple interactions amongst factors of variation

Prior to incubation, feed samples are usually ground to facilitate handling,
to provide more homogeneous and representative material for incubation, and
to reduce particle size to simulate the comminution occurring normally by
mastication and rumination. In the bag, the reduction in particle size is due to
microbial fermentation and rubbing forces driven by the movements of the
rumen wall and its contents. Milling also increases the area accessible for
microbial attachment and degradation, as damaged and cut surfaces are the
primary sites for microbial colonization. Different recommendations have been
made about the most appropriate particle size for the in situ technique, as
coarser particles result in lower and more variable disappearance rates,
whereas too small particles are associated with greater mechanical losses of
material from the bags (Weakley et al., 1983; Udén and Van Soest, 1984).

Intermediate screen apertures (1.5-3 mm) for grinding have been sug-
gested as the most adequate for the in situ technique (Huntington and Givens,
1995; Broderick and Cochran, 2000). Forages should be ground using a larger
screen than those used for concentrates to reproduce the effect of chewing.
However, simple recommendations cannot deal with other complex questions
arising, because the particle size distribution after milling using a standard
screen size is different depending upon the proportion of different plant parts
(stems and leaves) and the physical properties (brittleness) of the feedstuff,
with a significant interaction between milling screen size and feedstuff type
(Emanuele and Staples, 1988; Michalet-Doreau and Ould-Bah, 1992). Fur-
thermore, the chemical composition is variable for particles of different sizes
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(Emanuele and Staples, 1988). As a mean particle size would be preferable to a
grinding screen aperture, the best way to overcome this problem in part would
be to establish some degree of uniformity in particle size within major feedstuff
categories (Nocek, 1988; Michalet-Doreau and Ould-Bah, 1992), but stand-
ards based on particle size distribution seem to be impractical (Vanzant et al.,
1998).

Particulate matter loss can be quantified as the difference between the total
washout from the bag prior to incubation (disappearance of material attributed
to mechanical loss and washing) and the soluble fraction measured by filtration.
Using the estimated particulate matter loss, some mathematical approaches
have been suggested to correct the disappearance rates, the degradation
parameters and the estimates of the extent of degradation (Lépez et al.,
1994; France et al., 1997).

Most water-soluble materials disappear from the bag unfermented, just by
soaking in an aqueous solution. The assumption that this soluble fraction is
instantaneous and completely degraded may not be true since some highly
soluble compounds show small ruminal degradability (Messman et al., 1994).
This problem cannot be easily tackled by the technique. Some mathematical
approximations have been suggested to account for this factor in estimating the
extent of degradation (Dhanoa et al., 1999), providing estimates of the deg-
radation rate of the soluble fraction are available.

Recovery of matter of non-feed origin in the incubation residue
After withdrawal from the rumen, the bags are washed to stop microbial activity
and to remove any rumen digesta and microbial matter in the incubation
residue or in the bag. A considerable diversity of post-incubation washing
procedures have been used, although a significant influence of the rinsing
methodology on degradability estimates has been reported (Cherney et al.,
1990; Huntington and Givens, 1995). In the first in situ experiments, bags
were just soaked and rinsed by hand under cold water until the water appeared
to be clear. The main flaw of manual washing is that it is highly subjective,
introducing a high and undesirable variability to the measurements. Thus, the
use of washing machines was investigated as a means to standardize the
procedure, offering better repeatability (Cherney et al., 1990). The duration
and number of rinses with cold water in the washing machine and the suitability
of agitation and spinning have been tested (Madsen and Hvelplund, 1994).
Some influx of small fine particles into the bags allows faster inoculation of
the samples. This ruminal matter that has infiltrated the bag is usually removed
after mild rinsing (Udén and Van Soest, 1984), but complete removal of the
microbial mass attached to the feed particles is far more difficult to achieve.
Microbial colonization of the feed is required for degradation, but its presence
in the residue can lead to substantial underestimation of the extent of degrad-
ation. The degree of microbial contamination of the residues is variable
among different substrates. Contamination can have a large impact on the
estimates of protein degradability of low-protein forages (Michalet-Doreau and
Ould-Bah, 1992), but its influence using other feeds seems to be almost negli-
gible. A number of procedures to facilitate microbial detachment minimizing
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contamination of the residues have been suggested (Michalet-Doreau and Ould-
Bah, 1992; Huntington and Givens, 1995), and the proportion of microbial
matter in the incubation residue can be determined using markers (Michalet-
Doreau and Ould-Bah, 1992). The correction for microbial contamination may
give variable estimations of protein degradability depending upon the marker
used (purines, 1°N) and the microbial pellet isolated (solid- or liquid-associated
bacteria).

Confining conditions inside the bag

Despite the physical separation of bag contents from ruminal digesta, condi-
tions inside the bag should be as similar to those in the surrounding rumen
contents as possible, so the choice of an appropriate cloth seems crucial.
Although silk was the first material used, bags are made from artificial or
synthetic textile fibres such as polyester, dacron and nylon. The material should
be entirely resistant to microbial degradation. The weave structure of the cloth
determines the uniformity of the pore size, with the monofilamentous weave
showing a more precisely defined pore size and being less distorted during
incubation (Marinucci et al., 1992). Due to the changes in that structure during
incubation, repetitive use of bags should be prevented.

If the bags are overfilled with sample, the mixing and soaking of bag
contents with rumen fluid can be incomplete (Nocek, 1988; Vanzant et al.,
1998). Recommended sample size is expressed in terms of optimal sample
weight to bag surface area ratio, and values suggested are in the range of
15-20mg/cm? (Huntington and Givens, 1995). Some materials (e.g. gluten)
tend to clump when wet, which may impede particle movement and proper
mixing with rumen fluid within the bag.

However, the main bag characteristic to be considered is pore size. If the
pore is too small the exchange of fluids and microorganisms is restricted. Small
pores may be clogged, mainly when viscous substrates are incubated. Inhibited
removal of fermentation end-products from bags with small pores that become
blocked during incubation can lead to accumulation of gas and acidification of
the medium inside the bags (Noziére and Michalet-Doreau, 2000). The ex-
change of fluids between bag and rumen contents is also determined by open
surface area of the bag material (proportion of the total surface area of the bag
accounted for by the pores) (Weakley et al., 1983; Vanzant et al., 1998). With
bags of small pore size, the microbial population reaching the sample may be
significantly different from that present in rumen contents. A minimal aperture
size of 30-40 um is necessary to favour entry of rumen bacteria, anaerobic
fungi and some protozoa into the bag (Lindberg, 1985). Therefore, intermedi-
ate bag pore sizes (35-55 um) have been recommended to allow for a minimal
microbial activity in the bags without major loss of fine particles from the feed
incubated.

More diverse microbial colonization is possible with larger pore sizes, but
even so the type and numbers of microorganisms inside the bag are somehow
different from those in the surrounding rumen digesta. The differences between
bag contents and rumen digesta for the proteolytic and amylolytic activities
seem to be slight, whereas those for the cellulolytic population are larger, with
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fibrolytic activity of solid-adherent microorganisms being lower in bag residues
than in rumen digesta (Noziere and Michalet-Doreau, 2000).

The diet fed to the animals may have pronounced effects on the whole
rumen environment, and consequently interactions between the type of feed
assayed in situ and the basal diet fed to the animal are prevalent (Lindberg,
1985). To obtain the most accurate measurement of ruminal degradation, the
same food incubated in the bag should be contained in the diet fed to the
animal. However, this approach cannot be followed in all circumstances, and
when the objective is to compare feeds or to develop tabular values, it seems
satisfactory to use a general purpose basal diet to minimize the dietary effects
(Broderick and Cochran, 2000). In theory, this diet should support optimal
growth and metabolic activity of the rumen microbial population, meeting the
energy, nitrogen and micronutrient requirements of most microorganisms.
Probably, forage-to-concentrate ratio, type of forage and level of feeding
have been the diet-related features that have received most attention. Increas-
ing the amount of grain fed to the animals is associated with lower estimates of
rate and extent of in situ disappearance of forages (Nocek, 1988; Weiss,
1994), but these values are significantly less affected by the type of forage
included in the diet. Altered or extreme rumen conditions as well as the
deficiency or excess of nutrients due to unbalanced diets can cause the undesir-
able exclusion of some of the microbial species. Finally, a minimum percentage
of long fibre in the diet seems to be required because fibrous rumen contents
enhance the circulation of fluid through the bag and its blending with the
sample incubated (Huntington and Givens, 1995).

There are significant diurnal fluctuations in digestive ruminal activity, espe-
cially in animals fed once or twice daily. Frequent feeding using automatic
feeders can reduce this source of variation (Lindberg, 1985), but in most
cases feeds are evaluated for use in practical conditions where animals receive
one or two meals per day. In this case, the time that bags are introduced into
the rumen in relation to animal feeding can influence digestion rates inside the
bags. Thus, to minimize this variability, all the bags should be introduced at the
same time to be exposed to the same rapidly changing rumen conditions
occurring after feeding (Noziére and Michalet-Doreau, 2000).

To facilitate flow of rumen liquor into and out of the bags and mixing with
the feed sample, the bags should remain immersed in the liquid phase of the
rumen contents, move freely and be squeezed during muscular contractions.
Aspects such as length of string along which bags are fastened or use of a
carrier weight have been investigated, as these devices can determine, to some
extent, the position of the bags and the lack of restrictions for bag mobility
during incubation (Huntington and Givens, 1995).

Other procedural considerations

It is advisable that in situ disappearance procedures are standardized to in-
crease precision, as lack of standardization has been reported as the main
source of variation in the assay (Madsen and Hvelplund, 1994). As for the
animal effects, there may be small but significant differences in the estimates of
extent of degradation of feeds if samples are incubated in the rumen of different
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ruminant species and breeds (Udén and Van Soest, 1984; Lopez et al., 2001),
and ideally the same type of animal for which the information is intended
should be used. To improve the precision of measurements, the animal vari-
ability needs to be minimized using the same type of animals for each experi-
ment, in the same physiological state and maintained in the same husbandry
and environmental conditions (Nocek, 1988; Huntington and Givens, 1995).
Provision for adequate replication (number of animals, number of bags per
animal, number of incubations to account for day-to-day variation) is also
necessary (Weakley et al., 1983; Vanzant et al., 1998). More replicates should
be used for short incubation times, when the effects of particle size or host diet
are more pronounced. The use of standards has been suggested as a means of
accounting for the variation among animals and time periods (Weiss, 1994;
Vanzant et al., 1998).

The evaluation of high moisture feeds (fresh herbage and silage) is compli-
cated because grinding is difficult unless the sample is previously dried. Wet
grinding or hand-chopping and macerating are probably the best ways to
simulate chewing, but these procedures cannot guarantee a uniform particle
size distribution, result in some inevitable sewage and it is necessary to incubate
the samples immediately after harvesting (Noziere and Michalet-Doreau,
2000). Freeze drying is a better alternative for sample preparation than oven
drying (Lopez et al., 1995), but affects the physical properties of the material
and thus the particle size distribution after milling.

The routine to be followed for introducing and removing the bags has also
been examined. When bags are not machine washed, introducing bags at
different times to be removed all at once seems preferable in order to minimize
the variation attributed to bag washing technique. Otherwise, it is better to
introduce all the bags at the same time and withdraw them at the intended
incubation times, so that the samples are subject to the same rumen conditions
in all cases. Huntington and Givens (1995) did not detect significant differences
between both incubation sequences on DM degradability of feeds.

Finally, the values determined for the soluble, degradable and undegradable
fractions, rate, extent and lag time may be also affected by the sampling
scheme, the approach (either logarithmic-linear transformation or non-linear
fitting) to derive kinetic parameters (Nocek and English, 1986) and the model
selected to represent degradation kinetics (Dhanoa et al., 1996; Lépez et al.,
1999) (see Chapter 2). Mathematical modelling of degradation kinetics will be
discussed in detail later. The incubation times and the number of data points to
be recorded for kinetic studies should be established according to the minimum
requirement for statistical analysis of the disappearance profiles (Chapter 2)
and will depend on the shape of the curve (Michalet-Doreau and Ould-Bah,
1992). More frequent measurements are required in the first 24 h of incuba-
tion, the most sensitive part of the curve, to obtain reliable and precise esti-
mates of the lag time and degradation rate. On the other hand, some bags will
be incubated for prolonged times, long enough to reach the asymptotic values
of disappearance, for the potential extent of digestion to be estimated accur-
ately. These long incubation times vary with type of feed (in general longer for
forages and shorter for concentrates).
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Maybe the most important feature concerning all these factors of variation
is that there are multiple interactions amongst many of them; those standing
out involve the feed characteristics (Vanzant et al., 1998). Because of these
interactions, not a single standardized procedure seems to be applicable across
all feedstuffs, but even so some concordance in the methodology used should
be pursued to provide a more reliable, precise and accurate technique. It also
seems necessary to assess the relative importance of each methodological
factor on the precision and accuracy of degradability estimates, because some
of the recommendations for the in situ procedures may be not applicable to
experimental objectives.

Use of the in situ technique in feed evaluation and rumen studies

Initially, the technique was set out to predict in vivo DM digestibility, mainly of
forages. In the late 1970s the technique was used to measure the extent of
protein degradation in the rumen (Drskov and McDonald, 1979). Nowadays,
the in situ technique is a standard method for characterizing the rumen
degradability of protein, given the high correlation and concordance between
in vivo and in situ values (Poncet et al., 1995).

Therefore, the technique has been used to study the digestive processes
in the rumen and to predict the degree to which nutrients are made available for
the rumen microorganisms and for the host animal (Jrskov et al., 1980). The
in situ technique is suitable for kinetic studies following the time course of
disappearance of an individual feedstuff, and has been used widely to evaluate
the rate and extent of degradation in the rumen (Q@rskov, 2000). More recently,
the technique has been used to estimate the extent of starch degradation in the
rumen (Cerneau and Michalet-Doreau, 1991). Rumen degradation kinetics of
lipids have been also studied in situ (Perrier et al., 1992). Rates of fermentable
organic matter and protein degradation can be estimated, and then the syn-
chronization between energy and nitrogen availability for microbial synthesis in
the rumen can be evaluated (Noziére and Michalet-Doreau, 2000).

The in situ technique has also been used for studying animal (species,
physiological state, level of intake) or dietary (additives, diet composition, fat
supplementation) factors affecting rumen conditions or microbial activity
(mainly the fibrolytic activity of ruminal microorganisms) (Noziére and Micha-
let-Doreau, 2000; @rskov, 2000). Due to the interaction between the basal
diet and the feed evaluated in the bag, the in situ technique appears to be a
good method for quantifying the associative effects, especially between forage
and fermentable carbohydrates. Finally, based on the relationship between
degradation rate and rumen fill, rumen degradation parameters estimated
with the in situ technique have been used to predict voluntary intake of forages
(Hovell et al., 1986; Carro et al., 1991).

Despite all its limitations, this technique is one of the best ways to access
the rumen environment, it is fairly rapid and reproducible and requires minimal
equipment. Therefore it is one of the techniques used most extensively in feed
evaluation for ruminants.
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Methods to Estimate Post-Ruminal Digestibility

Some in vitro techniques have been designed to estimate digestibility (mainly of
the feed protein) in the small intestine (Calsamiglia et al., 2000). These tech-
niques are based on the use of enzymes to simulate abomasal and intestinal
digestion (Stern et al., 1997). The most commonly used technique is a three-
step procedure consisting of a ruminal pre-incubation followed by an incuba-
tion in acid pepsin and a phosphate buffer—-pancreatin digestion (Calsamiglia
and Stern, 1995).

An in situ mobile bag technique has been used to determine intestinal
protein digestion in ruminants (Hvelplund, 1985). Samples of feed or residues
after incubation in the rumen are weighed in small polyester bags that are
introduced directly into the abomasum or proximal duodenum and subse-
quently collected either from the ileum or from the faeces. Endogenous or
other contaminating materials are removed by washing, and the indigestible
residue is determined. This technique is affected by a number of potential
sources of variation such as porosity of bag material, sample weight to surface
area ratio, animal and diet effects, ruminal pre-incubation, pepsin HCI pre-
digestion, retention time, site of bag recovery and microbial contamination of
the residue (Hvelplund, 1985). Although loss from the bag may not necessarily
relate to protein absorption, the technique seems to be useful in predicting
intestinal protein digestibility (Stern et al., 1997).

Role of Mathematical Modelling in In Vitro and In Situ Techniques

The goal of most in vitro and in situ techniques is to estimate total-tract
digestibility or rumen degradability. It is very unlikely that values measured
in vitro are identical to the intended in vivo values, and thus mathematical
modelling is a useful tool to link the data obtained in vitro or in situ with the
processes occurring in vivo. Mathematical models used to estimate digestibility
or degradability from in vitro measurements can be either empirical or
mechanistic.

Empirical modelling

A large number of empirical equations for predicting DM intake, digestibility,
DM or protein degradability in the rumen or energy value of forages from
in vitro and in situ measurements is provided in the literature (Minson, 1990;
Huvelplund et al., 1995). In most cases, the predictor used is a single end-point
measurement determined by one of the in vitro techniques described previously.
When end-point measurements are used, incubations are usually run for a given
time interval, although in the animal the residence time in the rumen depends
upon the level of feed intake, type of feedstuff and composition of the diet, and
thus no single end-point measurement will be valid for all circumstances.
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Using analytical results and actual values determined by feeding trials for a
number of standard representative feeds, multiple regression equations can be
derived statistically and used to predict the digestibility or degradability of other
samples. Most of these equations are based purely on the statistical relationship
between the variables and the performance of regression methods facilitated by
improved computing facilities, resulting sometimes in equations with little
biological meaning. One of the consequences of this empirical approach is
that there are a large number of equations available in the literature differing
significantly in the predicting variables, in the regression coefficients for the
same predictors, and in the estimated prediction error. These empirical pre-
diction equations are a consequence of the specific data sets used for their
derivation, and thus have a variable degree of unreliability and are only useful
when the situation to be predicted corresponds to the original data set. Despite
these criticisms, empirical equations are used widely in feed evaluation systems.

Correlation between in vivo and in vitro or in situ values and statistical
goodness-of-fit are the only criteria considered in evaluating these prediction
equations. But the accuracy of these methods relies on a proper evaluation of
the techniques and empirical models. The starting point of such evaluation
would be the systematic measurement of the variable to be predicted using a
reference technique (in vivo methods) to create a comprehensive database of
the actual values against which the in vitro and in situ values can be chal-
lenged. Then, suitable prediction equations can be developed and evaluated
following the stages of initial calibration and subsequent validation. New data
becoming available can be incorporated into the original database contributing
not only to extending its size, but also to making the prediction stronger and
valid for a wider range of situations. This is a long-term approach necessary to
achieve a satisfactory degree of accuracy in the estimations of digestibility and
degradability.

However, many of the in vitro and in situ techniques described previously
are still at a stage of methodological standardization, and thus cannot be
considered sufficiently precise. This current lack of precision precludes any
discussion about their potential accuracy.

Mechanistic modelling

Mechanistic mathematical modelling can simulate reality and predict nutrient
utilization and availability within the digestive tract by representing quantita-
tively concepts and mechanisms (Dijkstra and France, 1995). This type of
modelling can be used to derive kinetic parameters from data obtained
in vitro or in situ, which can then be incorporated in holistic models to
simulate whole system behaviour. It is expected that, in the future, mechanistic
models will yield superior predictions of animal performance and will be ap-
plicable more generally than empirical models. As feed digestibility is affected
to a large extent by rumen degradation and fermentation, mechanistic model-
ling has focused on representing and quantifying the rate and extent of sub-
strate degradation in the rumen. Modelling of other crucial processes occurring
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Fig. 4.1.

in the rumen, such as kinetics of VFA production or microbial growth and
synthesis are reviewed elsewhere in this book (Chapters 6 and 8, respectively).

Rate and extent of degradation

Kinetic degradation parameters are necessary to predict feed digestibility, and
thereby the energy available, and also protein degradability in the rumen. The
amount of substrate degraded in the rumen is the result of competition between
digestion and passage. Several models have been proposed since that of
Blaxter et al. (1956), in which kinetic parameters for degradation and passage
are integrated to estimate the actual extent of degradation of feed in the rumen.
Degradation parameters are usually estimated from degradation profiles
(Fig. 4.1) obtained using either gravimetric or gas production techniques. To
associate disappearance or gas production curves with digestion in the rumen,
models have been developed based on compartmental schemes, which assume
that the feed component comprises at least two fractions: a potentially degrad-
able fraction S and an undegradable fraction U. Fraction S will be degraded at a
fractional rate u (per hour), after a discrete lag time L (h). The scheme is shown
in Fig. 4.2, and the dynamic behaviour of the fractions is described by the
differential equations:

dS/dt=0,0 <t<L (4.1a)
_ _uS, t>L (4.1b)
dU/dt=0, t>L @.2)

Therefore, the parameters to be estimated are the initial size of the fraction S,
the size of U, the lag time (L) and the fractional degradation rate (u) (Fig. 4.3).
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Examples of sigmoidal and non-sigmoidal cumulative gas production curves in vitro.
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Precise estimation of U is critical to accurate description of degradation
kinetics because the degradation rate, by definition, applies only to the fraction
that is potentially degradable, with the assumption that each pool is homoge-
neous in its kinetic properties. Fraction U of protein and fibre components has
been measured by long incubations (from 6 days to several weeks) either in vitro
or in situ, or estimated from non-linear fitting of degradation profiles. When
degradation profiles are obtained by gravimetric techniques, the non-fibre
components are assumed to contain a third fraction that disappears immedi-
ately after incubation begins, and is assumed to be degraded instantly in the
rumen (called soluble fraction or washout value, W). The loss of undegraded
particulate matter from polyester bags leads to an overestimation of W, under-
estimating the undegradable fraction. Estimation can be improved significantly
by measuring the extent of particle loss from the bag and applying mathemat-
ical corrections to the parameter estimates (Lopez et al., 1994; France et al.,
1997). Using in vitro techniques allows degradation profiles with much more
data points to be obtained, revealing the existence of multiple pools, which
would be degraded at different rates. Some models have been reported that
include several degradable pools (Robinson et al., 1986; Groot et al., 1996).
Such models contain a considerable number of parameters requiring a large
number of data points, complicating satisfactory parameter estimation due to
the limitations of the non-linear regression.

The lag phase of the degradation profiles has been described in terms of
either a discrete or a kinetic lag (Van Milgen et al., 1993). The initial lag phase
is due in part to the inability of the rumen microbial population and its enzymes
to degrade the substrate at a significant rate until microbial growth is sufficient
for enzymatic production to increase and ultimately to saturate the substrate.
Lag may be due to factors other than microbial capacity, such as the rate of
hydration of the substrate, microbial attachment to feed particles and nutrient
limitations. A discrete lag is not a mechanistic interpretation of the process in
the rumen. In vitro and in situ systems may induce an artificial lag because of
experimental procedures, and this parameter is therefore required in the
models representing the system from which the degradation profiles are
obtained.

The degradation rate of nutrients in the rumen is a key factor in predicting
extent of ruminal degradation, because it can have significant effects on both
the ruminal microbes and the host. The fractional degradation rate can be
considered an intrinsic characteristic of the feed, depending on factors such
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Fig. 4.3. Representation of the degradation parameters (L, lag time; Sp, potentially degradable
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as chemical composition of the forage, the proportion of different plant tissues
as affected by the stage of maturity, surface area and the cell wall structure.
Once feed enters the rumen, the degradation rate may also be affected by
factors related to the animal, such as rate of particle size reduction, and ruminal
conditions (pH, osmotic pressure, mean retention time of the digesta), that
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have a profound effect on microbial degradative activity. Associative effects of
feeds in the diet can be very important. For example, the depressive effect of
easily degradable non-fibre carbohydrates on the degradation rate of forage
DM is generally recognized.

An essential aspect of estimating the rate of degradation concerns the
kinetics assumed for the process. The most commonly used model (Drskov
and McDonald, 1979) assumes first-order kinetics, implying that substrate
degraded at any time is proportional to the amount of potentially degradable
matter remaining at that time, with constant fractional rate u (Fig. 4.4), and
that only characteristics of the substrate limit degradation. This model has been
used extensively owing to its simplicity, but it is not capable of describing the
large diversity of degradation profiles (Fig. 4.1), which have been observed
(Dhanoa et al., 1995), and cannot represent mechanistically the reciprocal
influences of substrate degradation and microbial growth.

France et al. (2000) postulated that 4 may vary with time according to
different mathematical functions (Table 4.5). From the various functions used
to represent u, different models can be derived to describe either in situ
disappearance (Lépez et al., 1999) or in vitro gas production profiles (Dhanoa
et al., 2000) (Fig. 4.4). Some of these functions are capable of describing both
a range of shapes with no inflexion point and a range of sigmoidal shapes in
which the inflexion point is variable. Therefore, other models are versatile
alternatives to the commonly used simple exponential model for describing
degradation profiles. On substituting the function proposed for u and integrat-
ing, Eq. (4.1b) vields an equation for the S fraction remaining during the
incubation in situ or in vitro at any time t, which can be expressed in the
general form:

S=5g x[1-a(t) 4.3)

where S is the zero-time quantity of the S fraction, @(t) is a positive mono-
tonically increasing function with an asymptote at unity (Table 4.5) and t is
incubation time (h). In situ or in vitro disappearance (D, g/g incubated) is
given by:

D=W+S8Sy—-S=W+Sy x P(t) 4.4)

Similarly, gas production profiles observed in vitro can be represented by:
G=YS, x D(t) 4.5)
where G (ml) denotes total gas accumulation to time t and Y (ml gas per g
degradable DM) is a constant yield factor. For each function, u could be

obtained from Egs (4.1b) and (4.3) as:

1dS 1 do
HETSd T d-d) dt (4.6
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Fig. 4.4. Change in fractional degradation rate (a) and in gas production rate (b) with
time as represented by different mathematical models (EXP, exponential; FRN, France; MMF,
Morgan-Mercer—Flodin).

This function constitutes the mechanistic interpretation of the degradation
processes.

Rates of degradation and passage can be combined to calculate the extent
of degradation of the substrate in the rumen (France et al., 1990, 1993). In the
rumen, if S is the amount of potentially degradable substrate remaining that is
subjected to both passage and degradation, the rate of disappearance of S is
given by (Fig. 4.2):
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Table 4.5. Alternative functions for @ in the general equations for the in situ disappearance
curves and the gas production profiles, with corresponding functions for the fractional
degradation rate (u) of the substrate for each (for the meaning of the constants, which is
specific to each model, see France et al., 1990, 2000; Lopez et al., 1999).

P M
France 1 — gclt-D-d(i-VD) c+(d/2V/1)
Simple exponential 1—ect-b c
Morgan—Mercer—Flodin 1/ (t° + K°) ct =1 /(t° + K°)
Logistic (1—e /(1 +Ke ) c/(1+ Ke=°)
Gompertz 1 —exp[(b/c)(1 — e)] be¢!
ds
-~ _ _ L 4.
F kS, t < (4.7a)
=—(k+wS,t>L (4.7b)

where k (per h) is the fractional rate of passage from the rumen, and is assumed
constant. To obtain S, the solutions of these differential equations are:

S =Spe t<L (4.83)
S=Spe ™ 1-d), t>L (4.8b)

Using these equations, the extent of degradation in the rumen (E, g degraded
per g ingested) is given by the equations:

- W+ [["uSdt - W+ kS [ PeFdt

E= W+Sg+U W+So+U @9)
for in situ and in vitro disappearance profiles (Lopez et al., 1999), and
> t  kSo [ de Kkt dt
_Jp wSdt kS [ ®e " d @.10)

_S()+U_ So+U

for in vitro gas production profiles.

Although ranking of and comparisons between feeds according to their
in situ or in vitro E values are similar, the estimates of E values obtained using
the in situ technique are numerically greater than those obtained using the
in vitro gas production method (Lépez et al., 1998, 2000). The first explan-
ation for this bias could be the loss of particulate matter from the bag, as part of
this material is lost without being degraded. However, the discrepancies persist
when the in situ values are corrected for particle loss assuming that passage
losses for particulate matter escaping from the bag at zero time are according
to the fractional passage rate or assuming that there is no instantly degradable
fraction (Dhanoa et al., 1999). The calculation for E using in situ parameters
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assumes that there is a soluble fraction (W) that is degraded completely and
instantly in the rumen, whereas in the gas production technique the soluble and
the insoluble but potentially degradable fractions are both degraded at the same
rate (u) and subject to passage, so neither substrate fraction can be degraded
completely in the rumen.

Furthermore, fractional rates of substrate degradation (u) in the in situ
technique are higher than those estimated from in vitro profiles. The differ-
ences in fractional degradation rates between in situ and in vitro techniques
are larger with feeds having high protein contents (Lépez et al., 1998).
Possible differences in gas yield per unit of substrate degraded are not directly
important in the calculation of the extent of degradation E, as can be seen from
the absence of Y in Eq. (4.10). However, if Y varies during the course of
incubation, then the rate of gas production does not properly reflect the rate
of substrate degradation. For example, a low yield at the start of the incubation
period (coinciding with a high propionic acid production from rapidly degrad-
ing fractions, including the soluble fraction), and a high yield towards the end of
the incubation period will underestimate the rate of substrate degradation and
consequently E. The value of Y might well vary during the course of incubation
for a substrate with different chemical entities (e.g. fibre, starch, sugars) because
starch and sugars generally have a higher fractional degradation rate than fibre
and cause a lower pH in the rumen fluid. Also, during the course of fermenta-
tion the amount of substrate becoming available per unit of microbial mass
decreases, resulting in an increase in the vield of gas in the later phases of
incubation. Other reasons for the discrepancies could be methodological dif-
ferences between the two techniques. Possibly rumen fluid is less active in vitro
than in situ, and accumulation of end-products may affect long-term fermen-
tation in batch cultures (Lépez et al., 1998).

In conclusion, the equations derived herein provide a general expression
for calculating the extent of degradation in the rumen from in situ and in vitro
data, which are applicable to any model expressed in the form of Egs (4.4) and
(4.5). A number of equations have been proposed in the literature to describe
the gas production curve without considering the quantitative relationship to
extent of degradation in the rumen, thus failing to link the in vitro technique to
animal performance. Now that expressions for ruminal extent of degradation
for various models have been worked out (Lopez et al., 1999; France et al.,
2000), testing more flexible models will contribute to enhancing our under-
standing of degradation and fermentation Kkinetics, leading to better diet
formulation and animal nutrition.

Concluding Remarks

In vitro and in situ techniques are used widely to estimate digestibility and
rumen degradability, and to study ruminal fermentation. It is difficult to appraise
the accuracy of many of these techniques. Only the in vitro digestibility tech-
nique was developed following calibration and validation of the in vitro estima-
tions against the in vivo values. Few studies have been conducted to determine
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how to obtain more accurate in vitro and in situ data, mainly because there are
few reference data to which comparisons can be made. With this limitation,
in vitro and in situ data are at least useful to detect treatment effects, for
relative comparisons of feeds or, in some cases, as intrinsic characteristics of
feeds that can be used in diet formulation.

On the other hand, values obtained with most of these techniques are less
variable than those measured in vivo, although the reproducibility of some
techniques needs to be increased substantially by standardizing the experimen-
tal procedures. The greatest level of standardization has been attained with the
in vitro digestibility methods, whereas a large multiplicity of analytical tech-
niques exists for the gas production method. For the in situ technique, import-
ant agreement has been achieved and a number of recommendations are
available in the literature. But not all the variables can be completely standard-
ized, and some flexibility is required for some of them, such as the animal
species or the basal diet fed to the animals, to accomplish the research object-
ives and accommodate the different facilities available in each laboratory. The
important point is that results can be interpreted by anyone and, if possible,
compared with other reported data.

All the limitations of in vitro and in situ methods need to be borne in mind
when interpreting the results, but there is no point expecting these techniques
to give exactly the same values measured in vivo. It is possible to design very
complex techniques with the aim to improve accuracy, but then many of the
inconveniences of the in vivo experiments will be prevalent and still there will
be discrepancies between estimated and actual values. In this context, math-
ematical modelling can play an important role, first detecting the bias between
estimated and actual values in order to overcome possible methodological
weaknesses of the techniques or to introduce mathematical corrections to
achieve a better approximation to in vivo values. It is important to accept
that in vitro and in situ techniques represent biological models, and hence
are just simplifications of reality. The target should be a balance between that
simplicity and the accuracy and precision of the values determined. A wide
range of techniques is available; each with its advantages and disadvantages,
and the final decision should be based on the type of work (number of feeds to
be tested and amount of sample), facilities available and research objectives.
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Particle Dynamics
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Introduction

The success of large ruminants in grassland habitats has been attributed to their
fibre-handling ability. In particular, their ability to retain plant particles in the
capacious reticulorumen (RR) allows sufficient time for digestion by fibrolytic
microbes, while the rumination process stimulates passage of digested particles
from the RR. The harvesting of nutrients from forage requires physical process-
ing of large amounts of plant material by the ruminant, with prolonged chewing
during eating and rumination. Time required for diet processing is determined
by the amount of large particles (LP) in ingested forage, efficiency of their
comminution (size reduction) and the related resistance to fragmentation that
is determined by the chemical properties and three-dimensional anatomy of
plant particles. These factors affect digesta clearance from the RR, and there-
fore can constrain voluntary intake. This constraint, together with other factors
such as palatability, bulk density and rate of digestion, potentially limits the
ability of ruminants to satisfy their metabolic capacity to utilize energy. Added to
this constraint involving processing of plant residues and clearance of digesta
from the RR, is the interplay between the animals’ metabolic capacity to use
nutrients and the ability of the diet to provide those nutrients (Weston, 1996).
An understanding of particle kinetics of digestion and passage from the RR is
important in the prediction of yields of microbial protein and substrates provid-
ing energy for ruminant tissues, together with adequate representation of
nutrient flows in models of rumen function and animal performance.

In this chapter, mastication during ingestion and rumination, the associated
processes of particle comminution, hydration, mixing and stratification
and effects of particle properties on probability of rumination and passage
from the RR and through the post-ruminal tract are discussed. It should be
remembered throughout that one of the unique aspects of ruminant physiology
is the circuitous route often followed by individual particles in the alimentary

© CAB International 2005. Quantitative Aspects of Ruminant Digestion
and Metabolism, 2nd edition (eds J. Dijkstra, J.M. Forbes and J. France) 123



124

P.M. Kennedy

tract. This route is determined by the interplay between individual particle
properties, fermentative activities of adherent microbes, the cumulative effects
of digesta load and packing of particles within the RR and the mixing and
propulsive activities of the RR and post-ruminal tract. The stratification of
particles into a floating ‘raft’ in the dorsal sac of the RR is a feature in some
situations and is thought to be important to the preferential retention of newly
ingested particles for subsequent fermentation, and to allow enhanced passage
of aged particles that have undergone digestion.

Description of these processes, and of salient anatomical features of the
ruminant gut, are given by Reid (1984), Sutherland (1988), Poncet (1991) and
also in Chapter 3. The physiology of regurgitation has been reviewed by Ulyatt
et al. (1986).

Properties of Particles Associated with Rumination and Passage

Particle properties, especially ‘size’ because of its relative ease of measurement,
are integral to discussion of particle movements. Particle size is usually deter-
mined by wet or dry sieving techniques, using screens of differing aperture and
allowing a sieving time sufficient for all particles to have an opportunity to pass
the screen. Particle size is an imprecise term and lack of standardization in its
measurement with respect to equipment, sieving time, degree of agitation and
mass of particles applied to the sieves can markedly influence the result. Despite
this, many methods yield comparable information, although some result in
estimates of enhanced median particle size (Murphy and Zhu, 1997). At least a
part of the variation between methods results from differences in opportunity for
‘end-on’ approach of particles to the screen, which allows passage of some
particles through screens on the basis of their diameter, rather than length that is
the prime determinant of passage in most techniques. The relation of particle
length or diameter to the aperture of retaining screen may differ depending on
the source of the particles (e.g. faeces vs. RR, McLeod et al., 1990). When
reference is made in this review to data derived by sieving, the aperture of the
screen that retains the particles in question is termed ‘particle size’. More recent
methods that offer speed and reliability use a simple separator with screens
(Lammers et al., 1996), microscopic image analysis (Luginbuhl et al., 1984)
or laser diffraction (Olaisen et al., 2001). Shape information can be obtained
using the latter two methods, but not from sieving methods. Classification of
particles by size gives no information on the shape (with exceptions noted
above), chemical composition or origin of the particles and consequently may
be of limited use in the description of pools of uniform kinetic behaviour in the
RR. As discussed below, the physical configuration and proportions of plant
tissues, principally of vascular structures, will determine the patterns of fragmen-
tation and the shape and rate of digestion of daughter particles (see also Kennedy
and Doyle, 1993). There is also heterogeneity of approaches for summary
statistics (Kennedy, 1984 ; Kennedy and Doyle, 1993).

It was recognized early that functional specific gravity (FSG) and size of
particles were interrelated and both influenced particle dynamics in ruminants



Particle Dynamics 125

(King and Moore, 1957; Lechner-Doll et al., 1991). However, measurement
of FSG, which includes contributions from gas and fluid components in internal
inter- and intracellular spaces as well as from plant structural material, requires
maintenance during measurement of fermentative activities of microbes asso-
ciated with particles. This difficulty has resulted in only particle size being
measured in many experiments, and accordingly in an incomplete description
of factors affecting particle movements.

In this review, where reference is made to LP, medium particles (MP), small
particles (SP), generally these are defined as particles retained on a screen of
1.18 or 1.0 mm aperture (LP), those passinga 1.18 or 1 mm but retained on a
0.5 or 0.6 mm screen (MP) and those passing a 0.5 or 0.6 mm screen but
retained on a screen of 0.15—0.05mm (SP). Fine particles (FP) are those
passing the smallest screen. These are indicative sizes, and may differ some-
what between experiments. In much of the literature, division of the particle
spectrum is made into large and small only, to designate particle pools that can
be cleared from the RR with low and moderate to high probability, respectively.
Accordingly with this division, the small particle pool includes MP, SP and FP
using the definitions above. In this review when reference is made to these
studies, the ‘small’ particles will be referred to as non-LP.

Ingestion and Effects of Mastication

Time required for ingestive chewing comprises about 40% of total chewing
time dedicated to ingestion and rumination (see Wilson and Kennedy, 1996)
and is related to diet fibrosity and maturity (Weston, 1985) and therefore to
degree of diet selection. The proportions of leaf and stem of available forage,
and their respective physical and mechanical properties, affect the ability of
animals to prehend and harvest their diets (Ulyatt et al., 1986; Wright and
Illius, 1995). The particle comminution that accompanies mastication and
insalivation of the feed bolus required for comfortable swallowing is a secondary
effect, but it does compromise structural integrity of the leaf and stem com-
ponents by removal of cuticle, crushing and separation of vascular bundles
and other plant tissues, and release of plant cell contents (Ulyatt et al., 1986;
Wilson and Kennedy, 1996). Nevertheless, for stems of different lengths,
chewing time may be related to length of feed, and the resultant particle
distribution of the swallowed bolus may be similar or even of smaller
particle size for forage of longer chop length (Gherardi et al., 1992; Pan
et al., 2003). These physical changes aid subsequent colonization of the
ingested material by fibrolytic microbes when material reaches the rumen
(Pond et al., 1984; Pan et al., 2003), while not necessarily increasing rate of
digestion (Beauchemin, 1992), with the possible exception of tropical grasses
(Poppi et al., 1981a).

A comparison of susceptibility to ingestive comminution of different
forages may be made using a ‘chewing efficiency index’ (CI), calculated as:

Cl= Lp'mgested / I—Pfeed (51)
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where LPigeted is the proportion of LP in the ingested bolus and LPj,q is the
proportion of LP in the feed.

Dryden et al. (1995) stated that values for this index for sheep and cattle,
using a 1 mm screen to define LP, are usually between 35% and 55% except
for a value of 26% for cattle consuming annual ryegrass. With sheep and
cattle fed high-quality temperate grass forages, at least 40% of LP are
comminuted (CI of 60%) during eating (Gill et al., 1966; Reid et al., 1979;
Ulyatt, 1983; Domingue et al., 1991) compared with only 9-39% of LP
in tropical forages (Poppi et al., 1981b; Pond et al., 1984; McLeod, 1986).
However, Lee and Pearce (1984) concluded that there is no simple relationship
between the degree of size reduction and their fibre content, perhaps
because the former is also related to level of feed intake (Luginbuhl et al.,
1989a). Ulyatt et al. (1986) suggested that fresh diets and those of high
nutritive value are chewed more effectively than dry ones, or those of lower
nutritive value. In contrast, Burns et al. (1997) reported that advancing
switch grass maturity was associated with reduced LP content of the ingested
bolus. Selection of a larger screen to define LP may vield a different ranking
when forages are compared (see Grenet, 1989). Sauvant et al. (1996)
proposed the following relationship between proportions of LP in the ingested
bolus and the feed:

LPingested = 121/(1 + 1'14/Lpfeed) (52)

This relationship closely described data from ground forages, but there
was large variation for long forage. The relationship did not provide a good fit
for data of Gherardi et al. (1992) for sheep fed diets in which particle
size of wheat hay was varied between 4 and 101 mm (Fig. 5.1). When a screen
of 2.36 mm aperture was used instead of one of 1.18 mm to define LP,
an equation of the same form as Eq. (5.2) provided an adequate fit.
This illustrates the utility of the mathematical function employed by Sauvant
et al. (1996) and at the same time provides a caution concerning the
appropriate definition of LP.

The mean particle size in the swallowed bolus declines with time after the
start of meal eating (Gill et al., 1966). This decline is associated with an
increase in jaw movements per bolus, larger boluses and less rapid swallowing
of boluses as the meal progresses. Differences between animals in average
particle size of swallowed hay boluses have been observed (Gill et al., 1966;
Lee and Pearce, 1984; Ulyatt et al., 1986; Gherardi et al., 1992). Rate of
chewing during eating in cattle is slower and is less effective in reducing particle
size than in sheep (Ulyatt et al., 1986).

Newly ingested boluses commonly disintegrate in the ventral rumen or the
caudal ventral blind sac after 5-15 min, while ruminated boluses break up more
readily (Reid, 1984). Individual particles then become susceptible to the various
forces that determine their location in the RR and their likelihood of passage
from this compartment as described later.
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Proportion of LP in ingested bolus

Fig. 5.1.
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Relationship (solid line) proposed by Sauvant et al. (1996) to describe change of large

particle content (LP, determined by retention on a screen of aperture 1.18 mm) of the ingested
bolus with that of the feed, together with data of Gherardi et al. (1992) from sheep fed five diets of
wheaten hay chopped to lengths from 4 to 101 mm (m). When a screen of 2.36 mm aperture was
used to define LP, the latter data (@) was described by an equation of the same form as proposed
by Sauvant et al. (1996): y = 0.212/(1 + 0.419/x).

Fragmentation patterns and role of plant anatomy

During ingestive mastication, plant tissues fragment into particle size categories
in a stochastic process (Kennedy et al., 1997), according to constraints pro-
vided by epidermal and vascular structures (Fig. 5.2).

Rate of intake of legumes was higher than for grasses and the extent of size
reduction of petioles and stems was correspondingly less (Wilman et al., 1996).
The greater ease of breakdown of lucerne than of ryegrass has been attributed
to differences in fibre content and three-dimensional structure of the lignified
supportive tissues, which in the case of lucerne are central xylem tissues
compared to the scattered arrangements in ryegrass (Grenet, 1989). For
temperate grasses, the fragments that result are long vascular strands, whereas
leaf fragments from tropical species generally remain in blocks of vascular
bundles due to girder-like structures in the latter (see Wilson et al., 1989b) but
with ready detachment of cuticle (Pond et al., 1984). The characteristics that
contributed to greater leaf rigidity in the tropical grass were cross-sectional
area of thick-walled tissues, a higher vascular bundle frequency per unit
leaf width, and lesser amount of densely packed mesophyll (Wilson et al.,
1989b). Legume leaves readily fragment due to their lack of girder structures
(Wilson and Kennedy, 1996). The degree of longitudinal vs. lateral splitting
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Fig. 5.2. Conceptual representation of the breakdown process of (A) leaves of tropical

and temperate grasses and of legumes, and (B) mature stems of grass and legume, during
eating and initial (0-6 h) digestion in the rumen to ‘fines’ or large particles, and subsequent
breakdown by rumination to SP. Width of lines approximately represents relative proportions
of each fraction. Black in stem = lignified ring; mes, mesophyll; phl, phloem; epi, epidermal
fragments; coll, collenchyma; VB, vascular bundle. Reproduced from the Australian Journal
of Agricultural Research 47 (Wilson and Kennedy, 1996) with permission of CSIRO
Publishing.

during chewing of petioles, sheaths and leaf blades can be related to the
abundance, thickness and orientation of vascular bundles (Mtengeti et al.,
1995). For example, Wilson et al. (1989a) reported that ingestive chewing
reduced both length and width of fresh leaf blades of a tropical grass (Panicum
maximum) to a greater extent than for a temperate grass (Lolium multi-
florum). Reductions in length for the tropical grass were approximately nine-
vs. fivefold for temperate leaf, whereas mean width was reduced approxi-
mately five- and twofold. Wilson et al. (1989a,b) and Wilman and Moghaddam
(1998) found that tropical grasses were chewed into particles ‘somewhat
smaller’ than the temperate ones, apparently involving slower eating. After
chewing, particles of tropical stem were much larger than corresponding
leaf particles; 6-10% of total cell wall area was exposed on the outside of
chewed particles of legume leaflets and grass leaf blades and sheaths, whereas
stem fragments were larger, and only 3-4% of cell wall area was exposed
(Wilman and Moghaddam, 1998).



Particle Dynamics 129

Rumination and Comminution
Chewing behaviour

Duration of rumination increases with dietary intake and fibre content to
a maximum of at least 12 h/day (Weston et al., 1989), although values of
10 h/day for animals at high intake of forage of low feeding value are more
common (Dulphy et al., 1980). Coleman et al. (2003) reported a close
relationship between intake constraint (see Weston, 1996) and ruminating
time in goats. Chewing rates during rumination vary with type of animal and
forage (Dulphy et al., 1980; Weston et al., 1989). In contrast to comminution
during eating, it has been proposed that rumination has the primary function of
facilitating clearance of digested particles from the RR by reduction of particle
size and positioning of particles in ‘zones of escape’ (adjacent to the reticulo-
omasal orifice), where there is an enhanced likelihood of onward passage
(Ulyatt et al., 1986; Waghorn et al., 1986; Ellis et al., 1999). However,
there is evidence that the stimulus to outflow of particles from the RR that
are ‘aged’ (having been fermented and comminuted) is less during rumination
than during eating (Girard, 1990; Das and Singh, 1999). Reasons for this may
include: (i) increased salivary input during eating; combined with (ii) availability
and amounts of ‘aged’, digested particles with high propensity for onward
passage; and (iii) force, frequency and duration of contractions of the RR in
relation to opening of the reticulo-omasal orifice.

With the exceptions of legume leaf which may be quite fragile (Wilson and
Kennedy, 1996) and of very highly digestible forage (Grenet, 1989), most LP
present in the RR appear to undergo comminution during ruminative mastica-
tion rather than by breakdown through direct microbial action or by friction
against other particles during compression of the digesta mass caused by
contractions of the RR (see Kennedy, 1985; Ulyatt et al., 1986; McLeod
and Minson, 1988; Kennedy and Doyle, 1993). This conclusion applies to
reduction in particle length of LP, but less so to width which may be substan-
tially reduced during microbial digestion by splitting between vascular bundles
(Wilson et al., 1989a,b). Non-LP are also subjected to comminution during
rumination, but this occurs in competition with increasing probability of
passage as size decreases. Among particles in the RR from coastal Bermuda
grass categorized as non-LP, passage rates may vary by a factor of 2, and
probability of comminution may exceed that of passage for particles retained
on screens of 0.3 to 1 mm (Ellis et al., 1999). In that study, leaf was twice as
likely as stem to either pass from the RR or be comminuted at equivalent
particle size, thus illustrating the heterogeneity within pools defined by sieving
techniques that do not distinguish tissue type.

For particles containing vascular tissue, there may be a size below which
particles are not comminuted. Smith et al. (1983) found little comminution in
orchard grass particles of size below 0.2 mm. In agreement, Jarrige et al.
(1973) reported that time spent ruminating sharply increased when diet
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particle size increased from 0.2 to 1.0 mm. The effectiveness of rumination
in comminution of very small particles may depend on the presence of
fractures that may be propagated by further chewing (Kelly and Sinclair,
1989). This suggestion needs further elaboration in relation to plant anatomical
structures.

Large particle dynamics

In cattle, estimates of the proportion of ingested LP comminuted by rumination
are between 40% and 90% (Ulyatt et al., 1986), 70-84% (Suzuki, 2001) and
90% (Kennedy, 1985). The efficiency of rumination (per hour of chewing)
increases with feed intake and LP content of the RR (Faichney, 1990; Bernard
et al., 2000). Within a cycle, efficiency is a function of: (i) the ease with which
particles are transported to the mouth during regurgitation and the attendant
selection of LP requiring comminution; (ii) efficiency of locating particles
between the occlusal surfaces of the teeth; (iii) physical properties of particles,
especially the inherent resistance to fracture of particles; (iv) the particle size
distribution of the swallowed bolus; and (v) time spent chewing.

Rates of breakdown of LP in cattle have been estimated by measurement of
LP load by removal of digesta from the RR through a fistula. When frequent
feeding is practised to promote steady-state kinetics, a single measurement of
LP pooal size is required, whereas when feed is available for a restricted period,
measurement of the subsequent decline in LP pool in the RR requires two
measurements (see Kennedy and Doyle, 1993). Other methods involve collec-
tion of bolus traffic from an oesophageal fistula during rumination, or using
marker techniques. In a collation of data from a variety of sources and methods,
Kennedy and Doyle (1993) found rates of LP breakdown through comminution
plus digestion of 5-29% per hour for forages, with values for sheep tending to
be 30% greater than for cattle. This difference is associated with higher chew-
ing rates during rumination in sheep than in cattle (80-100 vs. 40-60 chews
per min; Ulyatt et al., 1986), but it is not clear if differences in mastication
efficiency per se are involved. Pertinent studies employing plastic particles
showed that 10-mm particles were comminuted at rates of 2-6% per hour
for both sheep and cattle (Lechner-Doll et al., 1991), indicative of similar
mastication efficiency. It was noteworthy that, while pregnancy and lactation
affected intake and passage rate of plastic particles, comminution rate of
10-mm particles was constant at about 6% per hour in sheep (Kaske and
Groth, 1997). Whole maize grains that escape ingestive chewing apparently
are not available for rumination and pass intact from the RR (Ewing et al.,
1986). Leaf is not always comminuted at a faster rate than the corresponding
stem, but with cattle consuming coastal Bermuda grass, the difference in rate
was substantial (Kennedy and Doyle, 1993). More recent data for that diet
confirmed that ruminative comminution occurred at 27% per hour for leaf
particles retained on a 3 mm screen, compared to only 12% per hour for
equivalent stem particles (Ellis et al., 1999).
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Bolus traffic

Regurgitated boluses appear to be derived from the ventral or middle parts of
the reticulum of sheep, although it has been suggested that the site of origin in
cattle may be the dorsal reticulum or cranial sac (Ulyatt et al., 1986; Luginbuhl
et al., 1989b; Suzuki, 2001). In most studies, the ruminated bolus in cattle was
found to contain a lower proportion of LP than in the dorsal sac, from where
the bolus material was thought to originate (Ulyatt et al., 1986; Suzuki, 2001).
Kennedy (1985) reported a contrary result but explanation may lie in the
non-exhaustive sieving technique used.

The regurgitated (‘up’) bolus is followed within a second by swallowing of an
unchewed (‘tail’) bolus that is depleted of LP. After chewing for approximately
1 min, the ‘down’ bolus is swallowed and the comminuted material deposited in
the anterior rumen, in proximity to the reticulo-omasal orifice. Some material is
usually swallowed before the end of the cycle; thus the ‘down’ bolus comprises
two parts. A conceptual representation of the time course of particles and LP in
the mouth during a rumination cycle is shown in Fig. 5.3. The ‘up’ bolus may
vary in sheep from 54 g wet weight for fresh herbages to 74 g for chopped
forages (Ulyatt et al., 1986) and values of 750-824 g were reported for cattle
given chopped forages (Kennedy, 1985).

In cattle, as a result of swallowing the ‘tail’ bolus, LP in the retained bolus
was enhanced by 30-47% (Chai et al., 1984; Kennedy, 1985), 15% (Suzuki,
2001) and 8-18% in sheep (Ulyatt et al., 1986). Of LP retained in the mouth
after passage of the ‘tail’ bolus, 57-86% was reduced during a rumination cycle
in cattle (Chai et al., 1984; Kennedy, 1985; Suzuki, 2001) and 39-65% for
sheep (Ulyatt et al., 1986).

Specific fragility (SF) during rumination describes the efficiency of LP
comminution of the ‘retained’ bolus and is calculated as:

SF = chomminuted/ (chews x Lpretained) (5.3)

where LP omminuted denotes LP comminuted in one cycle of rumination, chews
is the number of chews per rumination cycle and LP,ineq is the quantity of LP
in the retained bolus at the start of chewing.

SF is affected by time after feeding, with values at 16 h twice those at 4 h
after feeding for cattle fed brome grass and lucerne chaff (Chai et al., 1984).
This increased SF with time after feeding may be attributable to the digestive
weakening, or to changes with time of leaf and stem proportions aspirated to
the mouth in the ‘up’ bolus. Forage effects are important; SF of brome grass
was 50% higher than for lucerne, resulting in 21-36% more LP being
comminuted per chew at 16 h after feeding (Chai et al., 1984). Data of Suzuki
(2001) for cattle fed orchard grass and timothy hay show moderate increases
(35-44%) in SF with time post-feeding, attributable to decreases of about 20%
in shearing energy of regurgitated stem. In that study, shearing energy of stem
was two to three times that of leaf and the majority of regurgitated LP was of
stem origin. Accordingly, the proportion of stem particles would largely
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determine the comminution effort required. Chai et al. (1984) and Kennedy
(1985) observed a close relationship of SF with number of chews per cycle,
which led to the suggestion that cycle length during rumination was determined
by the relative extent of LP comminution. The data of Suzuki (2001) for low-
and high-quality grasses are consistent with this concept.

LP comminution and resultant particle distribution

Description of the degree of comminution during rumination to daughter pools
of different particle sizes is poorly defined, to the detriment of efforts to model
particle kinetics (Faichney et al., 1989). The chemical and anatomical deter-
minants of rigidity and brittleness of plant fractions need elucidation (Akin,
1989; Wilson et al., 1989a,b) as does the role of the rumen microbes in
digestion and weakening of fibrous plant residues and the resulting impact on
fragmentation patterns.

Ueda et al. (2001) showed in sheep that comminution from the rumen MP
pool was responsible for entry of 2.3 times as much indigestible DM into the SP
pool compared to the direct entry to the SP pool from the LP comminution.
Conversely, MP comminution was responsible for only 15% of entry into the
FP pool, whereas the amounts from LP and SP pools were 46% and 40%,
respectively (Fig. 5.4). In experiments reliant on adhesion of external markers
to mark defined particle pools, migration of marker may bias accuracy of
estimates of particle movements; application of markers using competitive



Particle Dynamics 133

LP MP SpP

Fig. 5.4. Diagram of RR pools and flows of indigestible dry matter calculated from Ueda et al.
(2001). Pools are shown with size in proportion to content of indigestible dry matter, and width of
arrows connecting pools are in proportion to daily flows of indigestible dry matter. Biases caused
by increase in potential digestibility due to comminution per se could not be assessed. LP, MP, SP
and FP designate large, medium, small and fine particle pools, respectively.

binding is now considered the optimal method (see Worley et al., 2002), but
marker migration may still occur (Hristov et al., 2003). Data of Ueda et al.
(2001) were derived using markers that had been applied by a soak and wash
method, which should have reduced marker migration.

Information on net changes of particle proportions during bolus traffic was
obtained by Kennedy (1985 and unpublished results) for steers fed four dried
forages. The majority of LP in the ‘up’ bolus were comminuted after one
rumination cycle mainly to MP (57-72% by weight), with the remainder
appearing in SP (18-30%) and FP (6-21%) fractions in the ‘down’ bolus.
A greater proportion (50%) of LP was comminuted to the MP pool between
4 and 16 h post-feeding, than occurred between 16 and 24 h (17-25%). In
another study with steers given separated leaf and stem fractions of Lolium and
Medicago, McLeod (1986) found that 34-40% of comminuted LP appeared in
the MP pool, while 19-41% and 13-52% appeared in the SP and FP pools.
Leaf of Lolium fragmented more to FP than was the case for the other three
diets and therefore the potential clearance rate from the RR might be expected
to be greater (see later). Such studies of net changes in particle size fractions of
boluses do not account for comminution of MP and SP initially present in the
retained bolus, i.e. changes in the non-LP pools are attributed solely to input of
material from LP fragmentation, unless particles are also marked to determine
gross movements between particle pools.

The vascular origin of non-LP produced following rumination indicates the
obvious predominance of residual vascular tissue in leaf and stem fragments in
the RR. This conclusion differs from the situation on ingestion, which results in
more digestible tissue, notably mesophyll in the non-LP. In seeking more
quantitative definition of patterns of LP comminution, sampling of bolus traffic
during rumination has yielded some insights, but has rarely been accompanied
by anatomical characterization of LP that would have facilitated a mechanistic
explanation of fragmentation patterns. In one of the few relevant studies, Kelly
and Sinclair (1989) concluded after examination of ‘up’ and ‘down’ boluses in
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sheep that all plant components (leaf, stalk, sheath and cuticle) were broken
down at a similar rate for five forage diets. A more accurate evaluation of
fragmentation patterns is possible when particle categories are identified using
external markers, but it is important that appropriate preparation techniques
are used to ensure strong attachment of markers to particles (Bernard and
Doreau, 2000). Using markers, Suzuki (2001) identified leaf and stem
components of ruminated boluses in cattle fed orchard grass. The data showed
that the ratio of stem:leaf in the ‘up’ bolus progressively increased from about
38:45 at 4-8 h after feeding, to be about 60:35 at 20-24 h. Thus, differences
in ruminative comminution rates of leaf and stem may arise from changes in
availability of these fractions for rumination with time after feeding, in addition
to differences in SF and fragmentation patterns.

Occurrence of substantial breakdown of LP directly to SP, thus bypassing
the MP pool, was indirectly supported by evidence of similarity between LP
and SP in respect of fibre:lignin ratio and digestible fibre patterns (Waghorn
et al., 1986; McLeod et al., 1990) and also by particle distributions after
ruminal digestion of forages in situ (Nocek and Kohn, 1988). However,
because the input of particles to these pools during ingestive mastication
is from different and more digestible plant tissues than is the case during
rumination, it is probable that the chemical composition of particle fractions
cannot be used unequivocally to support conclusions about parent pools. For
example, during rumination, the smallest particles are likely to be pieces or
slithers of vascular bundle or xylem ring, in contrast to fines derived from initial
chewing, which are likely to be derived from mesophuyll, epithelial and pith cells
(Fig. 5.2).

In order to clarify factors affecting degree of comminution, we require
more studies in vivo using markers to trace the fate of defined particle groups
(e.g. Ellis et al., 1999; Ueda et al., 2001) and in vitro employing bench-top
equipment to mimic chewing and fragmentation patterns applicable to the
in vivo situation. Elucidation of different patterns of fragmentation will require
description of the plant tissue of origin and composition of bolus material
retained in the mouth prior to ruminative chewing.

Microbial colonization and weakening of particles

Attachment of fibrolytic bacteria to ingested particles occurs within 10 min,
followed by bacterial growth and initiation of digestion (Koike et al., 2003).
Yang et al. (2001) and Rodriquez et al. (2003) found quadratic increases in
microbial biomass attached to ruminal particles as their size decreased to those
retained on screens of 0.15 and 0.08 mm apertures, respectively. The high
proportion of bacteria associated with the smallest particles is likely to be
caused by the predominance of highly digestible plant tissue resulting from
direct inputs from the diet (see Rinne et al., 2002; also Fig. 5.2); smaller
particles have increased surface area for microbial attachment (Pond et al.,
1984; Pan et al., 2003). This suggestion is in accord with calculations by
Wilson and Hatfield (1997) that indicate that accessibility by fibrolytic bacteria
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decreases as particle size increases, partly owing to reduced opportunity of
infiltration into cell interiors through open lumens of cells with chewed ends.
Accordingly, the efficiency of microbial synthesis will be directly related to the
rate of passage from the RR of the particle material to which the bacteria are
attached (Isaacson et al., 1975), and their microbial load determined by extent
of fermentation and tissue origin of the particles.

It has been generally assumed that microbial digestion does not significantly
affect particle comminution (Ulyatt et al., 1986), but there is evidence that the
fungi in the RR are especially effective in the disruption and weakening of LP
(Fonty et al., 1999). Moreover, there is evidence that weakening of particles
during ruminal fermentation occurs, as illustrated by reduction in grinding
energy of chopped dietary material with time of exposure to in situ ruminal
incubation (Fig. 5.5). In another study, time of immersion in the rumen required
to halve initial strength (load to fracture) for ryegrass leaf, hay stem and barley
straw stem was measured to be 18, 35 and 60 h, respectively; furthermore,
these times were well related to the total chewing effort observed for each diet
(Evans et al., 1974). Rate of LP comminution, simulated in bench-top artificial
masticators was increased by ruminal digestion (McLeod, 1986; Kennedy
et al., 1997).

During digestion of temperate grass, width reduction of the chewed LP was
faster than in a tropical grass because the straight-walled intercostal cells of the
epidermis were easily separated allowing the epidermis to split, whereas the
sinuous walls of tropical grass were resistant to splitting (Wilson et al., 1989a).
The linkage of epidermis to vascular bundles via thick-walled bundle sheath cells
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Fig. 5.5. Grinding energy of particles of dietary material recovered from dacron bags after

various incubation times in the reticulorumen when cattle were fed the same hay diet of either
dolichos (m), verano (®), pangola (a) or sorghum () (data of Kennedy et al., 1993).
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contributed to slower width reduction in the tropical grass by causing the
epidermis to remain attached for much longer than for a temperate grass.
The epidermis of the temperate grass was shed on digestion of thin-walled
mesophyll cells, which formed the linkage of epidermis to the vascular bundles
(Wilson et al., 1989a). Leaf material of temperate grass was reduced to isolated
fibres within 24 h of digestion; this process took more than 48 h in the tropical
grass. These fibres all had a high resistance to length reduction by digestion
irrespective of their anatomical or species origin.

Although there is presumptive evidence for increased ruminative fragmen-
tation with greater digestion in vivo (Chai et al., 1984), whether this weaken-
ing contributes to greater comminution rate in the animal is uncertain.
Considering the changes in proportions of leaf and stem in boluses mentioned
previously (Suzuki, 2001), together with the shearing energy of leaf and stem
particles separated from the ruminated boluses, there should have been a net
decline with time post-feeding of about 30% in the shearing strength of an
average bolus particle. However, as little change in rate of comminution per
chew (SF) was evident from the bolus traffic experiments, we may conclude that
the biting force exerted by ruminants is sufficient for LP comminution at all
stages of the feeding cycle. Tensile breaking strengths of 1-15 N of temperate
grass leaves (Henry et al., 1996) are lower than peak biting force exerted by
sheep (8-13 N; Hughes et al., 1991), but the higher tensile strength expected
for stem material may require several chews for its fracture. Greater forces were
required to fracture pseudostem than leaves of grasses and there were no
significant relationships with chemical composition (Wright and Illius, 1995).
Fragmentation of stems generally requires more energy than of leaf, giving rise
to the inverse relationship between ease of fragmentation and mean cell wall
thickness (Spalinger et al., 1986).

Comminution mechanisms

Although particle size distributions of swallowed boluses have been reported by
various authors, such data provide information about the results of mastication,
but do not specifically address the chewing process itself. It seems agreed that
translative (grinding or shearing) mechanisms, as opposed to compressive
movements, are the dominant mode of breakdown of large plant particles
during chewing in ruminants (Nickel et al., 1979). In general, comminution
can be viewed as a function of two processes, selection and breakage (Epstein,
1947). The selection of a particle for breakage is likely to depend on: jaw,
tongue and cheek movements; the total occlusal surface of the molars; tooth
shape; particle size; and the total amount of food or digesta in the mouth.
Breakage is thought to depend on tooth shape, the amount and coordination of
muscle activity, the rigidity/breaking strength of the particle and its size and
shape. Processes of particle selection and breakage during mastication have
not been explicitly studied in ruminants, although the results of experiments
using humans may prove instructive although not directly applicable because of
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Fig. 5.6. Relationship between particles comminuted per chew during ingestion and content
of those particles in the diet of sheep fed wheaten straw chopped to five lengths between 4 and
101 mm (data of Gherardi et al., 1992). Particles retained on screens of 2.36 (®) and 4.75 mm
(m) are plotted. The common regression (y = 0.0464x) excludes the three points with highest x
values.

the choice of materials such as carrots in the human studies (e.g. Lucas and
Luke 1983a,b; Baragar et al., 1996).

If a quantitative description of the progress of particle fragmentation during
comminution was available, our ability to explain the interaction of mastication
and plant anatomy would be greatly enhanced. A pertinent approach was
made by Murphy and Bohrer (1984). From data for sheep of Gherardi et al.
(1992) depicted in Fig. 5.6, it appears from the linear relationship that active
selection of particles for ingestive chewing did not occur and comminution was
determined by dietary LP content, at constant efficiency. The deviation
from linearity at high dietary LP content may be due to the increased content
of >4.75mm particles in the >1.18 mm fraction, rather than changes in
selectivity or breakage probability.

Mixing and Stratification of Particles in the RR

Boluses swallowed during eating are deposited in the reticulum or over the
cranial pillar into the main rumen sac, depending on the stage of the contraction
cycle, whereas those swallowed during rumination are deposited in the dorsal
part of the cranial sac of the rumen and swept caudally over the cranial pillar with
the next contraction of the reticulum. The contraction sequence of the RR
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that determines the movement location in the RR and their likelihood of
passage from this compartment have been discussed elsewhere (Waghorn
and Reid, 1977; Reid, 1984).

Newly ingested particles, with the exception of large grains, contribute to
the floating raft in the RR as they have a low FSG owing to gas-filled voids.
Hydration of the voids is rapid and essentially complete for SP within 60 min
(Wattiaux et al., 1992, 1993) and the relative change of FSG is greater for
larger particles (Hooper and Welch, 1985). After hydration, the FSG of
particles may continue to be less than the surrounding fluid, by virtue of gas
evolution arising from microbial fermentation (Sutherland, 1988). Stem par-
ticles, with their architecture of internal gas-filled voids, are more likely than
leaf to be incorporated into raft particles. Sutherland (1988) reported for sheep
fed lucerne which was 50% leaf, that the raft came almost entirely from stem.
This also applied in cattle fed silages made from timothy—-meadow fescue
hay harvested at intervals of 1 week and with leaf content declining from
60% to 29% (Rinne et al., 2002), but not to cattle grazing coastal Bermuda
grass in which material harvested was of predominantly leaf origin (Pond et al.,
1984).

Stratification of particles between pools within the RR may be quantified by
the ‘distribution coefficient’ (D) (Sutherland, 1988), for any particle size
category as defined by:

D= Apooll /Ap0012 (54)

where Apoi1 and A2 are the concentrations of particles from a size category
(g DM/kg wet weight of digesta) sampled from two pools.

As an illustration, if the distribution coefficient of MP between dorsal and
ventral sacs (ratio of the MP content of the raft compared to MP in ventral
digesta) is greater than 1, it is either indicative of incomplete mixing, hetero-
geneity of buoyancy, or physical entrapment within the dorsal raft. For both
sheep and cattle fed once per day, this dorsal/ventral distribution coefficient
was positively related to particle size, and decreased with time after feeding,
indicating lessening of stratification (Evans et al., 1973; Sutherland, 1988).
Plots of distribution coefficients from data of Evans et al. (1973) indicate that
MP, but not SP, are susceptible to stratification with a consequent dispropor-
tionate representation in the raft (see Kennedy and Doyle, 1993). In another
study, with increasing maturity of grass in silage, MP in the RR accumulated due
to decreases in passage of MP from the RR (Rinne et al., 2002).

Sutherland (1988) and Pond et al. (1987), from evidence of similar sedi-
mentation characteristics of particles from dorsal and ventral sites, proposed
that particles were continuously interchanging. In contrast, Poppi et al.
(2002) suggested that once particles leave the raft, their rate of
reincorporation into the raft is low, and probability of passage out of the RR
is high. These conlflicting reports leave open the possibility that the buoyancy
and entanglement characteristics that determine sequestration may be quite
variable with different rumen conditions that result from ingestion of forages of
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different types, maturities and leaf:stem ratios. In situations in which a distinct
raft was not observed and distribution coefficients of particles from the dorsal
and ventral sacs were similar, the reticulum appeared to take a major role in the
selection of particles for onward passage (Weston et al., 1989). For example, in
cattle in which there was no evidence for particle stratification in the dorsal and
ventral sacs of the rumen, there was depletion of contents of MP and enhance-
ment of SP in the reticulum relative to the rumen (Ahvenjarvi et al., 2001). In
cattle fed a silage-based diet ad libitum, higher feed intakes were associated
with reduced fibre digestion of the particles from the ventral sac, but raft
particles were little affected (Deswysen and Ellis, 1988), indicating stability in
probability of particle escape from the raft. This was consistent with a filter-bed
effect discussed below and with the suggestion by Poppi et al. (2002) that
particle movement from the raft controlled residence time of particles in the RR
and could be characterized as ‘age-dependent’. In contrast, in cattle grazing
coastal Bermuda grass, distribution coefficients indicated that relative depletion
of MP in the raft occurred with time after feeding accompanied by enhance-
ment of LP but with little change in SP (Pond et al., 1987). Reconciliation of
these findings is problematical without information on buoyancy or potential
digestibility of the particle fractions, as is interpretation of reports of rapid
mixing in the RR with no impediment from a raft (Lirette et al., 1990).

Rinne et al. (1997) showed that increased maturity of silage resulted in
delay of transfer from the ‘lag-rumination’ to the escape pools. As intake was
restricted below ad libitum, raft digesta weight was decreased as a proportion
of total RR digesta (Robinson et al., 1987). Poppi et al. (2002) found that for
cattle eating tropical grass, the raft comprised 77% of the DM in the RR, and
that movement of particles from the raft was slower for stem than for leaf
particles. Cherney et al. (1991) attributed the slower passage rate from the RR
of stem than leaf to greater entrapment of stem in the raft, although this effect
was confined to oat and barley, and was not found with sorghum-sudan and
pearl millet.

Faichney (1986) and Ulyatt et al. (1986) considered that the presence of
the raft acts as a filter bed whereby non-LP move through the raft with the fluid
phase in response to contractions of the RR, and may become entrapped with
larger particles. Bernard et al. (2000) proposed that the amount of ‘free water’
in relation to size of the LP pool is a main determinant of movement of particles
in the rumen and therefore degree of stratification in a raft. The raft/filter bed is
equivalent to the ‘lag-rumination’ compartment identified by Ellis et al. (1999)
using marker kinetics. It appears that the raft exerts only a temporary delay to
movement of small plastic particles (Welch, 1982; Lechner-Doll et al., 1991)
and to dense radio-opaque markers (Waghorn and Reid, 1977). In general,
there seems to be little evidence for entanglement of SP in the longer forage
particles of the raft and subsequent impedance of SP movement to the
reticulum, although such entanglement may occur with larger particles, such
as whole cottonseed (Harvatine et al., 2002).

The degree to which particle passage from the ventral sac (Pp) is hindered
by the presence of the raft may be expressed as a probability of particles
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escaping to the reticulum:
P,=(1-R)/I[R-D+(1—-R)] (5.5)

where R is the proportion of the wet weight of rumen contents comprising the
raft, and D is the distribution coefficient expressed as a ratio of concentration of
particles in the raft to that in the ventral sac (Sutherland, 1988). This relation-
ship is shown for R = 0.33, 0.50 and 0.67 in Fig. 5.7.

Using concepts developed by Faichney (1986), Bernard et al. (2000)
produced a model of particle movements that endeavoured to take account
of the filter-bed effect. These authors employed an arbitrary method to
determine entrapment of SP by larger particles, which involved estimating
the proportion of the SP pool that was entrapped with larger particles by use
of a filtration method, and subsequent redistribution of entrapped SP to LP and
MP pools. Also, they assumed random comminution of LP and MP to smaller
particle pools with mass flows determined by the content of indigestible acid
detergent fibre in those pools. The assumptions involved are unlikely to be valid
for the variety of fragmentation patterns and buoyancy mechanisms that
appear to characterize particle comminution and passage. For appropriate
accommodation of the filter-bed effect, an improved method to measure
entrapment should be developed, which accommodates results of Olaisen
(2001). These indicated that increased feed intake leads to increased raft forma-
tion, a greater degree of particle packing within the RR and partial inhibition of
sedimentation behaviour. It is also of interest that the comminution patterns
of lucerne deduced by Ueda et al. (2001), by use of marking particle pools
with rare earth markers as depicted in Fig. 5.4, do not support the random
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Fig. 5.7. Relationship between the probability of particles escaping the reticulorumen and their
distribution coefficients (D) between dorsal sac and reticulum, as described by Eq. (5.5) (from
Sutherland, 1988).
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comminution assumption used in application of the method of Faichney (1986).
Discrimination against particle movement from the ventral rumen to the
reticulum also occurs as indicated by distribution coefficients between the
two sites, but was removed when the diet of lucerne was ground (Weston et al.,
1989). It is possible that a similar lack of particle discrimination and negligible
raft formation occurs with some diets such as silages (Ahvenjarvi et al., 2001).

Considerable experimental work will be required to develop a quantitative
description of the interaction of the particle properties and microbial fermen-
tation that are responsible for particle buoyancy and movement within the RR.
Current evidence indicates that differences in chemical composition and par-
ticle anatomy, together with the particle environment in the RR, will also affect
particle movements and therefore require characterization.

Passage from the RR

Passage of digesta from the RR is not only determined by feed properties and/
or the amount of digesta in the RR, but also by the degree of motor control by
the animal over muscular contractions of the RR that affects propulsion to the
omasum of reticular contents. Increased feed intake of forage, and therefore
outflow from the RR, results in increased fractional passage rate (FPR) from the
RR (Luginbuhl et al., 1989b; Coleman et al., 2003); this is associated with
duration and amplitude of reticular contractions, with the duration deemed the
more important (Okine and Mathison, 1991). Ulyatt et al. (1986) stated that
for sheep the amount of digesta flowing from the RR per opening of the
reticulo-omasal orifice varied from 0.25 to 0.5 g DM, while for cattle
the value is 1.8-3.6 g OM. Sauvant et al. (1996) assigned a value for particu-
late DM that flowed per opening of the orifice of 0.40 g in sheep with a RR
volume of 150 ml/kg liveweight. In this model, intake variations were accom-
modated through their effects on RR volume. It is pertinent to note that the
primary response is increased digesta flow from the RR. Whether a corre-
sponding increase in particle FPR occurs will depend on corresponding
changes in the amount of particles in the RR (see Chapter 3 for discussion
about the relationship of FPR with mean retention time).

Clearance from the RR of digestible plant cell wall occurs at a slower rate
than for indigestible cell wall (Rinne et al., 2002), despite the occurrence of
both components in each particle. Thus, estimated FPR of dietary cell wall
constituents is usually greatest for lignin and least for hemicellulose (Egan and
Dovyle, 1985). This is a consequence of differential sorting within the RR of
particles having undergone differing degrees of digestion and having differing
chemical and physical properties. The kinetic validity of calculating FPR from
the total RR content of particles is reduced by the existence of sub-pools
with restricted interchange. There may be reduced probability of movement
of particles relative to water due to sequestration of particles in the raft in
the dorsal rumen, discrimination against passage from the ventral rumen to
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reticulum, and at the reticulo-omasal orifice. The degree to which movement of
particles within the RR are retarded relative to fluid by a series of such processes
can be expressed in the form:

FPRparticles = PIPZPS .- ~PanRﬂuid (56)

where FPR.sices and FPRy, are the FPR constants governing outflow
from the RR for particles and fluid, and P; to P, are probabilities of particle
passage relative to fluid during each retardation process up to the nth process
(Sutherland, 1988). Close relationships between FPR of water and FPR of non-
LP were reported by Cherney et al. (1991) and de Vega and Poppi (1997).

The existence of back-flow of LP from the omasum to the RR has been
demonstrated (Deswysen, 1987) but is considered to be of little consequence to
this discussion, as there appears to be no apparent mechanism to select or
reject particles in the omasum.

Effects of particle size on passage from the RR

FPR from the RR varies inversely with particle size, and seems to be well
described in most studies by a negative linear relationship between the loga-
rithm of FPR and screen aperture through which particles pass or are retained
(Poppi et al., 1980; Egan and Doyle, 1984; Ellis et al., 1999). Similar
relationships were observed with particle length or width (Weston, 1983).
The intercept and slope of the logarithmic relationship noted above is depen-
dent not only on the methodology employed to determine particle size, but also
on type of forage in the diet and animal age.

The inverse relationship between FPR and particle size, while a common
feature in the literature, was not observed in all studies. Passage rate of FP in
some cases may be lower than that of SP. For cattle eating a grain:silage diet,
within the non-LP particles, passage rate of 0.3 mm particles was fastest, and
declined at particle sizes below and above the 0.3 mm size (Olaisen, 2001).
A similar relationship was also reported by Dixon and Milligan (1985) for cattle
given long and ground grass hay, while Waghorn et al. (1989) found in cows
similar FPR of particles smaller than 2 mm. It is uncertain if the results would
have been obtained if corrections had been made for differential digestion
of particles of different size, occurring in transit between the RR and faeces.
When FPR from the RR is measured from the appearance of those particles in
faeces, its calculation will be biased if the mean weight of the particle that exists
in the RR pool differs from those appearing in the faeces as a result of microbial
fermentation, mammalian digestion, or simply lysis or detachment from par-
ticles of ruminal microbes in the post-ruminal tract. The degree of bias is likely
to differ for different particle categories and sources of particles, as determined
by use of internal markers (McLeod et al., 1990). Internal markers are pre-
ferred for correction of post-ruminal digestion. External markers (especially
rare-earth markers) that can be applied to specific particle pools have been
used extensively, but use of these markers may still be subject to methodological
inadequacies, with the most important concerns being variation in ratio of
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marker to particle DM and marker migration from particles and preferential
adherence to the smallest particles (Faichney, 1986).

Many authors have proposed a critical particle size above which passage of
LP is assumed to occur with very low probability. Critical particle size has often
been defined as retention on a screen of 1-2 mm aperture because minor
amounts of particles appearing in faeces are retained on a 1mm screen. Such
particles are usually several millimetres in length, and faecal particles exceeding
10 mm have been observed (Weston, 1983; McLeod, 1986). The concept of
critical particle size may be convenient, but without evidence of a discontinuity
in the relationship of FPR with particle size, it is strictly incorrect and seems to
lead to the invalid presumption that all non-LP are equally eligible to flow from
the rumen. In contrast, Smith et al. (1983) and Ellis et al. (1999) reported
continued comminution and enhanced particle flow as particles decreased in
size to approximately 0.2 mm, such that FPR of particles of the largest non-LP
particles were 30-40% that of the smallest. When leaf and stem fractions were
fed ad libitum separately to cattle, intake of leaf was higher than stem (e.g.
Poppi et al., 1981a; McLeod et al., 1990) or similar to stem intake (Lamb
et al., 2002). In both situations, FPR of leaf was higher than for stem for LP,
MP and SP. Additionally, in the report of Lamb et al. (2002), FPR for
(MP + SP) was higher for leaf than for stem when immature hay was fed, but
not when mature hay from the same pasture was fed. Confirmation of faster
breakdown and subsequent passage of leaf blades cut to a length of 37 mm,
when compared with stem of identical length, was reported by Cherney et al.
(1991), who marked different morphological fractions of four hays with rare
earths in ten sheep diets. Total clearance (breakdown plus passage) from the
RR of leaf blade was 5-6% per hour higher for stem for oats and barley, but
clearance of those fractions was similar in sorghum-sudan and pearl millet.
Rapid leaf loss from rumen contents was reported for legumes, but not for
grasses (Kelly and Sinclair, 1989). These differing responses may result from
an interaction between tissue type (leaf or stem) with nutrient supply, in which
physical factors in some situations imposed a greater constraint (not necessarily
maximal) to passage of stem than of leaf (Rafiq et al., 2002). It would be of
interest to ascertain if there were distinct rafts in situations where differences in
clearance rates of leaf and stem were observed.

Interactions of age and animal species with passage of particles occur.
Lambs cleared LP from the rumen much slower than adults, whereas they
cleared SP faster when a lucerne diet was ground, but not when it was chopped
(Weston et al., 1989). In a comparison of sheep with goats, Hadjigeorgiou
et al. (2003) reported that clearance of digesta from the RR was similar for
goats fed long, medium or short ryegrass hay, whereas a negative relationship
between clearance and feed particle length was seen in sheep.

FSG, effects on probability of rumination and passage

In the absence of fermentation, particle size will vary inversely with specific
gravity (Evans et al., 1973) with an upper limit to specific gravity (1.3 to 1.4)
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Fig. 5.8.

Increase in sedimentation rate (cm/min)

determined by the chemical composition of the ligno-cellulosic matrix (Suther-
land, 1988). Shape will also per se affect specific gravity as given by Stokes’ law
which states that sedimentation rate increases proportional to the square of the
particle size for particles of equal shape and density. Thus, as formulated by
Olaisen (2001):

v = [K1gs2(p, — p1))/(18w) and K; = 0.843log[y/0.065] (5.7)

where v is the sedimentation velocity, g is the acceleration due to gravity, s is
the ‘particle size’ (diameter of a sphere of equal volume), p, is the particle
density, p; is the density of fluid medium, w is the fluid viscosity and i is the
sphericity (surface area of a sphere having the same volume as the particle
divided by the surface area of the particle).

After hydration of gas-voids in ingested particles and colonization by mi-
crobes, gas evolved during fermentation in the RR has a major effect on FSG of
particles, which includes contributions from solid, fluid and gas components.
Accompanying fermentation, there is accentuation of the negative curvilinear
relationship of FSG with plant particle size in RR digesta (Lirette et al., 1990;
Kennedy, 1995) that reflects higher buoyancy of LP caused by gas production
associated with high digestion rate. In a comparison of cattle fed four forages ad
libitum, Kennedy et al. (1993) found that microbial fermentation of digesta
particles was responsible for an increase in buoyancy, which was positively
related to particle size (Fig. 5.8), owing to poor architecture of SP for retention
of gases derived from microbial fermentation (Sutherland, 1988). Sutherland
(1988) mathematically expressed the critical gas volume (the fraction of void
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space available to liquid but occupied by gas) to achieve a neutral buoyancy, from
which it was clear that smaller particles would have to retain relatively much
more gas than large particles, but with a poorer architecture for gas entrapment
and a high ratio of surface area to volume that facilitates gas loss. Added to this is
the lower content of digestible cell wall due to more prolonged retention if the SP
were derived from LP by rumination, and it is evident that SP will have a higher
FSG than LP during fermentation unless a high proportion of SP are highly
fermentable particles derived directly from the ingested bolus.

The importance of FSG in selection of particles for onward passage appears
to be related to the pattern of reticulum contraction that propels lighter particles
away from the reticulo-omasal orifice before it opens (Reid, 1984; Sutherland,
1988). Lechner-Doll et al. (1991), using plastic particles of defined size and
FSG, estimated that particle density was twice as important as particle length in
determining rate of clearance from the RR. Accelerated particle FPR was ob-
served when FSG of plant particles of defined size was experimentally increased
by binding of chromium (Ehle, 1984; Lindberg, 1985). In contrast, efforts to
relate buoyancy of particles in RR digesta to their FPR from the RR have been
inconclusive (Kennedy, 1995). These difficulties may derive from heterogeneity
of the measured particle pools, in which some components may migrate in
opposite directions (buoyant vs. sedimenting, see Bailoni et al., 1998).

Problematic observations for the FSG hypothesis were reported by Cherney
et al. (1991) and de Vega and Poppi (1997). In both experiments, rates of
passage from the RR of faecal particles reintroduced into the RR were similar to
those of small leaf blades, ground through a 1-mm screen (Cherney et al., 1991)
or to dietary MP (de Vega and Poppi, 1997), whereas there would be expected
to be large differences in FSG for rumen and faecal particles of equivalent size.
However, this presumption remained unproven because FSG was not meas-
ured, and the application of markers may have changed passage characteristics.
Certainly, in experiments where particles are relatively homogeneous with
respect to FSG (Lechner-Doll et al., 1991; Olaisen, 2001), the importance of
FSG in clearance rate from the RR is unequivocal. Hristov et al. (2003) found
that digesta particles with FSG greater than 1.02 contained more indigestible
fibre and SP, and passed from the RR faster than particles with FSG less than
1.02. Data of Olaisen (2001), in which particles from the RR and duodenum
were characterized into categories defined by sedimentation rate and particle
size, are plotted in Fig. 5.9. The resistance to passage from the RR (y-axis)
was calculated relative to particles passing a 0.28-mm screen and retained on
a 0.13-mm screen (assigned a value of zero). A negative value indicates less
resistance to passage than the reference particles, and a value of 1 designates
zero particle flow. A significant feature was that the minimum passage resistance
across sedimentation rates was for particles of 0.3 mm. The increase in overall
resistance above 0.3 mm was a reflection of increases in resistance in all four of
the sedimentation groups, while below 0.3 mm, the behaviour of particles
sedimenting at 1.2 mm/s contrasted with that of other groups. Consequently
the proportion of duodenal particles which sedimented at 0.38 mm/s declined
from representing 65% of duodenal particles retained on the 0.038-mm screen,
to 5% on the 1.21-mm screen, while the opposite behaviour was observed in the
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Fig. 5.9. Comparison of the relative resistance to escape of particles into the duodenum from
the reticulorumen (RR) categorized by size and sedimentation rate, in cattle fed a diet of (60:40)
concentrate:grass silage. Particles were separated on the basis of sedimentation rates (mm/s);
0.38 (@), 1.2 (m), 4.9 (A) and 16 (#), and subsequently their retention on screens of aperture
0.038, 0.28, 0.50, 0.78 or 1.21 mm, after sieving through a cascade of screens starting with
one of 1.88 mm aperture. x-Axis values plotted on mean of apertures of retention screen and
the next largest, to facilitate comparison to the relationship for total duodenal particles over all
sedimentation rates (solid line). The assumption was made that sedimentation characteristics

of particles were not altered by passage through the omasum and abomasum (data of Olaisen,

2001).

two fastest sedimenting groups (Fig. 5.10). The discussion above was based on
the assumption that buoyancy of particles collected from the duodenum was not
affected during passage from the reticulum.

In general conclusion, it appears that a logarithmic relationship between
FPR and particle size is frequently observed but deviations that occur are related
to differences in FSG-particle size relationships of components that have
different representation in various particle categories. Ration components
with obvious different physical characteristics are those of forage and grain,
but variation in proportions and behaviour of tissue categories illustrated in
Fig. 5.2, also may contribute to anomalies.

When Jessop and llius (1999) used stochastic methods to model particle
movements without reference to discrete particle pools, incorporation of
content of indigestible cell wall as an index of FSG into predictions of feed intake
noticeably improved goodness-of-fit, especially for slowly digestible forages. In
the latter work, different relationships were needed for stem and leaf, in agree-
ment with data of Ellis et al. (1999) in which the passage rates of leaf particles
were twice that for stem of the same size throughout SP, MP and LP pools.

Despite the current consensus that rates of LP comminution are high
enough not to be rate-limiting (see Kennedy and Doyle, 1993), it is not certain
if the same conclusion applies to MP. Passage and comminution rate of MP
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Fig. 5.10. Sedimentation characteristics of duodenal particles of defined size. See legend of

Fig. 5.9

for symbols (data of Olaisen, 2001).

were reduced with increasing maturity and stem content of silage, despite
increases in LP comminution rate (Rinne et al., 2002). With increasing matur-
ity, fill of the RR increased as a consequence of accumulation of MP, which is
likely to be of stem origin. Bosch and Bruining (1995) also noted relatively poor
clearance of MP for at least 8.5 h after feeding of silages. Other papers also
indicate unexpected features in relative fibre composition of MP (e.g. McLeod
et al., 1990; Bernard et al., 2000), but this is not invariably observed (Rinne
et al., 2002). It appears that those MP aspirated to the mouth for ruminative
chewing are not comminuted to the same extent as LP (Grenet, 1989); lower
buoyancy for MP than for LP and SP (Kennedy, 1995) might also reduce
efficiency of aspiration into the oesophagus during rumination.

Concentrates may clear faster from the RR than forage LP due to their
higher FSG, which reduces the probability of retention in the raft (Poncet,
1991). Maize particles of 0.5-1.0 mm size (determined by sieving) were
cleared from the RR 20% faster than larger particles (Turnbull and Thomas,
1987) although a larger differential (100%) was reported by Ewing et al.
(1986). For ground barley, FPR of MP and LP were similar (Olaisen, 2001)
and rumination behaviour also differs in cattle fed maize and barley (Beauche-
min et al., 1994). For comparison in forages, FPR of MP may be 500% higher
than for LP (Egan and Doyle, 1984).

Post-ruminal Particle Dynamics

Digesta particle size is reduced somewhat between the omasum and
faeces; however, the faecal particle size distribution is considered to reflect
that of material passing from the RR (Ulyatt et al., 1986). A size separation



148

P.M. Kennedy

mechanism seems to exist in the proximal colon of some non-ruminants that
enhances the concentration of FP (<0.100 mm) in digesta in this compartment
compared to that in the distal colon (Bjornhag et al., 1984). Whether or not this
occurs in the ruminant colon appears not to have been examined explicitly,
although identical excretion curves for fluid and particulate markers (Dixon and
Milligan, 1985) suggest such a mechanism may not exist in sheep and cattle.

The possibility that size and specific gravity could affect post-ruminal
particle dynamics was examined in two studies using plastic cylinders
(Siciliano-Jones and Murphy, 1986; Kaske and Engelhardt, 1990). In the
former experiment, faecal appearance of 1, 5 and 10 mm particles having
specific gravities of 0.9, 1.17, 1.41 or 1.77 was followed after placement in
the abomasum of steers at various times in relation to once daily feeding of a
60% long lucerne hay and 40% grain mix diet. The second study determined
the mean post-ruminal retention times for 1 and 10 mm particles with specific
gravities of 0.92, 1.03, 1.22 or 1.44 after placement in the omasum of sheep
fed hay three times daily. Particle length did not significantly affect post-ruminal
passage in either study but both noted an effect of specific gravity. It was found
that particles having specific gravities in the 1.03 to 1.17 range passed most
quickly, whereas those with values outside this range passed more slowly. The
effect was particularly pronounced for specific gravities greater than 1.4,
although few digesta particles would normally be that dense. Significant inter-
actions between particle specific gravity and time of dosing in relation to
feeding were also noted for post-ruminal passage measures in the first study.
This result may be associated with the surge in digesta passage from the RR
that normally accompanies meal feeding (Reid et al., 1979).

Conclusions

Our quantitative understanding of the dynamics of particles in the RR has
advanced steadily in recent years. The main features of importance in deter-
mining passage probability of particles in the RR have been identified, but more
precise linkage of plant anatomy with the effects of mastication during inges-
tion and rumination and subsequent probability of passage in the ruminant gut,
is needed. Particle size and FSG are undoubtedly pre-eminent; however, it may
be some time before their direct effects can be separated and the effects of
other confounding factors such as sequestration of particles in the raft and the
associated filter-bed effects are better defined.
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Introduction

Volatile fatty acids (VFAs), principally acetate, propionate and butyrate but also
lesser amounts of valerate, caproate, isobutyrate, isovalerate, 2-methylbutyrate
and traces of various higher acids, are produced in the rumen as end-products
of microbial fermentation. During the fermentation process energy is con-
served in the form of adenosine triphosphate and subsequently utilized for the
maintenance and growth of the microbial population. As far as the microbes
are concerned 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) and for 50-70% of the digestible energy intake
in sheep and cows at approximately maintenance, the range being 40-65% in
lactating cows (Sutton, 1972, 1979, 1985; Thomas and Clapperton, 1972).
Dietary carbohydrates, i.e. cellulose, hemicellulose, pectin, starch and
soluble sugars, are the main fermentation substrates. They are degraded to
their constituent hexoses and pentoses before being fermented to VFA via
pyruvate (Fig. 6.1). Pentoses are converted to hexose and triose phosphate
by the transketolase and transaldolase reactions of the pentose cycle so that the
majority of dietary carbohydrate metabolism proceeds via hexose, which is
metabolized to pyruvate almost exclusively by the Embden—Meyerhof glycolytic
pathway. Acetyl CoA is an intermediate in the formation of both acetate and
butyrate from pyruvate, whilst propionate formation occurs mainly via succin-
ate although an alternative pathway involving acrylate is also operative. The
need to maintain redox balance through reduction and reoxidation of pyridine
nucleotides (NAD) controls fermentation reactions (review Dijkstra, 1994).
Excess reducing power generated during the conversion of hexose to acetate
or butyrate is utilized in part during the formation of propionate but mainly by
conversion to methane. The overall reactions can be summarized as:

© CAB Internatioal 2005. Quantitative Aspects of Ruminant Digestion
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Fig. 6.1. A schematic representation of the major pathways of carbohydrate metabolism in the
rumen.

hexose — 2 pyruvate + 4H
pyruvate + HoO — acetate + CO, + 2H
2 pyruvate — butyrate +2CO»
pyruvate + 4H — propionate + H,O
CO4 + 8H — methane + 2H,O

In addition to dietary carbohydrates, dietary lipids and proteins also give rise
to VFAs in the rumen. The contribution from lipids is very small as lipids
normally represent a small proportion of the diet and only the carbohydrate
moiety, i.e. glycerol and galactose arising from lipid hydrolysis, and not the long-
chain fatty acids, are fermented. Dietary proteins on the other hand may be a
significant source of VFA when diets having a high rumen-degradable-protein
content are fed. The proteins are hydrolysed to amino acids, which are deami-
nated before conversion to VFA. Of particular importance in this respect is the
formation of isobutyric, isovaleric and 2-methylbutyric acids from valine, leucine
and isoleucine, respectively, as these branched-chain VFAs are essential growth
factors for certain of the rumen bacterial species (Cotta and Hespell, 1986).

The majority of the VFAs produced in the rumen are lost by absorption
across the rumen wall, although a proportion (10-20% in sheep and up to 35%
in dairy cattle) pass to the omasum and abomasum and are absorbed from these
organs (Weston and Hogan, 1968; Dijkstra et al., 1993). Absorption across
the rumen wall is by simple diffusion of the undissociated acids (Stevens, 1970;
Dijkstra et al., 1993). It is a concentration-dependent process and therefore
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(of the three major VFASs) usually higher for acetate than for propionate and
lowest for butyrate, but per unit of concentration the absorption rates of the
three acids are quite similar, although at low pH VFA with a higher carbon
chain have a higher fractional absorption rate due to their greater lipid solubility
(Dijkstra et al., 1993; Lopez et al., 2003). As the pK, values of the acids are
lower than the pH of rumen contents, they exist largely in the anionic form.
A fall in rumen pH is associated with an increase in the proportion in the
undissociated form and therefore in the rate of absorption. During passage
across the rumen wall the VFAs are metabolized to varying extents so that the
amounts entering the bloodstream are less than the quantities absorbed from
the rumen (Weigland et al., 1972; Bergman, 1975; Weekes and Webster,
1975). However, recent results in which VFA absorption from the temporarily
isolated and washed rumen was compared with the portal VFA absorption
indicate that the rumen wall does not metabolize large amounts of acetate,
propionate and isobutyrate absorbed from the rumen, though the extensive
metabolism of butyric acid during absorption was confirmed (Kristensen et al.,
2000).

The concentration of VFA in the rumen at any given time reflects the
balance between the rate of production and rate of loss. Immediately after
feeding, production exceeds loss and the concentration increases, but subse-
quently the situation is reversed and the concentration falls. The total VFA
concentration may fall as low as 30 mM or be in excess of 200 mM but is
normally between 70 and 130 mM. The relative concentrations of the individ-
ual acids, commonly referred to as the fermentation pattern, is a reliable index
of the relative production rates of the acids when forage diets are given but
would appear less reliable with concentrate diets (Leng and Brett, 1966; Esdale
et al., 1968; Sharp et al., 1982; Sutton, 1985). The fermentation pattern is
determined by the composition of the microbial population, which in turn is
largely determined by the basal diet, particularly the type of dietary carbohy-
drate, and by the rate of depolymerization of available substrate (review by
Dijkstra, 1994). High-fibre forage diets encourage the growth of acetate-
producing bacterial species and the acetate:propionate:butyrate molar propor-
tions would typically be in the region 70:20:10, whereas starch-rich concen-
trate diets favour the development of propionate-producing bacterial species
and are associated with an increase in the proportion of propionate at the
expense of acetate, although acetate is almost always the most abundant of the
acids. Under certain conditions, concentrate diets may encourage the develop-
ment of a large protozoal population and this is accompanied by an increase in
butyrate rather than propionate (Williams and Coleman, 1997). If levels of
substrate available for fermentation are high, either from increased intake or
increased rates of depolymerization, a shift in fermentation pattern from acetic
acid to propionic acid occurs to dispose of excess reducing power (Dijkstra,
1994). In addition to the type of dietary carbohydrate, other factors such as the
physical form of the diet, level of intake, frequency of feeding and the use of
chemical additives may also affect the fermentation pattern (Jrskov, 1981;
Thomas and Rook, 1981; Nagaraja et al., 1997). Some examples of the
fermentation pattern, VFA concentration and production rate in animals
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receiving different diets are shown in Table 6.1. More detailed reviews of the
various aspects of VFA production and metabolism are given by Bergman
(1990) and Dijkstra (1994).

Within the host animal’s tissues absorbed acetate and butyrate are used
primarily as energy sources through oxidation via the citric acid cycle. Acetate
is also the principal substrate for lipogenesis, whilst propionate is used largely
for gluconeogenesis and with most diets is the major source of glucose, since
net absorption of glucose from the intestinal tract is usually small. The balance
between the supply of the glucogenic propionate relative to that of the
non-glucogenic acetate and butyrate influences the efficiency with which the
VFAs are used for productive purposes (@rskov, 1975; MacRae and Lobley,
1982; Sutton, 1985). Thus, not only the total supply of VFA but also the molar
proportions are important determinants of feed utilization by ruminants and as
such a number of methods have been used to estimate the rates of individual
and total VFA production in and removal from the rumen. These may be
conveniently divided into two groups:

1. Those methods not employing isotopic tracers (e.g. Barcroft et al., 1944;
Hungate et al., 1960; Bath et al., 1962).

2. Those employing tracers and based on the application of compartmental
analysis to interpret isotope dilution data (e.g. Bergman et al., 1965; Weller
et al., 1967; Morant et al., 1978; Armentano and Young, 1983).

Non-tracer Methods of VFA Production Measurement

A variety of non-tracer methods of measurement were used in early attempts to
quantify VFA production in the rumen, and these are comprehensively
reviewed by Warner (1964) and Hungate (1966). They include: the zero-time
in vitro method, perturbation of the steady state, portal-arterial difference and
methane production. Due to interconversions between individual VFA, particu-
larly between acetate and butyrate, the net production rates of the acids (i.e. the
amounts lost by absorption and passage) are less than the total production rates
(Bergman et al., 1965). In this and subsequent sections of the chapter, the
term production is synonymous with net production unless total production is
specified.

Zero-time in vitro method

A sample of rumen contents is taken and subsamples incubated in vitro under
anaerobic conditions. The rate of production of individual or total VFAs is
calculated from the increments in acid concentration obtained by incubating
the subsamples for different periods and extrapolating back to zero time to give
the rate of VFA production per unit volume at the time the sample was
removed. Equations for performing the calculation are given by Whitelaw
et al. (1970). If the rumen volume is known, total ruminal production can



Table 6.1. VFA concentration, molar proportions and production rates in the rumen of sheep, steers and cows given various diets.
Total VFA VFA
Animal Intake concentration Acetate Propionate Butyrate  production
species Diet (kg/day) (mmol/l) (molar %) (molar %) (molar %) (mol/day) Reference
Sheep  Dried grass 0.89% 106 68 19 13 5.8 Bergman et al. (1965)
Dried grass 0.73° 87 68 21 11 4.08 Weston and Hogan
(1968)
Dried forage oats 0.78° 100 68 21 11 4.90 Weston and Hogan
(1968)
Dried clovers 0.97° 118 71 19 10 6.32 Weston and Hogan
(1971)
Lucerne silage 0.87°¢ 85 72 22 6 4.50 Siddons et al. (1984)
Lucerne chaff 0.8° 131 73 18 497 Leng and Brett (1966)
Maize:lucerne chaff (2:1) 0.6° 113 63 24 13 3.61 Leng and Brett (1966)
Maize:lucerne chaff (1:1) 0.6°¢ 73 65 21 3.1 Leng and Brett (1966)
Steers  Lucerne hay:concentrate 7.99% 103 73 18 50.1 Siciliano-Jones and
(4:1) Murphy (1989)
Lucerne hay:lucerne 8.29% 100 72 18 10 42.4 Siciliano-Jones and
pellets:concentrate (1:3:1) Murphy (1989)
Concentrate:lucerne hay 8.56% 108 67 22 12 54.1 Siciliano-Jones and
(4:1) Murphy (1989)
Concentrate:lucerne 8.94° 118 63 26 12 42.3 Siciliano-Jones and
hay:lucerne pellets (16:1:3) Murphy (1989)
Maize silage:concentrate 5.19% 123 55 34 11 14.3 Rogers and Davis
(1:1) (1982a)
Concentrate:maize 7.7% 125 57 31 12 48.3 Rogers and Davis
silage (3:1) (1982b)
Lucerne hay:maize 9.0% 92 72 17 11 33.3 Rogers and Davis

silage:concentrate (3.6:1:1)

(1982b)
continued
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Table 6.1. continued.

Total VFA VFA
Animal Intake concentration Acetate Propionate Butyrate  production
species Diet (kg/day) (mmol/l) (molar %) (molar %) (molar %) (mol/day) Reference
Whole maize:other (5.25:1) 6.22% 145 49 34 17 51.4 Sharp et al. (1982)
Ground maize:other (5.25:1) 6.222 141 41 49 10 42.0 Sharp et al. (1982)
Dairy cows Lucerne hay:grain (1:1.3) 19.1¢ 109 67 21 12 37.52 Davis (1967)
Lucerne hay:grain (1:6.6) 17.27° 121 49 40 11 44.58 Davis (1967)
Maize silage 3.52 83 64 19 17 30.9 Esdale et al. (1968)
Lucerne hay 3.92 77 73 17 10 26.7 Esdale et al. (1968)
Ryegrass 12.9% 85 68 19 13 79.8 Sutton et al. (2003)
hay:concentrate (6:4)
Ryegrass 12.78 89 52 38 9 90.0 Sutton et al. (2003)

hay:concentrate (1:9)

#Dry matter.

®Organic matter.

°Not specified.

a9l
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then be calculated. As with other in vitro techniques, it is important that the
sample taken for incubation is representative of whole-rumen contents rather
than just the solid or liquid fraction (Hungate et al., 1960). However, the VFA
concentrations and molar proportions in in vitro systems often do not resem-
ble those in vivo (Mansfield et al., 1995; Ziemer et al., 2000). Whitelaw et al.
(1970), in comparing published experiments, show that the rate of VFA
production determined by this method is about 50% lower than the rate
obtained using isotope dilution procedures. They attribute the discrepancy to
a reduction in the activity of microorganisms brought about by their removal
from the rumen.

Perturbation of the steady state

The rate of total production of an acid (or net production of total VFA) in the
rumen in steady state can be calculated from the change in its ruminal concen-
tration when the acid is infused. Let P (mmol/h) be its rate of production, U
(mmol/h) its rate of disappearance and C (mmol/ml) its concentration in the
basal steady state. Assuming disappearance is proportional to acid pool size,
the balance equation may be written as:

P=U=kCV (6.1)

where k (per h) is a constant of proportionality and V (ml) the ruminal volume.
Let the basal steady state be perturbed by infusion of a solution of the acid at a
constant rate I (mmol/h) such that a new steady state is reached. If the acid
infusion does not alter the basal fermentation, the balance equation in the new
steady state is:

P+1=U =kCV (6.2)

where U’, C' and V' denote acid utilization, acid concentration and ruminal
volume, respectively, in the new steady state. Subtraction of Eq. (6.1) from
Eq. (6.2) vields an expression for the constant of proportionality:

k=1/(C'V —-CV) 6.3)
Substituting for k in Eq. (6.1) gives the rate of production:
P=1/[CV'/(CV)-1] (6.4)

The steady-state volumes V and V' can be determined using one of the methods,
based on digesta markers and intraruminal sampling, described in France et al.
(1991a). This approach of raising the steady-state level was used by Bath et al.
(1962) though they assumed a constant ruminal volume and expressed the acid
concentration relative to that of the other acids. Martin et al. (2001) adopted the
perturbation of steady-state method with some modifications. They infused VFA
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into the rumen at five levels and estimated VFA production using a regression
approach. They observed that the VFA production rate obtained with the
regression approach was about two-thirds of that obtained with the isotope
dilution technique. This difference may be explained to an extent by the use of
1-13C propionate because of the labile nature of the carboxyl-C. A critical
assumption in the perturbation of steady-state method is that the rate parameter
k is not altered by the acid infusion. However, a change in VFA concentration
and other modifications that result from the acid infusion, including a change in
pH, affect the fractional absorption rate of VFA (Dijkstra et al., 1993) and
consequently k values may differ.

Portal-arterial difference in VFA concentration

The difference between VFA concentration in venous blood draining the rumen
and that in arterial blood provides a measure of the amount entering the blood
from the rumen, if the rate of blood flow is known. Vessels normally sampled
are the portal vein and the carotid artery. This method was used by Barcroft
et al. (1944) to demonstrate that acids from the rumen fermentation are
absorbed and utilized by the host. Metabolism of VFA in the rumen wall,
however, precludes accurate estimation of ruminal VFA production. Bergman
(1975) estimated that in sheep receiving a forage diet, approximately 90% of
the butyrate, 50% of the propionate and 30% of the acetate produced in the
rumen did not appear in the portal blood. These values were generally in good
agreement with in vitro data on the loss of VFA transported across the rumen
epithelium (review Rémond et al., 1995). However, Kristensen et al. (2000)
observed considerably higher recovery rates of acetate and propionate in the
temporarily isolated rumen of sheep. To explain the differences, Kristensen
et al. (2000) suggested substantial microbial utilization of VFA. Also, measure-
ments of blood flow show considerable variability (Dobson, 1984).

Methane production

Methane production is an index of rumen fermentation, which has been used to
obtain indirect estimates of VFA production. Total methane production can be
measured in intact, non-fistulated animals using indirect calorimetry (McLean
and Tobin, 1987) or the polytunnel method (Lockyer and Jarvis, 1995).
Calorimetry and the polytunnel, however, overestimate the ruminal contribu-
tion; Murray et al. (1976), for example, showed that the production of
methane in the rumen of sheep fed lucerne chaff accounted for 87% of the
total production. Alternatively, ruminal methane production can be measured
with fistulated animals using isotope dilution techniques (Murray et al., 1976,
1978, France et al., 1993). Also, non-isotopic tracer techniques have been
developed to measure ruminal methane production in free-moving, intact
animals, such as the sulphur hexafluoride (SFg) method (Johnson et al.,
1994). The value obtained for methane production is then multiplied by the
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ratio of individual or total VFA produced to methane produced. This ratio may
either be determined in vitro using rumen samples, or calculated stoichiome-
trically (Murray et al., 1978), provided the VFA proportions are known. The
method relies on a close relationship between VFA and methane produced,
based on the need to maintain redox balance in the rumen. However, a number
of other factors, including the uptake of hydrogen for biohydrogenation of
unsaturated long-chain fatty acids and the uptake or release of hydrogen for
microbial protein synthesis, may impair this relationship (Mills et al., 2001).

Tracer Methods of VFA Production Measurement

The tracer methods developed in this section are described for radioactive iso-
topes, though they are equally valid for stable isotopes (see end of section, page
171). For measurement of VFA production by radioactive isotopic tracer tech-
niques, Bruce et al. (1987) recommended the use of 1 or 2-14C acetate, 2-14C
propionate and 1-14Cbutyrate. 2-33H butyrate may also be used (Leng and Brett,
1966), but 2-3H acetate is unsatisfactory (Leng and Leonard, 1965).

Single-pool scheme

A relatively simple approach, which assumes steady-state conditions as im-
posed by continuous feeding, was proposed by Weller et al. (1967), whereby
total VFA is considered to behave as a homogeneous pool and therefore can be
represented as a single-pool model (Fig. 6.2). The isotopic form of any one of
the individual VFAs or a mixture of the VFAs is administered into the rumen by
continuous infusion at a constant rate, I (nCi/h), and the plateau specific
activity of the total VFA, s (nCi/mmol), is subsequently determined from the
isotope concentration (wCi/ml) and total VFA concentration (mmol/ml) in
rumen liquid. The rate:state equations, based on mass conservation principles,
for this steady-state scheme are:

dQ

EZFVO_FOV (65)
dg
i I — sFy, (6.6)

\ Fig. 6.2. Single-compartment model for estimating
VFA production: (a) tracee and (b) tracer. The scheme
VFA, Q q assumes no re-entry of label into the rumen. Q, total

VFA; g, quantity of tracer; F,,, rate of de novo VFA
sFy, production; F,,, rate of VFA removal; s, plateau
specific activity of total VFA; and /, infusion rate.
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where QQ (mmol) denotes total VFA, g (uCi) the quantity of tracer, F, (mmol/h)
the rate of production de novo (i.e. entry into the pool) and F,, (mmol/h) the
rate of removal. The g carbon can equally well be used instead of the mmol as
the unit of mass. On solving Egs (6.5) and (6.6), the rate of VFA production
becomes:

Fuo=1/s 6.7)

The production rate of the individual VFA is then obtained from their respective
concentrations in the rumen liquid by assuming that production is proportional
to concentration, e.g.

Rate of acetate production = F,,C,/C, (6.8)

where C, and C, (both mmol/ml) are the concentrations of acetate and total
VFA, respectively.

Assuming isotope concentration and total VFA concentrations are meas-
ured in a number of samples, then the rate of VFA production may be
calculated from Eq. (6.7) using either the mean specific activity or the specific
activity of a pooled sample or, alternatively, by multiplying the infusion rate by
the mean reciprocal specific activity. Although with steady-state conditions all
three procedures should give the same result, Morant et al. (1978) found in
simulation studies with non-steady-state conditions that estimates obtained
using the latter procedure were closer to the true production rates and recom-
mended its use in preference to the other two. (Note: Eq. (4) in Morant et al.
(1978) should read Mg = (Ig/n)>"i_; M;/I;.)

Weller’s method can be adapted for single-dose injection of tracer, rather
than continuous infusion. Equation (6.6) reduces to:

dq
& —sFq, (6.9)
where s is now the instantaneous specific activity. Integration of Eq. (6.9) with
respect to time between time zero and infinity gives:

—-D = —AF,, (6.10)

where D (n.Ci) is the dose injected at time zero and A(= [;” sdt) denotes the
area under the VFA specific activity—time curve. As the rate of removal equals
that of production in steady state, then:

F,=D/A (6.11)

i.e. the rate of VFA production equals dose over area under the specific
activity—time curve.

When the system is not in steady state (i.e. with animals that are not
continuously fed), the VFA pool size, Q, and the production rate will vary
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with time. Under these conditions, the instantaneous production rate of the
total VFA, F,,, if it behaves as a single homogeneous pool and the tracer is
administered by continuous infusion, is given by:

d(1/s)

3t (6.12)

Fvo :(1/5)+3Q

Equation (6.12) is derived using the rate:state equations for Weller’s method
in non-steady-state (i.e. from Egs. (6.5) and (6.6) not equated to zero) and
eliminating the flow F,. It applies from the instant of commencement of
infusion.

The instantaneous production rate may be determined by varying the
rate of isotope infusion in synchrony with the rate of VFA production so that
the specific activity remains constant, and therefore, the differential term in
Eq. (6.12) is equal to zero. Gray et al. (1966) used this method to measure
VFA production in sheep fed twice daily but, since it is dependent on prior
knowledge of the rate of VFA production, it is unlikely to be of general
applicability.

An alternative approach, proposed by Morant et al. (1978), is to infuse the
isotope at a constant rate, and monitor the variable liquid volume of the rumen
and its isotope and total VFA concentrations (thus permitting determinations
of total VFA pool size Q and its specific activity s at time t). Variable volume can
be determined using one of the methods described in France et al. (1991a).
The differential term in Eq. (6.12) is given by the slope of the curve of
inverse specific activity against time. A way of determining this slope is to fit
a polynomial of the form:

o(t) = iait" (6.13)
i=0

where the a; denotes constant coefficients, to the serial values of inverse
specific activity, and then find the derivative ¢’ by differentiating analytically.
The values of F,,, the rate of VFA production, at the times of ruminal sampling
(any time after the start of infusion) can be found by substituting the appropriate
instantaneous values for s, Q and d(1/s)/dt (= ¢') into Eq. (6.12). The rates of
production of the individual VFA may be obtained by partitioning F,, according
to their instantaneous molar proportions in rumen liquid as in Eq. (6.8). This
non-steady-state approach also applies if the isotope is given as a single-dose
injection, but with Eq. (6.12) simplifying to:

d(1/s)
dt

Foo =sQ (6.14)

In non-steady-state, it may not be necessary to monitor changes in rumen
volume. Sutton et al. (2003), in dairy cattle fed diets with high (90%) or
moderate (60%) concentrate levels (air dry basis) twice daily, observed a mean
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increase in rumen liquid digesta after feeding of 19% and 21%, respectively.
Such differences in rumen volume resulted in only minor differences in esti-
mates of net production rates of VFA obtained by continuous infusion of
acetate, propionate and butyrate in a three-pool scheme (next section, this
page). This suggests that, in practice, attempts to make accurate measurements
of diurnal changes in rumen volume may not be necessary.

Three-pool scheme

Weller’s method has the advantages that only one infusion (or single injection)
experiment needs to be undertaken and the specific activities of the individual
VFAs do not have to be determined. However, it is dependent on the produc-
tion rate of the acids being proportionally the same as their concentration in
rumen liquid and this may not always be so (Sutton, 1985).

An alternative method for estimating VFA production rates in steady state,
which is not dependent on the proportionality between VFA production and
concentration and also provides a more detailed description of VFA metabol-
ism in the rumen (thus permitting total rather than just net production to be
estimated), is to use interchanging compartmental models to interpret isotopic
tracer data. The models may be complete — i.e. exchange between all pools
(plus the external environment) included — or incomplete (i.e. exchange be-
tween some pools excluded). Tracer is administered into each pool in turn and
on each occasion the specific activity of all pools is determined. A unique
solution to the model is obtained by deriving a series of n simultaneous equa-
tions (where n is the number of flows included in the model) to describe the
movement of tracer and tracee between pools.

Consider the fully interchanging three-pool model for acetate, propionate
and butyrate (Fig. 6.3). This scheme was proposed by Bergman et al. (1965)
using sheep but with no interconversion between propionate and butyrate
(i.e. Fop = Fpp = 0). Under steady-state conditions, the isotopic form of each
VFA in turn is continuously infused into the rumen at a constant rate and for
each infusion the plateau specific activity (wCi/g carbon) of acetate (s,), propi-
onate (sp) and butyrate (sp) is determined. Since the system is in steady state, the
rate:state equations are as follows. The movement of tracee acetate, Q, (g
carbon), is described by:

dQa
dt

= ao+Fap+Fab_Foa_Fpa_Fba:O (615)

Following the infusion of labelled acetate, I, (nCi/h), the movement of label
through the acetate pool, g, (WCi), is described by:

dqa

E:IaﬂLspFapJFstab*sa(FoaJeraJera):O’ (6.16)

through the propionate pool, gy, by:
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d
%:Sana-ﬁ-Sprb_Sp(Fop"'Fap + Fpp) =0 (6.17)

and through the butyrate pool, gy, by:

d
S = $oFoa + 85Fop — 8o(Fa + Fay + Fyo) = 0 (6.18)

Similar equations may be derived to describe the movement of tracee propi-
onate and butyrate and the movement of label when labelled propionate and
butyrate are infused into the rumen. The resulting 12 simultaneous linear
equations may be solved using a simple computational procedure (France
et al., 1987).

The method can also be adapted for single-dose injection of tracer. The
system is now in non-isotopic steady state so the rate:state equations for
labelled material are non-zero. In the three-pool scheme, movement of label
through the acetate pool following injection at time zero of a single dose of
labelled acetate, D, (nCi), is given by:

daa

T SpFap + SbFab — Sa(Foa + Fpa + Fua) (6.19)

through the propionate pool by:

dap

T SaFpa + SoFpb — Sp(Fop + Fap + Fop) (6.20)

and through the butyrate pool by:
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d
% = saFpa + sprp — sp(Fop + Fap + pr) (6.21)

The s terms now refer to instantaneous specific activities. Integrating these
three equations with respect to time between the limits zero and infinity yields:

_Da = ApFop + AbFab - Aa(Foa + Fpa + Fba) (622)
0 = AaFpa + ApFpb — Ap(Fop + Fap + Fup) (6.23)
0 = AaFua + ApFop — Ao(Fop + Fap + Fpp) (6.24)

where A,, A, and A, are the areas under the acetate, propionate and butyrate
specific activity—time curves, respectively (i.e. A, = fooc s.dt, etc.). Egs (6.22)-
(6.24) can be derived for the movement of label when labelled propionate and
butyrate are injected into the rumen. The system of equations for single dose is
therefore the same as for constant infusion, but with dose and area replacing
infusion rate and plateau specific activity, respectively.

The method can also be extended to the non-steady-state. Under
non-steady-state conditions and constant infusion, movements of tracee and
label in the three-pool model are described by the same set of 12 equations as
represented in Egs (6.15)<6.18), but with the derivatives not now equated to
zero. Instantaneous values of the derivatives may be determined in a similar way
as for the single-pool model, by monitoring the variable liquid volume of the
rumen and its tracee and isotopic concentrations of acetate, propionate and
butyrate. An expression for each derivative term in the equation set is obtained
by fitting a polynomial (Eq. (6.13)) to serial data on isotope/tracee pool size and
differentiating analytically. Instantaneous values of the flows can then be found
by solving the 12 equations using a similar computational procedure to that
described in France et al. (1987). This approach also works if isotope admin-
istration is by single injection rather than constant infusion, but in this case the
three infusion rates represented in the equation set (e.g. I, in Eq. (6.16))
become zero. However, it does not work if isotope is administered by single
continuous infusion and the infusion rate varied, as in Gray et al. (1966). This is
only applicable to a one-pool scheme because a single infusion cannot gener-
ally stabilize the specific activity of more than one pool. The single-pool model
(Fig. 6.2) can be derived from the three-pool representation (Fig. 6.3) by
assuming that the external flows F,, Fop and Fop, are directly proportional to
their respective concentrations in the rumen (France et al., 1991b). The
mathematical analysis presented for the three-pool scheme can be extended
to any number of pools.

There appear to be no reports of the application of fully interconverting
three-pool schemes in dairy cattle, except for that of Sutton et al. (2003). In
sheep, Bergman et al. (1965), the first authors to propose the three-pool
scheme, excluded the propionate:butyrate C exchange as being insignificant.
Annison et al. (1974) and Lebzien et al. (1981) obtained results for only two
labelled VFAs in dairy cattle. Other authors have used variations of the three-
pool scheme (Esdale et al., 1968; Armentano and Young, 1983) or a four-pool
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Table 6.2. Re-definition of entities in the two- and three-pool models for estimating VFA
production when using stable isotopes.

C; (mmol/l) Concentration of VFA jin rumen liquid

D; (mmol) Pulsed dose of labelled VFA i administered into primary pool at
time zero

Fij; (mmol/h) Total flow (labelled plus unlabelled) from pool i to pool j, Fj,

denotes an external flow into pool i and F; a flow from pool j out
of the system

I; (mmol/h) Constant rate of continuous infusion of labelled VFA iinto primary pool
Q; (mmol) Total quantity (labelled plus unlabelled) of VFA iin rumen liquid

g; (mmol) Quantity of labelled VFA jin rumen liquid

Si Enrichment of pool i (=q;/Q;): mmol labelled VFA i/(mmol total VFA i)

model (Wiltrout and Satter, 1972; Sharp et al., 1982) with cattle, but in all cases
some interconversions were omitted. Generally, a large amount of C exchange
between acetate and butyrate is reported. However, whilst several authors
observed very little exchange between propionate and butyrate (Bergman
et al., 1965; Annison et al., 1974; Sharp et al., 1982), Sutton et al. (2003)
reported 10-13% of propionate C to be derived from butyrate, whereas 2-4%
of butyrate C was derived from propionate. This argues against omitting the
propionate:butyrate C exchange from three-pool schemes.

The tracer methods described in this chapter employ radioactive isotopes
such as 1-14C acetate. Stable isotopes such as 1-13C acetate could be used
equally well, though they have to be administered in larger amounts in order to
bring ruminal enrichments up to detectable levels, and hence their use is more
costly. The models presented, together with the associated mathematical for-
mulae (Eqgs (6.5)—(6.24)), remain the same for stable isotopes, though minor re-
definition of the entities used in the models is needed. These are presented in

Table 6.2.

Conclusions

The fermentation pattern and total supply of VFA are major determinants of
feed utilization by the ruminant. Many attempts have therefore been made to
estimate the rates of individual and total VFA production in and removal from
the rumen. Originally, non-tracer methods such as the zero-time in vitro and
the perturbation of steady-state methods were employed. These have now
been superseded by tracer methods utilizing compartmental analysis to inter-
pret isotope dilution data. The tracer-based attempts generally adopt either a
single-pool scheme (total VFA) or a three-pool scheme (acetate, propionate
and butyrate), and normally steady-state conditions are assumed and label is
continuously administered by constant infusion. The assumption of ruminal
steady state particularly is rather restrictive in that it is only likely to apply to
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frequently fed animals. The methods, however, can be adapted for non-steady-
state conditions and for single injection of label, and extended to any number of
pools.
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Introduction

The primary goal of ruminant nutritionists is to achieve maximum output of
proteinaceous materials in products such as milk, meat and wool with a
minimum of dietary crude protein (CP) inputs. In practice, this nitrogen (N)
output to input ratio is relatively low. For example, it can vary from 13% for
milk protein production in pasture-fed dairy cows (Wanjaiva et al., 1993) to
31% in dairy cows grazing on Lolium perenne-based pasture (Delagarde et al.,
1997). However, since 40-45% efficiency coefficients are theoretically
possible in dairy cows (Van Vuuren and Meijs, 1987; Hvelplund and Madsen,
1995), there is scope for considerable improvement in nutritional management
of our grazing livestock. Moreover, increasing the efficiency of use of protein N
by livestock, leading to lower N excretion, is becoming an environmental
imperative in many countries (Castillo et al., 2001).

In theory, efficient use of N in the diet of ruminants can be facilitated by
provision of N to the rumen in appropriate forms and amounts so that the
animal’s tissues are provided with amino acids (AA), especially each of
the essential AA, in the appropriate proportions to meet the current require-
ments for tissue protein synthesis. These tissue requirements depend on the
physiological state of the animal and the types of products being produced.
AA requirements are dependent on the animal’s genetic potential for protein
deposition, but factors such as restricted metabolizable energy (ME) intake or
mineral or vitamin deficiencies lead to sub-maximal protein deposition in the
animal and N requirements are reduced accordingly (Oldham et al., 1977).
A sub-optimal supply of only one essential nutrient will restrict the animal’s
ability to grow at its genetic potential and will thus reduce its concomitant
requirement for AA and ME. However, environmental interactions also make
it difficult to specify the optimal level of nutrient supply: the requirement for
protein relative to ME, for example, can be higher in parasitized and diseased
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animals relative to their healthy, pair-fed counterparts. It is therefore not
desirable to simply view protein or AA requirements in isolation, so if our
concentration on AA in this review appears rather single-minded, it is simply
a matter of convenience. Nitrogen Kinetics in major gut and body components
will be reviewed in the context provided by Fig. 7.1. Urea synthesis in the body
and N recycling to the gut are also discussed, but not tissue metabolism issues
which are covered elsewhere in this book (see Chapters 12 and 14).

In ruminants, ingested feed constituents (carbohydrates and proteins) are
modified by microorganisms in the forestomachs. The anaerobic bacteria,
protozoa and fungi ferment feed constituents (e.g. polysaccharides, sugars,
proteins) in order to conserve energy (as ATP or transmembrane potentials)
and to generate intermediates that are the starting materials for synthesis of cell
constituents such as polysaccharides, lipids, proteins and nucleic acids. End-
products of the fermentation process, i.e. short-chain fatty acids (VFA) and
NHj3, and the microbial cells are either re-used in the rumen (recycled) or are
absorbed and metabolized by the animal’s tissues.

The stoichiometry of the fermentation and cell growth process depends on
the ratios of digestible energy- and nitrogen-rich substrates in the diet and, if
N and other nutrients are non-limiting, microbial growth is usually directly
dependent on digestible energy intake (see review by Russell, 2002). However,
N-limiting diets, especially those lacking peptides and AA, with an excess of
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rapidly fermentable carbohydrate may induce, at least in continuous cultures of
rumen bacteria, rates of ‘non-growth energy expenditure’ that can be ten times
the rate occurring in carbohydrate-limited cultures, the latter closely represent-
ing the true rate of ‘maintenance’ energy expenditure for the culture. The
‘additional’ energy expenditure of fast-growth cultures, referred to by Russell
(2002) as ‘energy spilling’, serves to prevent the microbes from ‘eating
themselves to death’, but greatly reduces microbial growth efficiency. (Bacteria
do have mechanisms to limit sugar uptake (inducer exclusion), but these
mechanisms apparently act mainly to inhibit uptake of non-preferred sugars.)
An excess of degradable N in the diet relative to energy-rich substrates also
leads to an inefficient assimilation of N by rumen microbes.

As our quantitative understanding of N Kkinetics in ruminants has
developed, researchers have tried to summarize our current knowledge using
either qualitative (e.g. Buttery and Lewis, 1982) or quantitative models (e.g.
Mazanov and Nolan, 1976; Baldwin and Denham, 1979). The quantitative
models developed over the last 30 years vary from being essentially mechan-
istic, where processes are described biochemically, to empirical where
regression equations derived from large databases are commonly used.
Some of these models have been used to underpin feeding standards, e.g.
Cornell Net Carbohydrate and Protein System (CNCPS; Fox et al., 1992)
and GRAZFEED (Freer et al., 1997). The earlier models gave more emphasis to
gut N transactions than to metabolism in the animal tissues (e.g. Mazanov and
Nolan, 1976), but more recent models present a more balanced view of gut,
organ and tissue transactions, and even of nutrient partition between animal
products and the environment (e.g. Kebreab et al., 2002).

Sources of AA in Ruminants

The modification of ingested feed proteins by rumen microorganisms has
major implications for the supply of AA to the intestines and tissues. Rumen
microorganisms degrade a substantial fraction of the total nitrogenous material
in feed (referred to as rumen degraded CP or RDP) and a smaller fraction
escapes ruminal breakdown and flows into the abomasum and small intestine
(referred to as undegraded CP, or UDP or RUP). The latter fraction is also
termed ‘escape protein’, ‘bypass protein’, ‘protected protein’ and ‘undegrad-
able (intake) protein’. The rumen microbes synthesize proteins and other
nitrogenous materials (microbial CP, MCP) for their own needs by assimilating
RDP. A mixture of MCP and UDP passes into the small intestine, thereby
providing the major source of digestible AA for the host. The mixed fraction is
described by SCA (1990) as ‘apparently digested CP leaving the stomach’
(ADPLS).

Microbial protein provides both essential and non-essential AA, which
are present in proportions that fairly closely match the overall AA spectrum
of proteins being deposited in the animal’s tissues. The occurrence of marginal
protein deficiency in ruminants that have a high potential for meat, milk and
wool production can be due to inefficient microbial protein production in the
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rumen brought about by deficiencies in RDP or S or other growth factors,
which results in inadequate absorption of certain essential AA, relative to ME.
However, in ruminants with high production capacity, even when microbial
protein flow to the intestines is optimized, UDP sources may be needed to
augment the intestinal protein supply (Egan, 1965). From a husbandry point of
view, management priorities for supplying additional essential AA are therefore
as follows (Leng and Preston, 1985). First, ensure that rumen conditions
are such as to maximize MCP vyield from the rumen (because microbial protein
is normally the least expensive source of protein); and second, if the ratio of
intestinally absorbed AA to dietary ME is still inadequate, then supplement the
animal with a UDP concentrate. The nature and amount of UDP ingested will
usually determine which essential AA is first limiting for milk production and
tissue growth.

Feed Protein Degradation in the Rumen

Feed protein characteristics

The chemical and physical properties of proteins in the diet affect the
accessibility of the hydrolysable sites in the polypeptide chain to plant
and microbial proteases. This accessibility depends on the types of enzyme
involved and on conditions at the site of binding to the cell wall (i.e. pH,
availability of metal cofactors, etc.). The surface area of protein accessible to
proteases and peptidases may be reduced by the presence of lipids or
other water-insoluble materials, and disruption of these associations may
increase protein degradation rate. Studies with proteins such as zein and casein
have led to the view that, in general, degradability is positively related to
solubility (McDonald and Hall, 1957). However, ‘soluble’ is not always
synonymous with ‘highly degradable’. Soluble albumins, for example, are
relatively slowly degraded (Annison and Lewis, 1959) indicating that degrad-
ability depends on other factors. The degree of secondary and tertiary
structures and the density of disulphide cross linkages either within a single
polypeptide chain or linking two different chains also appear to correlate
closely with lower degradation rates (Nugent and Mangan, 1978; Mahadevan
et al., 1980).

Effects of feed processing

Various chemicals and physical treatments have been applied to potential
protein supplements such as soybean meal in order to reduce their degradabil-
ity and increase the UDP fraction (see Broderick et al., 1991; Chapter 24 this
volume). The aim is to create a pH-dependent chemical modification that
reduces degradation rate at the pH of the rumen, but is reversible at the
lower pH of the abomasum and upper small intestine so that absorption of
essential AA from the small intestine can occur (Ashes et al., 1984).
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Pasture protein characteristics

The CP concentration in pasture dry matter (DM) may range from 3% in dry,
mature roughage (e.g. some hays and straws) to over 30% in heavily fertilized,
rapidly growing temperate grasses. Legumes such as white clover contain up to
24% CP in the DM. The true protein content of most pasture plants is about
70-90% of their CP content (Tamminga, 1986). In the leaves of temperate Cs
plants, the chloroplasts contain about 75% of the total protein and about 50%
of this is in one soluble protein — the photosynthetic enzyme, ribulose
bisphosphate carboxylase (RuBisCo). In tropical C4 plants such as sugarcane,
maize and kikuyu, the distribution of chloroplasts and the associated
proteins differs from that of C3 plants (an arrangement known as the Kranz
anatomy): phosphoenolpyruvate (PEP) carboxylase is the primary enzyme of
CO, fixation and there are other enzymes not found in Cs plants. The
true protein content is usually lower than in C3 plants. Proteins are also
found in plant cell walls and membranes and in the mitochondria and nucleus.
The non-protein N (NPN) fraction, which includes nucleic acids, amides,
amines, AA and nitrate, may represent 10-30% of the total N present in
immature grasses, and 50-90% in some legume forages (Tamminga, 1986).
Most of the N in seeds is present in husk (structural proteins), pericarp (storage
protein) and in the seed itself (enzyme proteins). At times, nitrate may be an
important non-protein, non-AA N constituent, especially when its rate of
reduction to NH3 in plant cells is less than its rate of uptake by the roots
(Mangan, 1982).

Mangan (1982) has categorized plant proteins according to commonly
used separation procedures into a readily degradable Fraction I containing
mainly RuBisCo in Cj3 plants, regarded as RDP, and a slowly degradable
Fraction II containing about 25% of the leaf protein of which about 40%
is chloroplast membrane proteins. Fraction II is also mainly RDP but includes
some UDP. A third fraction consists mainly of proteins that are resistant to
ruminal fermentation and are therefore mainly UDP.

Effect of diet type on ruminal protein degradation

The nature of the diet influences the activity of ruminal proteases of both plant
and microbial origin. Theodorou and co-workers (Theodorou et al., 1996;
Kingston-Smith and Theodorou, 2000) have pointed out that when ruminants
ingest fresh forages, the majority of plant cells arrive in the rumen intact. Their
studies suggest that degradation of proteins is initiated within intact plant cells
by the plant’s own proteases in response to rumen stresses (anoxia and high
temperature). Eventually autolysis occurs with release of cellular proteins,
peptides and AA into the rumen fluid. Rumination and chewing further
promote the activity of plant proteases and create opportunities for microbial
activity.

Fresh forage diets that are usually high in protein and soluble carbohydrate
promote growth of populations of rumen bacteria with proteolytic specific
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activity that can be more than nine times greater than that found in animals
given low-protein, hay-based diets. Application of N fertilizer to pasture
increases CP content, but also increases the amount of NPN in the forage and
the CP degradability in the rumen. In sheep grazing on fresh pasture, for
example, dietary CP is often almost totally degraded in the rumen, thus
providing very little UDP (Corbett, 1987). The proteins of dried forages
and cereal grains, on the other hand, are generally less degradable
(70-90%), and the protein meals of vegetable origin — especially those that
are subject to heat, pressure and/or solvent extraction — may be less degradable
again (50-70%) and are considered to be good UDP supplements. Even
the sun-drying of forages during hay-making reduces the rumen degradability
of the hay proteins relative to the proteins in the freshly harvested starting
materials.

Microbial proteolytic activity

In general, only relatively low levels of proteolytic activity have been found
in particle-free (centrifuged) rumen fluid (Nugent and Mangan, 1981).
However, Cotta and Hespell (1986) found that 90% of the proteolytic activity
of Butyrivibrio fibrisolvens was present in the fluid rather than associated
with the cells themselves. A highly proteolytic group of bacteria also lives in
close association with, and digests the keratinized rumen wall epithelial tissue
(Cheng and Costerton, 1980) but represents only a small part of the total
biomass. Many species and strains of rumen bacteria, ciliate protozoa and
fungi exhibit proteolytic activity from a variety of different types of enzymes
(Wallace, 1996). Brock et al. (1982) tentatively concluded that the rumen
bacteria possessed mainly serine-, cysteine- and metallo-proteases. Wallace
and Cotta (1988) and Chen and Russell (1989) have argued that cooperative
roles of bacterial species may enhance the overall proteolytic activities of
mixed cultures in ways that are not obvious from their characteristics in pure
culture.

Ushida et al. (1984) have described the proteolytic roles of protozoa. The
isotrichid protozoa (holotrichs) utilize both soluble and particulate protein
sources and degrade protein internally, whereas the entodiniomorphs appear
to utilize insoluble proteins associated with particulate matter, including
bacteria and chloroplasts. At times mixed protozoa produce both cysteine
and aspartate proteases and they exhibit higher aminopeptidase activity
than bacteria. They have low activity for soluble proteins but are probably
mainly responsible for the digestion of protein-rich feed particles, bacteria
and chloroplasts. Protozoa also engulf and degrade bacteria and digest their
proteins, excreting ammonia as an end-product.

The anaerobic phycomycetous fungi constitute a small biomass (<8% of
total microbial mass) with high proteolytic activity. Apparently, the fungal
proteases are cell bound during early growth but later become extracellular as
growth rate declines (Wallace, 1985). Their activities may increase fibre
degradation but fungi are usually not represented in current models.
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Degradability of protein supplements

To assist in feeding management of livestock, tabulations of degradability
coefficients for proteins in specific feed ingredients are more useful if they are
linked in some way to their mean residence time (MRT) in the rumen. Higher
turnover rates for digesta, and thus shorter MRT of proteins in general reduce
the realized protein degradability, but reductions are more marked with less
soluble, more slowly degraded fractions (Jouany, 1996). Protein concentrates
have been given rankings based on their solubility, or on their rate of
disappearance from porous synthetic fibre bags placed in the rumen. When
interpreting the curves for in sacco disappearance of proteins over time, it can
be helpful to classify feed N into soluble NPN, rapidly degradable protein,
slowly degradable protein and totally undegradable protein. Undegradable
protein sources are generally found in the last two categories, and the UDP
fraction in practice depends on the plant and microbial proteolytic activity
present and the time the slowly degradable fraction spends in the rumen.
@rskov and Mehrez (1977) suggested that a degradability coefficient could
be obtained from the in sacco N disappearance in the period required for 90%
of the digestible DM to disappear. As noted already, however, actual protein
degradability is not a static coefficient for individual feeds because it is affected
by MRT. @rskov and McDonald (1979) suggested a set of non-linear equations
to determine the effective degradability of a protein supplement. These equa-
tions allow for feed turnover rate, which depends on feed intake, type of feed
and other factors and can vary quite widely, ranging from 2% to 8% per hour.

Models of rumen protein degradation

Models of rumen function have been based on two main approaches. The first
is essentially an empirical approach based on degradation characteristics of the
feed and its rumen passage rate (e.g. Waldo et al., 1972). The second depends
on a more mechanistic understanding and quite complex models of the
stoichiometry of the rumen processes have been developed to enable prediction
of fermentation outcomes (e.g. Baldwin et al., 1970; Dijkstra et al., 1996). A
combination of the two approaches has also been used. The CNCPS (Fox et al.,
1992) is essentially empirical but utilizes both approaches. Another successful
empirical model, which incorporates a plant-animal interface, is GRAZFEED
(Freer et al., 1997) based on concepts given in SCA (1990).

Dijkstra (1994) modified the mathematical model of the rumen proposed
by Dijkstra et al. (1992) to simulate the N dynamics of rumen microorganisms,
with specific regard to rumen protozoa. Several protozoal characteristics were
represented: their preference for the utilization of starch and sugars rather than
fibre and for insoluble rather than soluble protein; their engulfment of and
storage of starch; their inability to use NHjs to synthesize AA; their engulfment
and digestion of bacteria and other protozoa; their selective retention within
the rumen; and their death and lysis in response to low nutrient availability.
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Model predictions generally compared favourably with experimental observa-
tions although protozoal turnover time was poorly predicted. There was a need
for more reliable estimates of bacterial engulfment rate, protozoal maintenance
requirement and death rate.

Another model describing ruminal protein degradation is a first-order
disappearance model without time-delay (NRC, 2001), similar to that applied
by Mertens (1987) to describe ruminal fibre digestion. Total feed CP content is
divided into fractions A, B and C, which sum to unity. Fraction A is the
proportion of total CP present in the feed as NPN ‘already degraded’ at zero-
time, B is the fraction that is potentially degradable and C is the fraction that is
completely undegradable (NRC, 2001). The proportion of total CP degraded in
the rumen is determined by the fractional rates of degradation (k4) and passage
(kp). Total CP degradation is given by the equation:

RDP = A + Blkq/ (ka + kp)] (7.1)
The fraction of total CP escaping undegraded is given by the equation:

UDP = Blkp/ (ka + kp)] +C (7.2)

Volden et al. (2002) extracted soluble N fractions from forages, injected
these fractions into the rumen and described their kinetics of disappearance.
They developed a multi-pool model to predict the ‘escape’ of various N frac-
tions that could also be useful for other purposes.

Microbial Use of Energy- and Nitrogen-rich Substrates
Interaction between energy and nitrogen supply

Fresh forages may supply the rumen microbial populations of animals with
excess RDP relative to fermentable energy. It has been often shown that
provision of soluble carbohydrate to the rumen can increase microbial protein
outflow rate and reduce rumen NHj3 concentration and absorption rate (see
review by Obara et al., 1991). To alleviate this imbalance, newer species of
ryegrasses have been developed that have a high water-soluble carbohydrate
(WSC) concentration (20-40% of DM). Feeding animals with these grasses has
also been shown to increase the flow of AA to the small intestine in beef steers
(Lee et al., 2002), to elevate lamb growth rates (Lee et al., 2003) and to
improve milk vields (Miller et al., 1999). In general, forages grazed in the
afternoon have higher WSC concentrations than the same forages grazed in
the morning and this helps explain why ruminants alter their preferences for
clover and grass as the day progresses (Rutter et al., 2004).

Various workers (e.g. Sinclair et al., 1993) have argued that the rumen
efficiency of use of dietary CP would be highest when fermentable carbo-
hydrate energy is not only in an appropriate ratio with RDP in the diet but
the energy substrate is also fermented in synchrony with release of RDP
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sources. Asynchrony could therefore result in inefficient microbial growth and
relatively high NH3 absorption. Earlier, Chamberlain et al. (1985) had argued
that asynchrony is usually not an important issue in practice and there is still
uncertainty about this issue.

Assimilation of peptides and AA

Although ruminants can survive and produce at moderate levels on diets that
contain no true protein or AA-N, an important and as yet only partly answered
question is whether, or when, peptides and AA must accompany NH3 in rumen
fluid to enable efficient microbial protein synthesis (MPS) to occur. On one
hand, the concentration of NHjs in rumen fluid has been used as a practical
indicator of whether microbial efficiency is likely to be impaired by an
inadequate N supply with Satter and Slyter (1974), for example, suggesting
that 50 mg NH3-N/I is adequate to ensure that microbial growth efficiency is
not restricted. On the other hand, it has been argued that provision of peptides
or AA may enable rumen bacteria to grow more efficiently than with NH3
alone.

The presence of higher concentrations of peptides and AA in rumen fluid
has often been shown to stimulate growth of rumen bacteria (e.g. Cruz Soto
et al., 1994). Nevertheless, in some situations, when the diet is low in peptides
and AA, microbial growth efficiency is not necessarily impaired (Neutze et al.,
1986). Unanswered questions include the following. Can intraruminal recycling
of microbial materials provide enough of these materials? If not, will diets
formulated to supply additional peptides or AA improve the rate of feed
digestion and MPS, and thus stimulate animal production? Russell (1998)
gives an excellent discussion of these issues.

Peptides are essential for some species such as Bacteroides ruminicola,
which is incapable of assimilating free AA (Pittman and Bryant, 1964).
However, during short-term incubations of less than 5 min, mixed bacteria
from the rumen of a sheep given a diet of hay and concentrates assimilated
both 1*C-abelled peptides and free AA and their intracellular metabolism was
also rapid (Armstead and Ling, 1993). Free AA are taken up from the medium
by protozoa using an ‘active’ transport process when extracellular concentra-
tions are low (Coleman, 1967). Smaller peptides (<5 AA) can be assimilated via
membrane transporters in many microorganisms (Broderick et al., 1991).
Bacteria use the AA for protein synthesis and degrade excess AA intracellularly.
They then use the resulting fatty acids and ammonia in situ or excrete them
into the medium (Erfle et al., 1977) (see Fig. 7.2). Most extracellular AA are
therefore probably excreted from living cells or are digestion products of lysed
cells, rather than being the extracellular products of dietary protein
degradation.

Our understanding of peptides and AA assimilation by rumen microbes
was considerably advanced by Russell and colleagues (e.g. Chen and Russell,
1989) when they identified species with an obligatory requirement for peptide
and AA. These species oxidize peptides and AA as their sole energy source and
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Fig. 7.2. A model of nitrogen transactions in the rumen. The ovals delineate the microbial cell
wall, rectangles depict substrate pools in rumen contents and numbers adjacent to arrows refer
to individual pathways as follows: 1 sloughed epithelial cell protein; 2 feed protein ingestion;

3 non-protein N ingested in forage and supplements; 4 salivary protein input; 5 salivary urea
input, allantoin etc.; 6 endogenous urea transfer through rumen wall; 7 proteolysis by microbial
proteases; 8 feed peptides and amino acids; 9 ammonia produced from amides, amines, nucleic
acids etc.; 10 protein and NPN of lysed cells; 11 protozoal engulfment of proteinaceous patrticles;
12 carrier-mediated peptide uptake into microbial cells; 13 assimilation/excretion of AA and
NHs; 14 peptide utilization for microbial protein synthesis; 15 peptidolysis; 16 amino acid
utilization for microbial protein synthesis; 17 deamination/amination; 18 ammonia absorption
through rumen wall; 19 protein leaving the rumen undegraded; 20 microbial protein efflux;

21 extracellular peptides and AA efflux; 22 extracellular NH3 efflux; 23 ammonia utilization for
protein synthesis.

they have a high specific activity for ammonia production. In animals given
high-protein diets, they may be responsible for removing ruminal AA that
would be potentially useful for other microbial species or absorbable from the
small intestine. In addition, they may contribute to low efficiency of N use by
the host, by elevating ammonia absorption and urinary urea excretion.

Even though it is clear that many rumen microorganisms need or use
peptides and AA, NHs seems to have been given prominence among
the potential N sources, either because NHj is also essential for some species
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or because the majority of bacterial species can utilize it (Allison, 1969). In fact
NHj3 is the only N source required by the three species that probably contribute
most of the cellulolytic activity in the rumen, i.e. Ruminococcus albus,
R. flavefaciens and Fibrobacter succinogenes.

Studies using ®N-labelled NH3 have greatly helped to elucidate the relative
importance of microbial N sources. Depending on the animal’s diet, from 40%
to 95% of the N in bacteria is derived from NH3 (Mathison and Milligan, 1971;
Nolan and Leng, 1972; Neutze et al., 1986), implying indirectly that 5-60% of
bacterial N is derived from non-NHj3 sources, i.e. peptides and AA. More direct
estimates of peptide and AA utilization by rumen populations have been made
using 1°N-labelled protein hydrolysates (Cottle, 1980) and ®N-labelled plant
materials (Chapman and Norton, 1984; Damry and Nolan, 2002). These show
that peptides and AA are used when they are available. In vitro studies of
Atasoglu et al. (1999) led to a similar conclusion and provided additional
information about fermentation rate and microbial AA synthesis when RDP
contains AA-N.

Contradictory views about whether rumen microbial populations require
peptides and AA in addition to ammonia may be reconcilable if the type of diet
being used (e.g. roughage-based vs. concentrate-rich) is considered. Diet type
affects the rates of fermentation of substrates (whether high or low) that occur
in the rumen. Russell (1998) found that when AA-N was provided to ruminal
bacteria suffering ‘carbohydrate overload’, as might be predicted in animals
given rapidly fermentable energy substrates, their ‘energy spillage’ via futile
anabolic—catabolic cycles was reduced, and growth efficiency was increased.

Such ‘carbohydrate overload’ is less likely to occur in animals on less
digestible fibrous feeds, and so peptides and AA are less likely to improve
microbial efficiency. For example, when Neutze et al. (1986) infused NHj
into the rumen of sheep given alkali-treated, low-N straw supplemented with
3.5, 5.9 or 11.6 g urea-N/(kg DM), on all diets, about 97% of the bacterial
N was assimilated as NH3 and thus only 3% was derived from unlabelled dietary
or endogenous non-ammonia N (NAN) sources. The efficiency of MPS
averaged 24 g N/kg OM apparently digested in the rumen (OMADR), which
is quite high relative to the maximum theoretical efficiency of 30 (discussed
later). The results suggest that high growth efficiencies are possible with NH3 as
the main N source, at least in sheep given a feed of relatively low digestibility.
Unfortunately, studies of this type do not indicate the extent to which peptides
and AA from lysed bacteria are provided by ‘cross-feeding’ between microbial
species.

Assimilation of ammonia

The rate of assimilation of ammonia by bacteria and fungi depends on their rate
of growth. Ammonia usually enters microbial cells by passive diffusion, mainly
of the unionized (NH3) form, although there is also evidence, at least for fungi,
for uptake in the ionic form, NH; (Hackette et al., 1970). Boggs (1959)
studied 1°N-ammonia incorporation into microbial AA and concluded that
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glutamate and aspartate were early intermediates in the process of NHj
assimilation. Salter and Smith (1977) confirmed and extended these findings,
showing that ammonia-N incorporation into bacterial amide-N was 2-20 times
greater than into other forms of bacterial N.

Two systems for assimilation of NH3 appear to be widespread, namely
a low-affinity system, mediated by NADP-dependent glutamate dehydrogen-
ase, and a high-affinity system mediated by glutamine synthetase and glutamate
synthase, the former utilizing ATP in the reaction of ammonia and glutamate
to form glutamine, and the latter reductively transaminating the amide group
of glutamine to a-ketoglutarate to form two moles of glutamate (Erfle
et al., 1977). The ATP-requiring high-affinity system (its K, for most
predominant species is less than 5 uM) enables efficient ‘scavenging’ of NH3
when the concentration in rumen fluid is low but the use of ATP for
this essentially maintenance activity must reduce the energetic efficiency of
growth (Schaefer et al., 1980). In contrast, the lower affinity system
that operates at higher ammonia concentrations does not utilize ATP.
Ammonia assimilation by NADP-dependent alanine dehydrogenase or
aspartate dehydrogenase also occurs in some rumen anaerobes (Wallace,
1979) and these systems may be enhanced by the highly reducing conditions
of the rumen. Aminotransferases in microbial cells enable the amino
groups of glutamate, glutamine or alanine to be passed to other AA in the
intracellular pool.

Models describing peptide, free AA and ammonia assimilation in the rumen

In the model described by Baldwin et al. (1970), NHs is utilized as the sole
N source for cellulolytic bacteria, whereas both NH3 and AA may be required
for the amylolytic and saccharolytic groups. A specific role for peptides
and AA is also included in the CNCPS model (Pitt et al., 1996), which takes
account of their effects on the fermentation of non-structural carbohydrates.
As with most other such models, CNCPS allows bacteria that degrade non-
structural carbohydrates to use only NHsz. When dietary protein degradation is
rapid, the rumen microbes are unable to utilize all of the peptides, AA and NH3
produced and some soluble dietary N escapes intact into the intestines (Udén,
2000). Some simulation models of the growth of rumen microbes account for
this possibility (e.g. Baldwin and Sainz, 1995).

Various models assume that efficient microbial growth can be achieved
by providing diets that only contain urea or NHs, often using NHs to supply
all RDN, e.g. Grazreep. This is perhaps because workers such as Virtanen
(1966) have demonstrated that ruminants can be maintained and produce at
satisfactory levels on urea-based diets, or because these models appear to give
good predictions of animal performance under some conditions. Nevertheless,
because substitution of NPN for true protein in supplements for animals given
forage diets often impairs forage utilization and animal performance (Owens
et al., 1980), models that do not account for peptides and AA may have
limitations.
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Nitrogen Pools in the Rumen

Peptide, AA and NH3 concentrations in rumen contents tend to increase in the
2-4 h period after each meal. Concentrations of peptides range from 2 to
50 mg N/l (Annison et al., 1954) or 10 to 150 mg N/I (Wallace, 1990)
whereas the free AA pool may contain 0.1-16 mg N/I (Annison and Lewis,
1959) equivalent to 6-600 and 60-6000 mg N in sheep and cattle, respect-
ively. At times NH3 concentrations can exceed 400 mg N/I after animals have
ingested fresh pasture materials (Johns, 1955). Microbial assimilation of pep-
tides, AA and NHjs lowers the potential peak concentrations after feeding, so
that the exact nature of the concentration vs. time curve is dependent on the
feed protein degradability and microbial growth conditions.

The rumen ammonia pool: production and removal of ammonia

Ammonia in rumen fluid is the final end-product of proteolysis by mixed rumen
populations and is a major source of N for protein synthesis by many bacterial
species. At any particular time, rumen NH3 concentration depends on the
relative rates of entry and removal of NHs (see Fig. 7.2 for overview of
ammonia transactions). It has generally been believed that NH3 in rumen fluid
is formed when AA in excess of requirements are metabolized intracellularly by
a diverse range of microorganisms. When intracellular NH3z concentration
increases, NHj is excreted into the medium. This NHj is then available for
‘cross-feeding’, being especially useful for some cellulolytic species. However,
Russell et al. (1991) argued that very few strains themselves produce NHj3 from
true protein under genuine rumen conditions and identified B. ruminicola as
the most important representative of only very few species with this ability.

In the 1980s, three Gram-positive, monensin-sensitive species capable of
rapid fermentation of peptides and AA and high rates of NH3 production were
isolated (i.e. Clostridium sticklandii, Peptostreptococcus anaerobius and
Clostridium aminophilum) (Paster et al., 1993). Dubbed the ‘ammonia hyper-
producing bacteria’, these organisms do not ferment carbohydrates or intact
proteins. They obtain most of their energy requirements by degrading peptides
and AA. Attwood et al. (1998) isolated rumen bacteria with similar capabilities
from pasture-grazed ruminants in New Zealand and suggested that these NH3
hyperproducing species can rapidly remove the peptides and AA produced by
proteolytic species with which they are probably closely associated.

Studies using '°N have demonstrated that the rumen NHj3 pool is relatively
small and turns over rapidly. For example, in sheep given a daily ration of
800 g/day of chopped lucerne hay, providing 23 g N/day, approximately
14 g N/day passed through the NHj3 pool, which contained only 0.6-1.2 g N
(Nolan, 1975), i.e. the NH3-N pool was completely removed and replaced
in less than 2 h. Small changes in the relative rates of NH3 production and
removal can therefore result in rapid changes in rumen NHj pool
size and concentration, even when animals have continuous access to food. Similar
conclusions were reached by Koenig et al. (2000) in a study of sheep given
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2-hourly meals. Much greater variation in rumen NH3 concentrations may occur
when animals are given meals only once or twice a day.

Intraruminal ammonia recycling

Ammonia-N that is fixed into non-NH3 compounds, either within the rumen or
in the body, and is subsequently released into the rumen NH3 pool is said to
have recycled. (The same is true of peptide and AA pools.) The difference
between the total and net flux rates of N through the NH3 pool, estimated from
the enrichment of rumen NHj3 and its rate of decline after a single intraruminal
injection of 1°N-ammonium salts (Nolan and Leng, 1974), indicate that there is
considerable intraruminal recycling of N via NAN pools (proteins, peptides and
free AA) and there is therefore a considerable ‘sharing’ by microorganisms of
the N of NHj, peptide and AA in the rumen.

Recycling within the rumen involves the re-utilization of nitrogenous ma-
terials released from living microbes and also from bacteria and protozoa that
have lysed. Protozoa graze on bacteria and then digest them and excrete
nitrogenous materials into the medium. Protozoa are also a source of ferment-
able materials when they die in the rumen — and as they are selectively retained
in the rumen, the majority of protozoan materials will eventually be subjected to
further microbial processing. This has led some workers (e.g. Wallace and
McPherson, 1987) to argue that recycling of microbial matter is mainly asso-
ciated with protozoal activities. Earlier studies with defaunated sheep, however,
led Nolan and Stachiw (1979) to conclude that up to 50% of the microbial
protein present in the rumen was recycled intraruminally in the absence of
protozoa. Demeyer and van Nevel (1979), Krebs et al. (1987) and Koenig et al.
(2000) have reached the same conclusion. Bacterial numbers in the rumen
increase when protozoa are eliminated, and the bacteria are still subject to lysis
for reasons other than engulfment and digestion (Morrison and Mackie, 1996).
Some bacteria lyse spontaneously when substrates are limiting (Wells and
Russell, 1996) and temperate and lysogenic phages (viruses) may hasten lysis
under these conditions. Lysogenic phages have been found in relatively high
concentrations in the rumen of sheep on forage diets and lysogeny is triggered
by certain factors that are as yet poorly understood (Swain et al., 1996).

It has been argued that this intraruminal recycling of N affects the efficiency
of both energy and protein utilization and leads to inefficient microbial growth
in ruminants (Jouany, 1988). On the other hand, N recycling promotes a form
of ‘cross-feeding’ that may enable certain species with specialized abilities to
live in the rumen when otherwise they would not survive because of a lack of
essential nutrients.

Ammonia and AA absorption from the rumen

Most of the NHj3 in rumen fluid that is not assimilated by microbes
diffuses through the rumen wall at a rate that is determined by its unionized
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concentration and passes via the portal blood to the liver (McDonald, 1948).
A smaller fraction passes out in digesta moving to the lower digestive tract (this
amount is the product of fluid outflow and NHj3 concentration). In vivo
estimates of NH3 absorption have been made in fed sheep by estimating the
I5N efflux from the rumen during intraruminal infusions of 1°N-labelled
ammonium salts (e.g. Siddons et al., 1985; Obara et al., 1991). The latter
researchers found a linear relationship between net NHj absorption and
unionized NH3 concentration. In studies with sheep by Dellow and co-workers
(see Nolan, 1993), there was substantial NH3 absorption at levels of feed intake
ranging from one to three times the estimated ME requirements for mainten-
ance. Estimates of absorption rate have also been made in ruminants by
estimating arteriovenous differences in NH3 concentration in blood perfusing
the gut (Huntington, 1982; Remond et al., 2003).

Uptake of AA or peptides across the rumen wall can occur (e.g. Webb
et al., 1993) and transporters have been demonstrated in ruminal and omasal
epithelia of sheep and dairy cows (Chen et al., 1999). However, the amount of
AA absorbed from the forestomachs is probably nutritionally insignificant.
Peptides and AA in rumen fluid will also contribute to the AA flow into the
small intestine to an extent determined by their concentration in rumen fluid
and the fluid outflow rate.

Microbial Protein Synthesis

MPS in the rumen requires energy-rich substrates, along with peptides, or AA or
NH3, and other essential nutrients, e.g. sulphur and trace minerals and
branched-chain fatty acids and certain growth factors. Mechanistic models
have been developed for predicting rumen fermentation and microbial growth
outputs (see review by Dijkstra and Bannink, 2000). None currently takes
account of all microbial growth requirements but the models have helped to
identify major factors that may modulate microbial protein outflow from the
rumen and which require further practical experimentation, e.g. types of sub-
strates, microbial interactions and the AA concentrations in microbial protein
(Dijkstra et al., 1998). However, Dewhurst et al. (2000) have cautioned against
overuse of models such as decision support systems (DSS) for predicting pro-
duction from farm herds, arguing that animals are subjected to many additional
environmental variables and feed analyses are not always reliable.

Efficiency of MPS

Microbial growth efficiency in the rumen has proved especially difficult to
estimate with confidence experimentally. Efficiency can be expressed as
the vield of cell DM or OM per unit of feed OM truly fermented (OMTDR) in
the rumen. The yield of microbial protein may be similarly expressed, but values
will be more variable because the protein content of mixed microbial cells also
varies. A commonly used alternative expression is microbial DM yield per unit
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(OMADR). This is less meaningful stoichiometrically, but has persisted for
the pragmatic reason that it represents what is often measured, i.e. the
difference between feed OM intake and OM flowing from the rumen. The OM
of digesta entering the abomasum contains true feed OM (undigested) and
microbial OM, but also relatively smaller amounts of endogenous OM, VFA
and other materials.

With accepted stoichiometry, the maximum yield of microbial OM from the
rumen is unlikely to exceed 360 g/kg dietary OMTDR (SCA, 1990). Based on
a concentration of true protein in bacteria of 320 or CP content of 500 g/kg
DM, respectively, this is equivalent to 115 g microbial AA or 180 g CP/kg
OMTDR (Czerkawski, 1986). Similar calculations of the maximum theoretical
vield per OMADR give corresponding values of 180 g AA and 281 g CP/kg.
The latter value is similar to the highest values found experimentally in cattle
grazing high-quality grass which were 190-280 g microbial CP/kg OMADR
(Beever et al., 1986; Dove and Milne, 1994). In practice, mean values for
MCP vyield efficiency found in larger experimental data sets are below these
theoretical values, e.g. 184 4-60.1 (sp) for lactating and non-lactating cattle
mainly on mixed diets of roughage and concentrates (n = 107) and
224 + 69.1 (sp) for sheep on pasture or hay diets, some with grain, urea or
protected casein (n = 83) (SCA, 1990). Czerkawski (1986) averaged results of
65 estimates from 25 separate studies and after expressing the results on a
common basis, found that yield was remarkably constant, i.e. 19.3 &= 0.5 (sg) g
microbial N/kg OMTDR (or 121 g MCP/kg OMTDR).

The standard deviations listed above indicate there is wide variability in the
efficiency of microbial cell supply from the rumen. A major reason is that a
variable proportion of the ATP and membrane potential generated by the
fermentation processes is used by different populations of rumen microbes
for non-growth purposes, i.e. the maintenance requirement of cells (Pirt,
1965). Moreover, some microorganisms appear at times to dissociate
catabolism of substrates and ATP generation from synthesis of cell
constituents, and dissipate excess ATP as heat by so-called ‘energy-spilling’
reactions (see Chapter 9). Other factors affecting variability include diet quality
(affected by composition of supplements), level of intake, retention time of
solids and liquids, and the timing of release of energy substrates and nitrogen-
ous materials into the medium (rumen ‘synchrony’).

Effect of turnover rate of liquid and particulate matter

Turnover rate (dilution rate) of the microbial populations is known to markedly
affect microbial growth efficiency in continuous fermentations of mixed
cultures (Isaacson et al., 1975). The situation in vivo is, however, more
complex than that in a continuous fermenter and efficiency of microbial yield
is not always predictably increased by increases in dilution rate resulting, for
example, from increased feed intake. Continuous fermentations are usually
energy limited whereas, in practice, microbial growth rate in the rumen is
frequently limited by availability of specific nutrients such as NHs or sulphide
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as discussed above. Moreover, groups of microbes in different niches have
different rates of turnover, e.g. those closely associated with fibrous feeds
may turnover less rapidly than those in the fluid phase. Thus, there are likely
to be differences in the residence time of microorganisms fermenting
particulate and soluble substrates.

Owens and Goetsch (1986) used an equation derived from unpublished
data of C.J. Sniffen and P.H. Robinson to describe rumen microbial yield
efficiency (Y, g microbial N/kg OMTDR) in terms of roughage intake (RI)
and concentrate intake (CI), viz.:

Y = 842 + 3.69CI + 17.71RI — 4.66RI*

(7.3)
(R =0.28; n = 144; p< 0.01)

Y (the predicted efficiency of yield) has theoretical extremes of 12.1 to 21.5 for
all-concentrate and all-roughage diets, respectively. It indicates that efficiency
generally increases with level of intake, with RI having a relatively greater effect
than CI. The equation seems to encompass results of other researchers. For
example, Mathers and Miller (1981) found that the efficiency of MPS was
higher in sheep given chopped lucerne than in those given rolled barley or
combinations of barley and lucerne, and the differences did not appear to be
related to fractional outflow rate (dilution rate). On the other hand, other
workers (e.g. Teller and Godeau, 1989) have found positive correlations
between fractional outflow rate and efficiency of MPS in the rumen. Van
Soest (1982) cites data of P.H. Robinson, which suggest that in vitro bacterial
vield increased from 140 to 290 g/kg OMTDR as dilution rate increased from
3% to 8% per hour. However, increases in efficiency with increased dilution
rates are not always evident in practice. The latter data set, for example,
includes vield values that are higher than those theoretically possible.
Nevertheless, the data support the concept that microbes in the fluid phase
may be more affected by dilution rate than microbes associated with slower-
moving particles. This idea has been captured by Dijkstra et al. (1992) in their
model of rumen function.

Role of protozoa

Under certain conditions, eliminating protozoa from the rumen can increase
protein outflow or improve production (Bird and Leng, 1984; Ivan et al.,
1991). For example, defaunated lambs given a diet of chaffed oat straw, sucrose
and fishmeal (48:48:4, w/w) gained weight 9% faster and grew 37% more wool
than the lambs with protozoa (Bird and Leng, 1984). Efforts have been made to
find methods of permanently eliminating protozoa from the rumen or reducing
their numbers (Bird, 1995) but to date none has been adopted. However, many
studies suggest that, in situations where AA availability is constraining produc-
tion, the potential improvements in production would be considerable if control
of protozoal populations could be achieved in a practical way.
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Experimental estimation of rumen microbial outflow using purine derivatives

Because ingested nucleic acids in the diet are extensively degraded in the rumen
(Smith and McAllan, 1970), most nucleic acids absorbed post-ruminally have
been synthesized de novo by microbes in the rumen. Moreover, the rate of
urinary purine derivatives (PD) excretion closely reflects the flows of (microbial)
purines into the intestines (Topps and Elliott, 1967). Thus, if the urinary PD
excretion rate is known, the rate of outflow of microbial biomass (or MCP) from
the rumen can be estimated provided the concentration of microbial purines (or
CP) in a pure sample of the mixed rumen microbial biomass is also known.
During the last decade, this prediction method has been extended for use with
different species of ruminants (see review by IAEA, 2004). It offers an effective
means of predicting AA supply to the small intestine in animals. It is an
alternative to methods dependent on the surgical fitting of gut cannulas and
on marker-assisted estimation of digesta flow rate through the abomasum or
duodenum.

Post-ruminal Utilization of Nitrogen
Digestion in the small intestine

Microbial protein, UDP and endogenous proteins entering the small intestine
are efficiently digested and absorbed (see review by Annison et al., 2002).
It has been suggested that the AA composition of UDP is virtually identical to
that of its feed precursors, but more recent research shows that the feed AA
profile may be altered by fermentative processes (e.g. Varvikko, 1986).
Different combinations of dietary proteins do affect the profile of AA in
duodenal digesta, at least in high-producing dairy cows (King et al., 1990)
and processing of feeds before they are ingested can also influence the
intestinal digestibility of AA. These effects are probably only of importance
when proteins are incorporated in high concentrations in the diet, or have a
short residence time in the rumen. A method referred to as the ‘mobile nylon
bag’ method has been used to compare the relative intestinal digestibilities of
proteins in concentrate (e.g. cereal grains) and roughage materials (grass and
silages). Coefficients obtained by this method vary from about 60% to 90%
(Tamminga, 1990).

Bacteria contain proteins that are readily digested in the small intestine and
have a well-balanced, though less than ideal, array of essential AA. The essential
AA profiles of protozoa and fungi appear to be even closer to those of the
protein in animal products. The protozoa and fungi also tend to have higher
intestinal digestibility, but their low vyields generally make them of little
significance to the host animal. The amounts of endogenous AA relative to AA
of MCP and UDP flowing from the rumen are poorly understood, but one study
(Buttery et al., 1983) indicates that the amounts of endogenous N secreted into
the proximal small intestine may be considerably higher than amounts passing
out of the rumen. Digestive enzymes and mucus and sloughed intestinal
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cells also contain AA-N that is secreted into the gut lumen and is mostly
re-absorbed before digesta pass out of the small intestine. Their net (or appar-
ent) absorption coefficient is lower than 90%. The relative profiles of most
AA are unchanged during the absorptive process, but disproportional losses
can occur for threonine, valine and cysteine, probably due to poor re-absorp-
tion of mucin proteins (Lapierre and Lobley, 2001). Uncertainty about the sites
and quantity of secretion of endogenous N and its fractional re-absorption is a
major constraint to diet formulation (Ouellet et al., 2002).

In addition to AA, MCP includes nucleic acids (purines and pyrimidines)
and other N compounds. Smith et al. (1969) showed that 85% of RNA was
apparently digested in the small intestine of calves and Chen et al. (1990)
found that 91% of an infused source of microbial purines was digested in the
small intestine of lambs. Knowledge of nucleic acid digestion and metabolism in
ruminants has been extended in the last decade (see review by IAEA, 2004) in
line with the development of the urinary PD microbial outflow prediction
method (discussed above).

Fermentation and digestion in the large intestine

The large intestine (caecum, colon and rectum), like the rumen, supports
microbial populations that ferment materials entering it. There is a net disap-
pearance of OM between the ileum and anus providing energy for microbial
fermentation and growth. The relative magnitude of the fermentative activity
can be gauged from the production of VFA and methane, which is usually less
than 10% of that produced in the rumen of the same animal.

Microbial protein produced by fermentation processes using urea from the
blood and undigested endogenous N, microbial N and UDP is the major form of
N excreted in faeces. Apparently AA are not absorbed from the large intestine
of ruminants. When given an N-free but otherwise adequate diet, ruminants
continue to excrete faecal N from endogenous sources at about 5 g N/kg DM
intake. Dixon and Nolan (1982) and Dixon et al. (1982) have developed
quantitative models of OM and N transactions in the large intestine of sheep.
A net NH3-N absorption equivalent to 0.5 g/day was found in sheep on a high-
fibre, low N diet but in similar sheep supplemented with fishmeal, the net
absorption increased to 5.3 g N/day (Dixon and Nolan, 1982).

Ammonia and urea metabolism in the body

Lapierre and Lobley (2001) give a detailed account of urea metabolism in
ruminants. In ruminants, urea synthesis in the liver and kidney provides a
means by which excess amino-N and the NHj resulting from inefficient
N utilization in the rumen are prevented from causing toxicity in the body.
This detoxification incurs energy costs of 4 ATP per mole urea synthesized
(McBride and Kelly, 1990), and there are probably extra associated energy
costs of maintenance of the liver, which increases in size with N intake (Marini
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et al., 2004). On the other hand some ATP may be recovered in cells when
keto acids, formed during AA deamination, are oxidized via the Krebs cycle
(Newsholme and Leech, 1983). Nevertheless, any requirement for urea
synthesis brought about by a low efficiency of N utilization not only represents
a waste of N but also of potentially useful energy. If, for example, a 600 kg cow
producing 30 1 milk per day ingested 16.6 kg of ryegrass DM containing 4.0%
N (80% digestible) so that her N intake was 382 g in excess of requirements,
the energy cost of NH3 detoxification could be 20 Md/day, equivalent to about
4 1/day of fat-corrected milk (SCA, 1990).

Urea synthesized in the liver or kidney is released into the blood.
As ruminants have no endogenous urease, this urea is removed only by
excretion via the kidney or by transfer into the gut. The latter transfer can be
by diffusion through the ruminal or intestinal epithelia or in secretions (saliva,
gastric and pancreatic juices), or in sloughed intestinal cells (see review by
Nolan, 1986). This urea is degraded to NH3 by microbial urease associated
with the gut wall or in digesta. Microbial AA formed from this NH3 in the
rumen are available for digestion by the ruminant host. This ‘protein regener-
ation cycle’ assists ruminants to survive on low-protein diets (Houpt, 1959) and
it is tempting to speculate that urea conservation by the kidney and its transfer
to the gut might be regulated.

Various mechanisms appear to reduce renal excretion of urea and redirect
it to the rumen at times when RDP availability is a limitation for microbial
growth (see review by Obara et al., 1991). A change in urease activity
in the rumen wall with changing N status of the animal is one means by
which the rate of urea transfer to the rumen is altered (Marini et al., 2004).
Rumen NHj3 concentration has also been thought to regulate urea transfer but
Remond et al. (2003) believe that NH3 concentration is secondary to the rate
of substrate fermentation. The discovery of urea transporters in the gut wall of
ruminants (Ritzhaupt et al., 1998) suggests another mechanism by which urea
transfer might be regulated to an animal’s advantage. However, Marini et al.
(2004) found that changes in N intake of lambs did not affect the numbers of
transporters in the rumen wall and kidney medulla.

When reviewing the role of regulatory mechanisms, it is prudent to re-
member that N recycling often does not completely correct a RDP deficiency,
because often both intake and digestibility of low-protein diets are improved by
the provision of RDP from a dietary urea supplement. It is therefore clear that
so-called ‘urea recycling’ does not always completely correct a RDP shortfall
even though it clearly reduces the maintenance N requirements of ruminant
animals.

Practical Protein Feeding Systems

Mathematical models have become the basis for the modern protein and
energy feeding systems. They are being updated by new research, which
is helping them accommodate a much wider range of practical management
issues. Attempts to improve feeding system models tend to lead to an increase
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in their complexity. However, the advent of software packages for incorporat-
ing this complexity into easy-to-use DSS has meant a wider range of livestock
consultants and managers can access research information relevant to their
own countries or districts.

The crazreep DSS, for example, is a component of the GRAZPLAN decision
support project for Australian grazing enterprises (Freer et al., 1997). GRAZFEED
is designed to help the user assess the nutritive value of a defined pasture, for
specified animals grazing on it, and to show how a desired weight gain or milk
yield might be achieved with or without supplementation. It does this by
predicting the intake of energy and protein and their use for maintenance
and production according to information in SCA (1990), with recent modifi-
cations in Freer et al. (2003). The CNCPS model is now available as a DSS for
cattle (see CNCPS, 2004). The developers’ objective is to improve nutrient
utilization, environmental issues and profitability of the dairy and livestock
industries in the USA. In the UK, the AFRC (1993) feeding standards have
been incorporated into the RumMnuT DSS (see RUMNUT, 2004), which also
incorporates US, French and Australian feeding standards.

Conclusions

Computer models that quantitatively describe microbial fermentation and
growth in the rumen are now useful adjuncts to research in ruminant protein
nutrition. Efficient N metabolism in ruminants depends on a complex
interaction between energy and various nutrients both in the gut and in tissues.
Nitrogen is not utilized efficiently by rumen microbes unless there is an
adequate and synchronous supply of energy-rich substrates in the diet. Im-
proved pastures often provide an imbalanced and asynchronous supply of
amino N relative to energy-rich substrates. Further work is still required to
better elucidate the roles of protozoa and bacteriophages (viruses) as agents
causing death and lysis of rumen bacteria (promoting intraruminal N recycling
with consequent reductions in net microbial synthesis) and to define more fully
the roles of UDP and RDP, and the importance of recycled urea as part of the
RDP supply. A new and exciting area of research is the breeding of pastures
that are higher in WSC relative to CP.

The major source of AA for ruminants is the microbial biomass flowing into
the small intestine but accurate estimation of its magnitude has been an on-
going constraint for ruminant research workers. Development of the technique
based on estimation of the rate of urinary excretion of PD now enables
microbial AA outflow from the rumen to be predicted in most ruminant species
without the need for surgical implantation of cannulas. Microbial AA,
augmented by UDP and endogenous CP, are digested and used by the host
animal, but at efficiencies that currently still show room for considerable
improvement. Excretion of endogenous N and its re-absorption in the small
intestine, and N transactions in the large intestine also affect the efficiency
of utilization of N by the animal and are not yet adequately described in
most DSS.
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Quantitative results from experimental studies of gut and tissue processes
and the models of N kinetics based on them have aided integration of research
findings and are continuing to assist researchers to identify gaps in knowledge.
Models describing N metabolism in tissues are covered elsewhere in this volume
(see Chapter 27), but it is notable that few, as yet, take account of the limiting
essential AA for tissue protein synthesis.

Some DSS models are already providing exciting and practical benefits
for researchers, animal nutritionists and farmers. Whole-animal models, for
example, are helping farm managers to reduce environmental problems result-
ing from the provision of rations with excess dietary protein and to make to
more efficient use of expensive protein sources.
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Introduction

Whilst herbivory is widespread in the animal kingdom, no vertebrates and few
invertebrates are capable of synthesizing cellulose- or hemicellulose-digesting
enzymes. Instead, herbivores have evolved symbiotic associations with micro-
organisms. Two main types of herbivory exist among mammals. The rumin-
ants, cloven-hoofed mammals of the Artiodactyla, are best equipped for
maximal digestion of plant biomass, which is achieved by prolonged retention
within the gastrointestinal (GI) tract. The second type of herbivory is exempli-
fied by members of the Equidae (horses) and Elephantidae (elephants), where
plant material is passed through the GI tract more rapidly at the expense of
maximal plant cell wall digestion. With this form of herbivory, a greater pro-
portion of the nutrient supply to the animal is obtained from plant-cell contents
than from cell-wall polymers.

Both types of herbivory are dependent upon microorganisms for the
degradation and fermentation of plant-cell contents, cellulose, hemicellulose
and pectin. Ruminants rely on a predominantly pre-gastric fermentation in the
rumen, whereas in horses and elephants the fermentation occurs in the hind-
gut, predominantly in the caecum. Although this chapter is concerned with
quantitative aspects of rumen microbiology, it may have wider relevance since
many similarities exist between microbial populations in the rumen and those
found within the GI tract of post-gastric herbivores.

Due to microbial activity, conditions in the rumen are highly anaerobic
with a redox potential of between —300 and —350mV. Temperature re-
mains relatively static at 38-42°C, due in part to the heat generated during
fermentation, but mainly to the homoeothermic metabolism of the animal.
Buffering capacity in the rumen is provided by the production of copious
quantities of saliva containing bicarbonate and phosphate salts, which enable
the rumen to be maintained at a pH of 6-7. Mixing of rumen contents and

© CAB International 2005. Quantitative Aspects of Ruminant Digestion
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some comminution of digesta particles occurs by repeated rhythmic contrac-
tions and relaxations of the rumen wall. However, most of the physical
breakdown of plant biomass is brought about by initial chewing and subse-
quent rumination. Passage of digesta from the rumen is selective and is
based on liquid flow and particle size. The flow of water, solute and small
particles (including microbial cells) through the rumen may take 10-24 h,
whereas larger particles (and attached microorganisms) can be retained
for up to 2-3 days, thus providing time for microbial degradation of plant
fibres.

In return for provision of a relatively constant environment and the con-
tinual supply of plant nutrients, the microbial population in the rumen supplies
the host with easily utilizable forms of carbon and energy and with a protein
source in the form of microbial biomass. The microorganisms, predominantly
fermentative populations of bacteria, protozoa and fungi, are present in
the liquid phase of digesta contents, in association with plant fragments, and
as a lining on the rumen epithelium. Most are obligate anaerobes and will not
grow in the presence of oxygen. Some facultative anaerobes are also present,
and these scavenge available oxygen that enters the rumen with the feed or
by diffusion across the rumen epithelium. Bacteria in rumen liquid are found
at concentrations of 10°—10'0/ml, whereas protozoal populations range
from 10° to 10°/ml. The population density of rumen fungi (fungal
zoospores) appears to be within the range 103—10°/ml. Bacteria are generally
believed to constitute most of the microbial biomass in the rumen, although
estimates of up to 40% have been recorded for protozoal biomass in some
animals. The amount of fungal biomass is thought to contribute less than 8% of
the total.

Over 200 species of rumen bacteria have been described since the pio-
neering work of R.E. Hungate began in the 1940s. All of the principal mor-
phological forms of small bacteria, including Gram-positive and Gram-negative
rods, cocci, crescents, vibrios and helices, occurring singly, in chains, tetrads
and clumps, are found in the rumen. Larger bacteria such as the distinctive
‘Quin’s and Eadie’s ovals’, notable from our inability to grow them in pure
culture, are also represented. The rumen also contains numerous species of
protozoa, most of which do not rely solely on plant nutrients for growth, but
feed by phagocytosis (predation) on rumen bacteria, fungal zoospores and
other protozoa. Of the 100 plus species of rumen protozoa described in the
literature, none are maintainable in axenic culture and only about 20 have been
grown in vitro in the presence of bacteria. Three groups of protozoa are
recognized: the rumen flagellates, the entodiniomorphs and the holotrichs.
The rumen flagellates have been the least studied and some are now considered
to be zoospores of rumen fungi. The rumen fungi are a unique group of
cellulolytic anaerobes whose existence in the rumen was not accepted until
comparatively recently. At least 12 species belonging to six genera have
now been described and this number is expected to increase with continued
research.
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Species Diversity and Activity

Species diversity and the size and activity of the microbial population in the
rumen are not constant, but vary according to changing dietary conditions. In
the wild, this variation is largely a reflection of seasonal and climatic differences
and their effect on the availability, composition and variety of vegetation for
ingestion by ruminants. In domesticated ruminants, however, where conditions
are less variable, changes in diet composition and its physical form are largely
responsible for changes in the microbial population (Thorley et al., 1968;
Mackie et al., 1978). Frothy bloat in cattle can be cited as an extreme case,
where dietary change has a dramatic influence on the rumen microbial popu-
lation. This disorder, occurring soon after the ingestion of certain rapidly
degradable forage legumes, is related to persistence of an extremely high
bacterial population in the rumen dominated by the murinolytic bacterium,
Lachnospira multiparus (Theodorou et al., 1984).

Much of the available energy in ruminant feeds is in the form of structural
plant cell-wall polymers — cellulose, hemicellulose and pectin. Microorganisms
capable of degrading these polymers to their monomeric constituents for
fermentation by themselves or by others are of principal importance in the
rumen. The major species involved in cellulose degradation are Bacteroides
succinogenes, Ruminococcus albus, R. flavefaciens and Eubacterium cellu-
losolvens. These bacteria adhere closely to plant cell-wall surfaces forming
erosion pits as they degrade cellulosic substrates (Chesson and Forsberg,
1997). Recent molecular techniques allow an improved insight into the kinetics
of fibre attachment by rumen bacteria, demonstrating that degradation is not
necessarily synchronized with changes in attached bacterial biomass (Koike
et al., 2003). Hemicellulose is also degraded by some of the cellulolytic micro-
organisms, together with other bacteria such as Butyrivibrio fibrisolvens and
Bacteroides ruminicola (Hungate, 1966; Dehority and Scott, 1967). Fungi
and bacteria contribute most towards degradation of plant cell walls, the
protozoal contribution on the majority of diets being only some 5% to 20%
of total rumen NDF degradation (Dijkstra and Tamminga, 1995). The pectoly-
tic activities of the predominant pectin-degrading bacteria (e.g. B. fibrisolvens,
L. multiparus) and protozoa have been identified (Wojciechowicz et al., 1982;
Williams, 1986), though little has been published on their properties. In
contrast to rumen bacteria and protozoa, the anaerobic fungi exhibit little
hydrolytic activity towards pectin (Williams and Orpin, 1987).

Although absent from plant cell walls, starch is an important
component of many ruminant diets, especially those including grain.
Some cellulolytic bacteria, such as certain strains of B. succinogenes, are
also amylolytic. In general, however, the principal amylase-producing
bacteria, Bacteroides amylopilus, Selenomonas ruminantium and
Streptococcus bovis, have a limited ability to utilize other polysaccharides.
These microorganisms, together with soluble-sugar utilizers such as
Megasphaera elsdenii, occupy a distinct ecological niche in the rumen.
Although they are in competition with many other rumen microorganisms
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for these readily degradable substrates, they survive because of their faster
growth rates or greater substrate affinities (Hobson, 1971; Lin et al., 1985).

Proteins entering the rumen are rapidly degraded with the release of
nitrogen as ammonia. Most rumen microorganisms, with the possible excep-
tion of the main cellulolytic bacteria, are proteolytic to some extent. B. amylo-
philus, B. fibrisolvens, B. ruminicola and the proteolytic Butyrivibrios are
considered to be the major proteolytic species in the rumen (Hobson and
Wallace, 1982). Almost all species of rumen bacteria and fungi, but few
protozoa, can utilize ammonia as a precursor for cellular nitrogen compounds
(Bryant and Robinson, 1962; Wolin, 1979). Competition for ammonia by
rumen microorganisms will only occur in certain situations, notably when the
quality of the feed and dietary levels of N are poor (mainly in the tropics and
subtropics). Rumen bacteria are efficient scavengers of N sources and uptake of
ammonia is represented satisfactorily using saturated kinetics, allowing predic-
tions of optimal levels of N-supplementation when the basal diet is deficient in
N (see review by Dijkstra et al., 2002).

The majority of rumen microorganisms use the Embden—Meyerhof—Parnas
and pentose—phosphate pathways to ferment the hexose and pentose products
of polysaccharide degradation to pyruvate. Pyruvate can then be metabolized in
a number of different ways to various end-products, including formate, acetate,
propionate, butyrate, lactate, succinate, methanol, ethanol, CO, and Hs. In
the rumen ecosystem, however, some of these compounds are present in only
trace amounts, since they are utilized as substrates for growth by secondary
microorganisms. Some examples of bacteria that exist in the rumen by using
the products of primary fermentation include the lactate and succinate utilizing
species, Veillonella paruvla, M. elsdenii and S. ruminantium. As a conse-
quence of their activity, lactate and succinate are converted to acetate or
propionate. Methanogenic archaebacteria such as Methanobrevibacter rumi-
nantium and Methanosacina barkeri utilize either Hy, and CO, or formate,
acetate, methylamine and methanol for the production of methane. The in-
volvement of these bacteria in inter-species hydrogen transfer is an important
interaction that alters the fermentation balance and results in a shift of the
overall fermentation from less- to more-reduced end-products (Wolin, 1974).
Although fermentation pathways are well established, the prediction of the type
of volatile fatty acids (VFA) that is produced in the functioning rumen remains a
difficult task (Bannink et al., 2000).

Some of the bacteria that participate in degradation of structural polysac-
charides are unable to utilize all of the products liberated as a consequence of their
activity. Whereas R. flavefaciens produces both xylanase and pectinase, it can-
not utilize the end-products of xylan or pectin degradation (Pettipher and Latham,
1979a,b). Thus, these energy-rich compounds are made available as substrates
for growth of other rumen microorganisms. In a similar case, some of the energy-
rich products of hemicellulose degradation are not utilized by the anaerobic
fungus Neocallimastix hurleyensis that produces them (Lowe et al., 1987,
Theodorou et al., 1989). This apparently altruistic behaviour between rumen
microorganisms has been demonstrated on numerous occasions and is thought to
be related to cross-feeding interactions. In return for the provision of readily
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utilizable substrates, the recipient microorganism provides the primary degrader
with an essential growth factor, such as a vitamin or cofactor. In another example,
the combination of a pectin-utilizing bacterium (B. ruminicola) increased the
degradation and utilization of lucerne pectin (Gradel and Dehority, 1972). In
this situation both organisms benefit from a mutualistic association.

Some microorganisms are able to coexist in the rumen without affecting
the metabolism of others. This situation is comparatively rare and is usually
attributed to highly specialized microorganisms, which have the ability to use
substrates that are not degradable by others. As examples of this type of neutra-
listicinteraction, the degradation of oxalate by Oxalobacter formigenes (Dawson
et al., 1980) and 3-hydroxy-4-1(H)-pyridone degradation by unidentified Gram-
negative rods (Jones and Megarrity, 1986; Allison et al., 1987) can be cited.

Protozoa are able to degrade all the major plant biomass for subsequent
digestion within the body of the ciliate, and holotrich protozoa such as Dasy-
tricha and Isotricha can obtain their energy requirements either by uptake of
soluble sugars or via the production of cellulases for degradation of plant biomass
polymers (Hobson and Wallace, 1982; Williams and Coleman, 1997). One of
the least studied but perhaps the most significant interactions in the rumen is that
of predation. Although protozoa are able to utilize plant nutrients, much of their
nitrogen requirements are derived from the phagocytosis of other microorgan-
isms. The role of protozoa in the rumen is not entirely clear and this is due in part
to limited success in culturing these microorganisms in vitro. Alternatively,
mathematical modelling has been applied to examine quantitatively protozoal
biomass and activities in the rumen and interactions (through predation amongst
others) with bacteria (Dijkstra, 1994). In addition, since defaunated animals
remain perfectly healthy, it could be argued that protozoa are not an essential
component of the rumen microflora. However, these organisms can form a
significant proportion of the microbial biomass apparently selectively retained
within the rumen (Michalowski et al., 1986). As a consequence of sequestration
and because of their involvement in predator—prey interactions, the rumen
protozoa undoubtedly affect feed conversion efficiency via the recycling of
microbial cells in the rumen (Dijkstra et al., 1998).

Even minor microbial populations can have a significant effect on rumen
function. The anaerobic fungi are relatively low in numbers in comparison with
cellulolytic bacteria. When fully developed, the fungal thallus consists of one
(monocentric) or more (polycentric) zoosporangia supported by a system of
branched, tapering rhizoids (as in Neocallimastix spp., Piromyces spp. and
Orpinomyces spp.) or bulbous holdfasts (as in Caecomyces spp.). These pene-
trate plant substrates, both for anchorage and to obtain nutrients for growth.
Thus, due to their invasive habit, the anaerobic fungi may escape competition with
faster growing cellulolytic bacteria. Upon completion of the life cycle, the particle-
associated zoosporangium ruptures, liberating zoospores back into the rumen
liquid. These swimming cells have evolved a chemotrophic mechanism that assists
in the search for, attachment to and colonization of freshly ingested plant frag-
ments. The most likely role for rumen fungi is that they participate in primary
colonization of plant cell walls thereby increasing the accessibility of plant frag-
ments to invasion by other microorganisms (Bauchop, 1979a,b). Indeed, in
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co-cultures the fungal mode of attack reduces mechanical resistance of particles,
allowing increased bacterial attack on those damaged particles and possible
coexistence of fungi and bacteria (Dijkstra and France, 1997; Fonty et al.,
1999). In addition to degrading plant cell walls, these microorganisms can also
utilize certain soluble sugars, starch and proteins, but not pectin (Orpin and Joblin,
1988).

Although it is essential in rumen microbial ecology to obtain knowledge of
which species are present and of their activities, traditional methods have
limited applicability. Despite major improvements in isolation or cultivation
strategies, only a minority of the rumen microorganisms have been described
in pure culture. Total viable counts are usually much lower than total micro-
scopic counts (Zoetendal et al., 2003). The majority of microbial species
cannot be obtained in culture and have only been detected using molecular
detection methods (Amann et al., 1995), with an estimated culturability of
bacteria in the total GI tract of some 10-50%. To date, the majority of
molecular studies of microbial ecosystems have been focused on the character-
ization of the community structure or identifying the bacteria in the rumen.
More important, however, is the study of operation and interaction of different
organisms. To achieve this, a promising way forward is to measure the expres-
sion of functional genes.

The above account is an overview and the reader is referred to Hobson and
Stewart (1997) for a more detailed description of the rumen ecosystem and the
various species of anaerobic and facultative bacteria, protozoa and fungi found
therein.

Growth Characteristics

The growth characteristics of a microorganism are generally defined in terms of
various parameters: specific growth rate u (per hour) or biomass doubling time,
growth lag L (h), growth yield, maximum biomass, metabolic quotient for
substrate utilization g; [mg substrate i/(mg biomass)/h] and for product forma-
tion and substrate affinity. Most of these parameters are usually determined
from the growth of an axenic batch culture consisting of a well-mixed batch of
inoculated medium. Parameters that cannot readily be determined in this way
are generally obtained using a chemostat. The requisite conditions for biomass
growth in culture are: (i) a viable inoculum; (ii) an energy source; (iii) nutrients to
provide the essential materials for biomass synthesis; (iv) absence of growth-
preventing inhibitors; and (v) suitable physicochemical conditions (Pirt, 1975).
If these conditions are met and provided substrate concentrations are non-
limiting, the following N + 1 differential equations describe the dynamic be-
haviour of the batch culture:

dX/dt=0 0<t<L (8.1a)
—uX t>L (8.1b)
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dSi/dt=0 0<t<L (8.2a)
=-qX t>L (8.2b)

where t (h) denotes time since inoculation, X (mg) is the amount of biomass at
time t and S; (mg) is the instantaneous quantity of substrate i, where
i=1,2,..., N. For constant u, integration of Egs (8.1a) and (8.1b) gives:

X = Xo 0<t<L (8.3a)
= Xope!t D t>L (8.3b)

where X is initial biomass, therefore biomass obeys the law of constant
exponential growth. Logarithmic transformation of Eq. (8.3b) yields:

InX=InXo+ut—L) t>L (8.4)

Thus the plot of log biomass against time (> L) is a straight line whose
slope equals the specific growth rate u. The growth lag L can also be deter-
mined graphically by extrapolating this straight line back to the initial biomass
level and reading off the intercept on the time axis. Values of u determined
in this way by Russell and Baldwin (1978) for rumen bacteria grown on a
single energy substrate in a defined medium are presented in Table 8.1.
Corresponding values for L appear to be in the range 0-2 h, mostly nearer
to 0 than 2 h.

The doubling time t4 (h) of the biomass is found by setting X = 2X, and
t = tq in Eq. (8.4) and rearranging:

ta=(In2)/p+L (8.5)

For example, the doubling times (from the commencement of growth) of the
rumen bacteria grown on glucose shown in Table 8.2 range from 0.34 h for S.
bovis to 1.78 h for B. fibrisolvens. The ratio X /X represents the degree of
multiplication and is equal to e*~D t > L (see Eq. (8.3b)). Alternatively, this
ratio can be expressed as 2", where n is the number of doublings or gener-
ations that the biomass has undergone, giving:

Table 8.1. Specific growth rates for rumen bacteria on single substrates.

Specific growth rate (per h) in

Species Glucose Maltose Sucrose Cellobiose Xylose Lactate
S. ruminantium 0.72 0.35 0.67 0.06 0.64 0.15
B. ruminicola 0.56 0.52 0.62 0.20 0.04

B. fibrisolvens 0.39 0.54 0.52 0.53 0.45

S. bovis 2.04 1.85 2.10 1.83

M. elsdenii 0.45 0.55 0.14 0.21
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Table 8.2. Theoretical maximum growth yields on glucose for
rumen bacteria (derived from double reciprocal plots of yield
against dilution rate).

Species Yield (mg biomass per g glucose)
B. fibrisolvens 04
B. ruminicola 0.5
M. elsdenii 0.46
S. bovis 0.4
S. ruminantium 0.58
n = [In(X/Xo)]/In2 (8.6)

The growth vield parameter provides a means of expressing the nutrient
requirement of a microorganism. Growth yield with respect to substrate i, Y;
[mg biomass/(mg substrate i)], is defined by:

Y; = —dX/dS (8.7)
For constant Y;, integration of Eq. (8.7) yields:
X=Xo+ Yi(Si,O -8 (8.8)

where S; o denotes the initial value of S;. Hence, if the culture volume remains
constant, a plot of biomass concentration against concentration of substrate i
should be a straight line with slope Y;. Some vields estimated for glucose by
Russell and Baldwin (1979a) are shown in Table 8.2, though we note that these
were estimated using chemostat rather than batch culture. For a growth-limit-
ing substrate S;, biomass reaches its maximum X, when S; reaches zero.
Equation (8.8) gives:

X =Xo+YiSio (8.9)
The growth vield and specific growth rate are related by the metabolic quotient:
qi = u/Y; (8.10)

This can be shown by dividing Egs (8.1b) by (8.2b) to give:
dX/dS; = —u/qi (8.11)
and comparing Egs (8.7) and (8.11). Equation (8.10) can be used to estimate

the demands for substrates at different growth rates. For example, values of
Qglucose fOr rumen bacteria obtained from Tables 8.1 and 8.2 range from 1 to

5.1 g/(g biomass)/h.
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If the law of constant exponential growth is not satisfied, then the specific
growth rate of the biomass will vary. Let u change with substrate concentration
and assume that the ith substrate alone is limiting:

B = max /11 + Ki/(Si/V)] (8.12)

where .. denotes the maximum value of u, K; (mg substrate i per ml) the
saturation constant and V (ml) the culture volume. This rectangular hyperbola is
known as the Monod equation after Monod (194 2) who first demonstrated that
the expression accorded well with the relation of bacterial growth to substrate
concentration. It is analogous to the Michaelis-Menten equation of enzyme
kinetics. Specific growth rate is half maximal (i.e. equals wu,,,/2) when sub-
strate concentration equals the saturation constant K; and this constant is
inversely related to the affinity of the microorganism for substrate i, a high K;
value indicating a low-affinity and vice versa. Inverting Eq. (8.12) gives:

1/ = oy + Kittrns /(Si/V) (8.13)
Hence a double reciprocal plot of specific biomass growth rate against substrate
i concentration should give a straight line with intercept p!, and slope Kiu L. .
If the biomass is cultivated in a chemostat, then Eq. (8.1b) is replaced by:

dX/dt=(u—-D)X t>T (8.14)

where D (per hour) denotes the constant dilution rate. Biomass cultivation
reaches steady state when u equals D, and then Eq. (8.13) becomes:

1/D = pb + Kittoky /(Si/V) (8.15)

Values of ., and K; determined in this way by Russell and Baldwin (1979b) by
altering D are given in Tables 8.3 and 8.4, respectively.

Physical Analogues

In attempting to understand microbial growth and interaction in the rumen,
physical analogues of the rumen ecosystem have often been employed, mostly

Table 8.3. Maximum specific growth rates for rumen bacteria grown on single substrates.

Maximum specific growth rate (per h) in

Species Glucose Maltose Sucrose Cellobiose Xylose Lactate
S. ruminantium 0.95 0.83 1.25 1.11

B. ruminicola 0.59 2.1 5.0 4.0

B. fibrisolvens 0.5 0.5 0.83 0.62 0.71

S. bovis 20.0 2.94 3.5 5.88

M. elsdenii 0.53 1.66 1.0
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Table 8.4. Saturation constants for rumen bacteria grown on single substrates.

Saturation constant (mM) in

Species Glucose Maltose Sucrose Cellobiose Xylose Lactate
S. ruminantium 0.046 0.058 0.004 0.07

B. ruminicola 0.168 0.975 2.94 11.76

B. fibrisolvens 0.009 0.006 0.262 0.01 0.367

S. bovis 5.56 0.155 0.058 1.27

M. elsdenii 0.111 0.34 0.37

based on the chemostat. Whilst these fall short of fully simulating the rumen,
they do offer a useful means of studying its microorganisms under closely
controlled and defined conditions. In this section, simplified mathematical
models of three analogues are developed, namely the chemostat, the consecu-
tive batch culture and the repeated fed batch culture. For ease of exposition, the
models deal with mixed cultures containing only two microbial species X7 and
X5 (both mg biomass) though they can be generalized to accommodate a larger
number of species.

The chemostat

A chemostat culture (Fig. 8.1) consists of a thoroughly mixed suspension of
biomass into which medium is added at a constant rate F (ml/h) and culture is
removed at the same rate so that the culture volume V (ml) in the chemostat
stays constant. For any microbial species to survive in a chemostat culture, its
specific growth rate u (per hour) must exceed the dilution rate D (per hour) (i.e.
the culture outflow per unit volume = F/V). The conditions for the continued
survival of two species are summarized in Table 8.5.

If there is free competition for the same growth-limiting substrate S (mg),
chemostat dynamics (subsequent to any growth lag that might occur) are
essentially described by three differential equations:

Stirrer

—_—— —
Medium Culture

Fig. 8.1. The chemostat. The shaded area represents the constant volume and the arrowed lines
continuous flows.
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Table 8.5. Basic conditions for maintaining two microbial species in a chemostat culture given
the dilution rate does not exceed the critical dilution rate for either species (after Pirt, 1975).

I. With same growth-limiting substrate

(i) when specific growth rates coincide

(i) when the faster-growing species is inhibited by its own product

(iii) when a product of the faster-growing species activates growth of the other species
II. With different growth-limiting substrates

(i) when the different growth-limiting substrates are fed into the culture

(i) when a product of one species is the growth-limiting substrate for the other

(iii) when there is a predator—prey relationship

dXi/dt = (u; — D)X; (8.16)
dXs/dt = (up — D)X, (8.17)
dS/dt = CF — u;X1/Y1 — ueX2/Ys — DS (8.18)
where:
K1 = 11, max/[1 + K1/(S/V)] (8.19)
Ko = t2 max/[1 +K2/(S/V)] (8.20)

In these equations, K (mg substrate per ml) and Y [mg biomass/(mg substrate)]
denote saturation and yield constants, respectively, and C [mg substrate/(ml
medium)] is the concentration of substrate in the added medium. As the two
species compete freely for the same substrate, the one with the faster specific
growth rate will eventually eliminate the other from the culture. If there is a
crossover of specific growth rates (i.e. u; exceeds u, when the concentration
of Sisless than S, /V but u, exceeds u, when the concentration is greater than
S, /V, or vice versa), the rate of addition of substrate via the medium deter-
mines the faster growing species. The two species would be maintained in the

chemostat at the crossover point where p; = wy = u, = Dy and S = Sy (case
I(i), Table 8.5). S is found by equating Egs (8.19) and (8.20):

SX = V(KLU'Z, max KZ/“LI,max)/(:u'l,max - lu’2,max) (821)
Competition for the same growth-limiting substrate can be controlled by the faster
growing of the two species inhibiting its own growth rate through a product (case
1(ii)). If a product P (mg) of species 1 competitively inhibits its uptake of substrate S,
then chemostat dynamics is as above but with Eq. (8.19) replaced by:

#1 = 11, max/[1 +aK1/(S/V)] (8.22)

where

o =[1+(P/V)/J] (8.23)



218

M.K. Theodorou and J. France

The parameter J (mg product per ml) is an inhibition constant. If u; is greater
than p, when P is zero, then by increasing P it is possible for u; and w, to
become equal so that the two species are maintained in the chemostat and the
system is self-regulating. If P is a non-competitive inhibitor of growth, then Eq.
(8.19) is replaced by:

Mm1 = /J“l,max/{a[]' =+ Kl/(S/V)]} (824)

where « is again given by Eq. (8.23). Competition can also be controlled if the
faster-growing species 1 produces a growth activator for species 2 (case Ifiii)).
Chemostat dynamics is now given by Egs (8.16)—(8.19) above and Eq. (8.20) is
replaced by:

K2 = B, max/[1 + K2 /(S/V)] (8.25)

where B increases with the concentration of the activatory product P. It is
assumed that B is unity and w, is less than w; when P is zero. 8 increases with
increasing P until eventually n; and u, are equal.

If the two microbial species utilize different growth-limiting substrates S;
and Sy, respectively (case II(i)), the basic differential equations for the chemostat
culture become:

dXy/dt = (u; — D)Xy (8.26)
dXz/dt = (up — D)X2 (8.27)
dS;/dt = C1F — w1 X1/Y1 — DS, (8.28)
dSz/dt = C2F - /.L2X2/Y2 - DSZ (829)
where
#1 = 11, max/[1 + K1/(S1/V)] (8.30)
M2 = /’LZ,max/[l + KZ/(SZ/V)] (831)

The symbols C; and Cs denote the respective concentrations of the substrates
S1 and S, in the added medium. Both species are maintained in the chemostat
provided, of course, that D does not exceed the critical dilution rate for either
species. If the growth-limiting substrate for species 2 is a product of the growth
of species 1 (case Il(ii)), the same dynamic equations (i.e. Egs (8.26)~8.31))
apply but with Eq. (8.29) amended to:

dSz/dt = Y’,u,lxl - IU'ZXZ/YZ - DSQ (832)
where Y’ [mg S, /(mg X1)] is the vield of product per unit growth of species 1.

Predator—prey interaction in the rumen is exemplified by protozoa ingest-
ing bacteria. With regard to our chemostat (case Il(iii)), let X5 be the predator
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species and X; the prey which utilizes a single growth-limiting substrate S. For
this case, chemostat dynamics are described by:

dXi/dt = (u; — D)X1 — o X2/Y2 (8.33)
dX,/dt = (g — D)X, (8.34)
dS/dt = CF — uX1/Y1 — DS (8.35)
where
B1 = B1,max/[1 + K1 /(S/V)] (8.36)
Mo = /-LZ,max/[]' + KZ/(XI/V)] (837)

Note that Y5 and K5 are now in slightly changed units, namely mg of X5 biomass
synthesized per mg X; biomass ingested and mg of X biomass per ml of culture.
Also note that in this set of equations, protozoa do not utilize substrate, but obtain
all of their nutritional requirements from ingested bacteria. This assumption is
not valid in the rumen proper and further extensions of the equations described
above to include substrate utilization by protozoa are necessary (Dijkstra, 1994).
It can be seen from an inspection of Egs (8.33) and (8.34) that in steady state the
specific growth rate of the predator equals the dilution rate and the specific
growth rate of the prey exceeds the dilution rate if both species are to be
maintained. The reader is referred to Dijkstra and France (1997) and Grivet
(2001) for further modelling and mathematical analysis of the chemostat.

The consecutive batch culture

A consecutive batch culture (Fig. 8.2) involves sequential transfer of inoculum
from one batch culture to the next, with a representative sample of the current
batch providing the inoculum for the next. Unlike a simple batch culture, the
system is not a closed one, yet it does not require the level of technical skill
needed to operate a truly continuous system such as a chemostat. The culture
conditions represent an intermediate step between batch and continuous cul-
tures.

The dynamics of the growth (subsequent to any lag) of two microbial
species competing freely for the same growth-limiting substrate in a simple
batch culture are modelled using the following equations:

dXi/dt = u1 X3 (8.38)
dXo/dt = ueXo (8.39)
dS/dt = —u1 X1/Y1 — neXa/Y2 (8.40)

where
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Fig. 8.2. The consecutive batch culture. In the exemplary scheme depicted, 1 ml of inoculum is

added to 9 ml of medium on Day 0, and on Day 2 a representative 1 ml sample of this culture is
added to another 9 ml of the medium. The process is repeated every second day until Day 20.
The shaded area represents culture volume and the broken lines periodic transfers. The culture
is shaken or stirred from time to time.

p1 = 11, max/[1 + K1/(S/V)] (8.41)
M2 = I*LZ,max/[l + KZ/(S/V)] (842)

The species 1 and 2 simultaneously cease to grow when the supply of S
becomes exhausted. Equations (8.38)—(8.42) apply equally to a consecutive
batch system. They are, however, perturbed every time a transfer is made.
If X(ll)o, X(21)0 and 88) are the original values of X7, X5 and S (i.e. the initial
values for the first batch), then the initial values for the ith batch culture in the
sequence (i = 2, 3,..., N) are:

X{y=wvxip (8.43)
XYy =W vixsh (8.44)
S =S+ /wsi (8.45)

where X(liffl), X(Z"*fl) and ij*l) denote the values of X;, X, and S in the i-1th

batch immediately prior to transfer of inoculum to the ith batch. These three
equations assume constant culture and transfer volumes V and V' (both ml),
respectively, and the same quantity of substrate S(Ol) in each batch prior to
inoculation.

The model is adapted for controlled competition in the way described for
the chemostat. If competition for S is controlled by the faster-growing microbial
species (1 say) competitively inhibiting its own growth rate through a product P,
Eq. (8.41) above is replaced by Eqs (8.22) and (8.23). However, if competition
is controlled by species 1 non-competitively inhibiting its growth rate, Eqs
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(8.23) and (8.24) apply instead of (8.41). If competition is controlled by species
1 producing a growth activator for species 2, Eq. (8.42) above is replaced by
Eq. (8.25).

If species 1 and 2 utilize different growth-limiting substrates S; and S,
respectively, then (post-lag) dynamics in a simple batch culture are given by:

dX, /dt = i X, (8.46)
dXy/dt = ueXo (8.47)
dSy/dt = —u1X1/Y1 (8.48)
dSy/dt = —peXo /Yo (8.49)
where
M1 = I‘Ll,max/[1 + Kl/(sl/v)] (850)
Mo = M2, max/[1 + Kz /(S2/V)] (8.51)

The two species cease to grow when their respective substrates are exhausted.
These equations can be solved analytically for constant yields Y; and Ys to
give:

(X1/X1,0/" /[(Y1S1,0 + X1,0 — X1)/(Y1S1,00%" = exp (41, mmanct) (8.52)
(X2/X2,0)*2/I(Y2S2,0 + X2,0 — X2)/(Y2S2,0)I”? = exp (12, maxt) (8.93)

where

A1 = (K1Y1+S1,0Y1 + X1,0)/(S1,0Y1 + X1,0) (8.54)
B1 =K1Y1/(S1,0Y1 + X1,0) (8.55)

and the subscript O indicates an initial value. The parameters A, and By are
similarly defined with subscript 2 replacing 1. Equation (8.52) describes a growth
curve in which X; increases sigmoidally to asymptote at (Y1S; o+ X1,0);
likewise Eq. (8.53). If the growth-limiting substrate for species 2 is a product
of the growth of species 1, Eqs (8.46)~8.51) apply but with Eq. (8.49) amended to:

dSp/dt = Y'uy X1 — uoXz /Yo (8.56)

(cf. Eq. (8.32)). However, this revised set of equations no longer has an
analytical solution. Equations (8.46)-(8.56) apply equally to a consecutive
batch system and initial values for the ith batch in the sequence are given by
Eqgs (8.43)—(8.45).

Predator—prey interactions can be modelled as follows. If X5 represents the
biomass of the predator and X; that of the prey which utilizes a single-growth
limiting substrate S, simple-batch-culture dynamics are described by:



222 M.K. Theodorou and J. France

dXy/dt = u X1 — peXa/Yo (8.57)
dX, /dt = upXo (8.58)
dS/dt = —pu, X1 /Y1 (8.59)

where u; and u, are given by Egs (8.36) and (8.37), respectively. This set of
equations also applies to a consecutive batch system, with initial values again
given by Egs (8.43)—(8.45).

The repeated fed batch culture

A repeated fed batch (RFB) culture (Fig. 8.3) is a stirred batch culture that is fed
continuously with nutrient medium and a portion of the culture is withdrawn at
intervals. Like the chemostat and consecutive batch culture, it can be main-
tained indefinitely. The cyclical volume variation distinguishes it from a chemo-
stat culture in which the culture volume must be kept constant.

If there is free competition for the same growth-limiting substrate, RFB
culture dynamics (subsequent to any growth lag that might occur) are essentially
described by four differential equations:

dX;/dt = u1 X3 (8.60)
dXy/dt = ueXo (8.61)
dS/dt = CF — 1 X1/Y1 — pupX2/Ye (8.62)
dV/dt =F (8.63)
where
M1 = /J‘l,max/[]- + Kl/(S/V)] (864)
Ko = K2 max/[1 +K2/(S/V)] (8.65)

F denotes the rate at which feed is added to the culture and C the concentration
of substrate in the added nutrient medium. These differential equations are
Stirrer
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Fig. 8.3. The repeated fed batch culture. The shaded area represents culture volume, which
oscillates between levels 1 and 2. Medium is continuously added and culture periodically
removed. Some of the culture is removed when level 1 is reached, reducing its volume to level 2.
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perturbed each time the culture volume V reaches a value V; when a portion is
removed leaving a residual volume V. The initial values of X1, X5 and S for the
current cycle are therefore their respective final values for the previous cycle
multiplied by the ratio Vi /V;. The model is adapted for controlled competition
as described for the chemostat and consecutive batch culture.

If the two microbial species utilize different growth-limiting substrates, the
basic differential equations for the RFB batch culture are:

dXy /dt = uiXs (8.66)

dXo/dt = uoXo (8.67)

dS;/dt = C1F — w1 X1/Y1 (8.68)

dS,/dt = CoF — upXp/Ys (8.69)

dV/dt =F (8.70)

where

M1 :MI,max/[1+K1/(Sl/W] (871)

Mo = l*’“2,max/[1 + KZ/(SZ/V)] (872)

C; and C, denote the respective concentrations of the substrates S; and Sy in
the added nutrient medium. The initial values of X7, X5, S; and S, for the
current cycle are their respective final values for the previous cycle multiplied by
the factor Vy / V4, as for a single growth-limiting substrate. If the growth-limiting
substrate for species 2 is a product of the growth of species 1, the same
dynamic equations apply but with Eq. (8.69) amended to:

dSz/dt = Y1 X1 — pueXa/Y2 (8.73)

(cf. Egs (8.32) and (8.56)).

To introduce predator—prey interactions, let X, relate to the predator
species and X; the prey, which uses a single growth-limiting substrate. RFB
culture dynamics now become:

dX1/dt = X1 — peXa/Yo (8.74)
dXo/dt = upXo (8.75)
dS/dt = CF — u1X1/Y1 (8.76)
dvV/dt =F (8.77)
where
K1 = B1,max/[1 +K1/(S/V)] (8.78)
Mo = /""Z,max/[]- + KZ/(XI/V)] (879)

and initial values are as described after Eq. (8.65).
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Conclusions

Substantial progress has been made in identifying the types of microorganisms
present in the rumen and describing their activities in axenic culture. Systems
based on axenic culture can demonstrate the activity of an individual micro-
organism and suggest how microbial interactions may occur in more complete
systems. Often, however, many aspects of the interaction can only be deter-
mined by using mixed populations. Detailed analyses of cultures containing two
or even three species of rumen microorganisms have been made, of which
there are several reports in the literature (e.g. lannotti et al., 1973; Mountfort
et al., 1982; Fonty et al., 1999). In each case, in vitro systems were con-
structed in which microorganisms that were likely to coexist were selected and
grown together. Analogues based on this rationale have contributed much
towards our understanding of some of the fundamental interactions, which
occur in the rumen, such as inter-species hydrogen transfer, microbial compe-
tition for substrate, and predator—prey and cross-feeding interactions.

Although the rumen contains many microbial species, only a small pro-
portion of them are required to contribute the majority of the metabolic
pathways known to occur in the rumen. Acting together in a mixed population,
these few species might be able to reproduce the attributes of the entire
community. This principle formed the basis of the gnotobiotic rumen pro-
gramme in which a defined consortium of microorganisms was used to inocu-
late germ-free ruminants (Hobson and Wallace, 1982). These studies represent
an extension of the in vitro co-culture system in which a wider range of
microorganisms are subjected to animal function. Using such an approach,
rate and extent of starch digestion approximating to that observed in vivo have
been demonstrated for short periods but attempts to produce a defined fibre-
digesting population have had only limited success.

Instead of constructing analogues based on a limited number of species
or defined consortia, an alternative approach is to use inocula prepared from
rumen liquid in culture systems that are thought to be representative of the
rumen environment. In the chemostat, however, significant changes in the
composition of the microbial population, as compared with that of the
original inoculum, have been demonstrated and important subpopulations,
such as the protozoa or fungi, may disappear completely (Mansfield et al.,
1995). Some analogues, however, which are based on the RFB principle,
such as the rumen stimulation technique (Rusitec) of Czerkawski and Breck-
enridge (1977) and the system of Merry et al. (1983), are able to maintain a
higher degree of species diversity and have been shown to approximate
rumen function with respect to digestibility of feed and production of VFA
and microbial protein. However, the complexity of these analogues, which
often employ pulse addition of heterogeneous, particulate substrate and
differential and/or intermittent removal of spent nutrients and microbial
biomass, makes precise quantitative analysis using dynamic mechanistic
modelling an intractable task though limited empirical description should be
possible.
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As indicated by Hungate (1966), a complete analysis of any natural eco-
system requires an elaboration of the kinds of organisms present, their activities
and the extent to which these activities are expressed (or modified) within the
ecosystem. Although considerable progress has been made in identifying the
microorganisms and describing their activities, much remains to be done to
understand the complex interactions that regulate microbial activity and govern
species diversity in the rumen.
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Introduction

Rumen fermentation is an exergonic process that converts feedstuffs to
short-chain volatile fatty acids (VFA), methane, ammonia and occasionally
lactic acid. Some of the free energy is used to drive microbial growth, but
heat is also evolved. The efficiency of rumen microbial growth can have a
profound effect on animal performance, and organic acids produced during
microbial fermentations are an important source of energy for the host animal.
Microbial protein is an important amino acid supply for the animal, and it is
now apparent that the vield of microbial protein can vary significantly (Nocek
and Russell, 1988).

A diverse and complex microbial population that includes bacteria, proto-
zoa and fungi inhabits the rumen (Orpin and Joblin, 1989; Stewart and Bryant,
1989; Williams and Coleman, 1989). Given the observation that the density of
protozoa in omasal contents was less than 10% of that in the rumen, it appears
that protozoa contribute little microbial protein to the animal (Weller and
Pilgrim, 1974; Leng, 1982). Protozoa are involved in the turnover of bacterial
protein (Leng and Nolan, 1984) and regulation of starch fermentation (engulf-
ment of starch grains), but defaunation studies have indicated that protozoa are
not required for a normal rumen fermentation (Abou Akada and El-Shazly,
1964; Eadie and Gill, 1971). The role of the fungi is less clear (Bauchop,
1979). When animals were fed highly lignified fibre, fungi accounted for
approximately 8% of the microbial mass (Citron et al., 1987), but their num-
bers were much lower in animals fed diets rich in concentrates (Fonty et al.,
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however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name
by the USDA implies no approval of the product, and exclusion of others that may be suitable.
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1987). The bacteria are the dominant microbial group in the rumen, and they
are clearly essential.

With the evolution of molecular techniques, it has become apparent that
bacterial diversity in the rumen is much greater than previously thought, and it
is likewise evident that the rumen has a large population of non-culturable
bacteria (Whitford et al., 1998; Tajima et al., 1999). None the less, individual
species performing all of the major metabolic transformations observed in the
rumen have been isolated, and the activities of these organisms serve as a
model of ruminal fermentation (Hungate, 1966; Prins, 1977). The fermenta-
tion pathways of these organisms are fairly well understood, but there has been
less information regarding the energetics of growth (Hespell and Bryant,
1979).

ATP Formation

The absence of oxygen and production of reducing agents (e.g. sulphide) in the
rumen creates a highly reduced environment (E;, = —250 to —450 mV) that
is suitable for the growth of strictly anaerobic bacteria (Clarke, 1977). In
virtually all cases, strict anaerobes outnumber facultative anaerobes and
aerobes by a factor of at least 10,000 to 1. Because oxygen is not available
as an electron acceptor, other means of oxidation must be employed and
these oxidations must be closely coupled to reduction reactions. Anaerobic
oxidations are, by their very nature, incomplete, but ruminal bacteria have
evolved very efficient mechanisms of energy conservation. They often produce
as many cells from glucose as Escherichia coli grown aerobically, even though
the free energy change is as much as sevenfold lower (Russell and Wallace,
1989).

Carbohydrates are the primary energy source for microbial growth in the
rumen, and the majority of ruminal bacteria ferment carbohydrates (Hungate,
1966). Some carbohydrate-fermenting ruminal bacteria also ferment amino
acids, but most of them are unable to utilize amino acids or peptides as a sole
energy source (Bladen et al., 1961). The rumen also contains specialized
obligate amino acid-fermenting bacteria, and these bacteria appear to produce
a large fraction of the ammonia in cattle-fed forages (Russell et al., 1988; Chen
and Russell, 1989; Attwood et al., 1998). Although some ruminal bacteria are
able to hydrogenate fats, lipid metabolism alone does not support microbial
growth in the rumen (MacZulak et al., 1981).

Most carbohydrate entering the rumen is composed of hexose sugars
(Wolin, 1960), and *C labelling studies indicated that the Embden-Meyerhof
pathway was the major route of glucose fermentation by ruminal microorgan-
isms (Baldwin et al., 1963). This pathway splits a carbon—carbon bond (fruc-
tose 1,6 bisphosphate), but little energy is derived from this cleavage. During
homolactic fermentation, glucose, a molecule of neutral and uniform oxida-
tion—reduction state, is converted to lactate, which has a highly reduced methyl
group and a highly oxidized carboxyl group. Most of the free energy change is
derived from this simultaneous oxidation and reduction.
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The role of phosphate esters in fermentation was recognized by Harden
and Young (1906), but it was not until the early 1940s that the significance of
phosphate esters was more fully appreciated (Lipmann, 1941). For many
years, biochemists focused on the anhydride structure of ATP to describe the
‘high energy’ nature of the compound. However, as Nicholls and Ferguson
(1992) noted, the mass action ratio and the extent to which the reaction is
displaced from equilibrium actually determine the free energy change of ATP
hydrolysis. Since the mass action ratio in living cells is as much as ten orders of
magnitude out of equilibrium, ATP serves as an effective means by which to
transfer metabolic energy.

ATP can arise from enzymatic reactions, which give rise to phosphorylated
intermediates (e.g. 1,3 bisphosphoglycerate, phosphoenolpyruvate, acetyl
phosphate and butyryl phosphate) and kinase reactions (e.g. phosphoglycerate
kinase, pyruvate kinase, acetate kinase and butyrate kinase), which transfer a
phosphate group to ADP. In anaerobic protozoa, acetyl CoA lyase is directly
coupled to ATP formation (Coleman, 1980). These reactions are collectively
known as substrate level phosphorylation.

Previously, it was assumed that substrate level phosphorylation was the
only mechanism of energy conservation in anaerobic bacteria. However,
White et al. (1962) showed that the ruminal bacterium, Prevotella (Bacter-
oides) ruminicola, had cytochromes. The observation that many Bacteroides
strains required hemin, and the influence of hemin on growth vield and
succinate production suggested that fumarate reduction might be linked to
ATP formation (Macy et al., 1975). In fact, coupling of fumarate reduction
and ATP synthesis was demonstrated in the ruminal bacterium Wolinella
succinogenes (Kroger and Winkler, 1981). The acrylyl CoA reductase of
Megasphaera elsdenii also involves electron transfer, but there is as yet no
evidence that this reaction is linked to ATP formation (Brockman and Wood,
1975).

Pure cultures of ruminal bacteria often produce reduced products (e.g.
ethanol and lactate) and sacrifice ATP for reducing equivalent disposal. How-
ever, methanogens keep the partial pressure of hydrogen low in vivo, and
under these conditions hydrogen production provides an alternative means of
oxidation (Wolin and Miller, 1989). Such interspecies hydrogen transfer and
methanogenesis allow saccharolytic bacteria to produce acetate and increase
their ATP production.

Some ruminal bacteria vary their fermentation end-products as a function
of growth rate and this influences ATP production. Selenomonas ruminan-
tium (Russell, 1986) and Streptococcus bovis (Russell and Baldwin, 1979)
switch from VFA production to homolactic fermentation at rapid growth rates,
even though ATP production per hexose apparently decreases (3 or 4 to 2
ATP per hexose). Such a change might seem detrimental, but as Hungate
(1966) pointed out, ATP per unit of time is a more critical factor than ATP
per glucose. Since S. bovis and S. ruminantium can ferment glucose at a
faster rate when lactate is the end-product, ATP per time increases even
though ATP per glucose decreases.
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lon Gradients

ATP formation is the primary energy transducing mechanism for fueling
biosynthesis, but transmembrane ion gradients are also critical components
of bacterial energy transduction. According to the chemiosmotic theory of
Mitchell (1961), bacteria translocate protons across the cell membrane to
establish a chemical gradient of protons (ApH) and a charge gradient (AV).
Electron transport systems (e.g. cytochrome-linked fumarate reductase) can
establish proton gradients, but many anaerobes must rely almost exclusively
on membrane-bound proton ATPases to expel protons from the cell interior. In
certain streptococci, lactate efflux can be coupled to electrogenic proton efflux
(Michels et al., 1979), but such mechanisms have not been demonstrated in
ruminal bacteria.

Although proton gradients are the major means of coupling energy to
membrane function, sodium gradients play a significant role in the bioenerget-
ics of many bacteria (Maloy, 1990). Most bacteria maintain low intracellular
concentrations of sodium, and in E. coli these gradients are created by a
sodium/proton antiporter, which interconverts the chemical gradient of pro-
tons into a chemical gradient of sodium (West and Mitchell, 1974). The rumen
is a sodium-rich environment (~100 mM), and ruminal organisms take advan-
tage by employing sodium-dependent transport systems (see below). Relatively
little work has been done on sodium-expulsion systems in ruminal bacteria, but
there is evidence that S. bovis has an ATPase which pumps sodium as well as
one that pumps protons (Strobel and Russell, 1989).

Decarboxylation reactions are associated with a decrease in free energy,
but decarboxylation is not typically coupled directly to synthesis of ATP (Buckel,
2001). However, energy in the form of an electrochemical ion gradient can
be used to drive ATP synthesis. For instance, the ruminal organism Oxalobac-
ter formigenes transports oxalic acid across the cell membrane with subse-
quent decarboxylation to formate and carbon dioxide (Kuhner et al., 1996).
This decarboxylation consumes an intracellular proton thus generating a pro-
ton gradient. In addition, substrate uptake involves an antiport exchange with
one of the products, formate. This exchange is electrogenic (net accumulation
of negative charge inside the cell) and an electrochemical is formed. In contrast
to most other anaerobes, O. formigenes uses its membrane-bound ATPase for
ATP synthesis rather than proton expulsion.

Decarboxylation reactions in other organisms can be biotin-dependent and
linked to sodium expulsion (Dimroth, 1987). The ruminal bacterium Acidami-
nococcus fermentans has a membrane-bound glutaconyl-CoA decarboxylase,
which expels sodium from the cell interior (Braune et al., 1999). S. ruminan-
tium (Melville et al., 1988) and the amino acid-fermenting bacterium
Clostridium aminophilum (Chen and Russell, 1990), appear to have
sodium-dependent decarboxylases, that are associated with succinate and glu-
tamate metabolism, respectively. It is likely that additional energy transduction
systems involving decarboxylases will be discovered in gastrointestinal
organisms.
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Transport of Carbohydrates

The survival and growth of bacteria in natural environments such as the rumen
depends on their ability to scavenge and concentrate nutrients across the cell
membrane. The work of bacterial transport can be driven by the hydrolysis of
chemical bonds (e.g. ATP or phosphoenolpyruvate), ion gradients, or the
concentration gradient of the substrate itself. ATP hydrolysis is associated
with a large decrease in free energy, and ATP-driven transport systems can
establish very high concentration gradients (>10°) that are virtually unidirec-
tional (little efflux). The phosphotransferase system (PTS) is driven by the
conversion of phosphoenolpyruvate to pyruvate, and it can also create high
accumulation ratios.

Some transport systems are sensitive to chemicals that dissipate transmem-
brane ion gradients. Although the chemiosmotic model of Mitchell (1961)
provided a scheme for ion-mediated transport, definitive proof for solute/
proton symport was not available until membrane vesicle techniques were
developed (Kaback, 1969). Since membrane-bound ATPases can expel ap-
proximately three protons per ATP (Harold, 1986), and proton symport
systems only require one or two protons, ion-driven transport can be more
efficient than ATP-driven transport. However, these mechanisms are freely
reversible and in many cases are only able to establish accumulation ratios of
103. The study of ion-mediated transport initially focused on proton symport
systems, but it has since become apparent that a variety of bacteria, including
ruminal organisms, can utilize sodium gradients (Maloy, 1990).

Hexoses entering the cell by active transport (ATP or ion-driven) must be
phosphorylated by kinases before they can be glycolysed, but the PTS is able to
phosphorylate the sugar as it passes across the cell membrane. Since a kinase
reaction is not required, the PTS spares ATP. Many bacteria are able to
transport disaccharides as well as monosaccharides, and disaccharide transport
systems are obviously a more efficient mechanism of uptake. A disaccharide
PTS is more favourable than active transport and an intracellular hydrolase, but
it has little advantage if the bacterium has a disaccharide phosphorylase (Russell
et al., 1990). P. ruminicola (Lou et al., 1996) and Ruminococcus albus (Lou
et al., 1997a) have active transport systems for disaccharides and intracellular
phosphorylases. S. bovis, S. ruminantium and M. elsdenii have PTS systems,
but PTS activity could not be detected in P. ruminicola, Fibrobacter succino-
genes or Butyrivibrio fibrisolvens (Martin and Russell, 1986). An S. bouvis
mutant that was deficient in PTS activity (enzyme II glucose) was still able to take
up glucose, but the relationship between glucose transport rate and glucose
concentration was linear rather than a Michaelis—Menten-type kinetics (Russell,
1991a). These results indicated that S. bovis had a facilitated diffusion system
for glucose as well as glucose PTS activity. Such diffusion-driven systems allow
bacteria to conserve energy when substrate concentrations are high.

Ruminal bacteria also utilize ion-driven transport systems to transport
carbohydrates. Prevotella bryantii (Strobel, 1993b) and S. ruminantium
(Strobel, 1993a) use sodium- and proton-dependent systems, respectively, in
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the uptake of xylose and arabinose. The glucose transport system of F. succi-
nogenes was sodium-dependent, although it is not clear if a sodium-symport is
involved (Franklund and Glass, 1987). In contrast, both pentose sugars appear
to be taken up by ATP-driven mechanisms in B. fibrisolvens (Strobel, 1994)
and R. albus (Thurston et al., 1994). Interestingly, glucose uptake may share a
common system with xylose transport in the latter bacterium. Although only
relatively few organisms have been studied thus far, it is clear that a diversity of
transport mechanisms and regulatory events control carbohydrate uptake in
ruminal bacteria.

Amino Acid-fermenting Bacteria

Bladen et al. (1961) examined the capacity of pure rumen bacterial cultures to
ferment protein hydrolyzate and produce ammonia. M. elsdenii was the most
active species, but it was concluded that P. bryantii was the most important
amino acid-fermenting bacterium in the rumen of cattle. However, neither of
these species could account for ammonia production in vivo. P. bryantii B14,
one of the most active strains, had a specific activity of 13.5 nmol/mg protein
per min (Russell, 1983), but mixed ruminal bacteria produced ammonia at a
rate of 31 nmol/mg protein per min (Hino and Russell, 1985). How could the
best strain have an activity that was less than the average of the mixed
population?

Dinius et al. (1976) noted that monensin decreased ruminal ammonia
concentrations. In vitro studies indicated that ionophores inhibited amino
acid deamination (Van Nevel and Demeyer, 1977; Russell and Martin,
1984), but most active ammonia-producing bacteria were Gram-negative (Bla-
den et al., 1961) and resistant to monensin (Chen and Wolin, 1979). In the
1980s, three obligate amino acid-fermenting, monensin-sensitive bacteria
were isolated from the rumen (Russell et al., 1988; Chen and Russell, 1989),
and 16S rRNA sequencing indicated that these isolates were Clostridium
sticklandii, Peptostreptococcus anaerobius and a new species, C. aminophi-
[um (Paster et al., 1993). More recently Attwood et al. (1998) isolated several
more ‘hyper-ammonia producing’ strains. Only one of these latter isolates was
closely related to P. anaerobius.

Obligate amino acid-fermenting bacteria have very high rates of amino acid
deamination, but anaerobic amino acid degradation provides very little energy.
Batch and continuous culture studies indicated that the obligate amino acid-
fermenting bacteria degraded 10 to 25 times as many amino acids as were
incorporated into microbial protein (Chen and Russell, 1988). Transport stud-
ies indicated that amino acid transport was often driven by a chemical gradient
of sodium, but facilitated diffusion was also possible if the amino acid concen-
tration was high (e.g. Van Kessel and Russell, 1992).

C. aminophilum F ferments glutamate via a pathway involving acetate
kinase and butyrate kinase, and substrate level phosphorylation would only
vield 1.5 ATP per glutamate (Chen and Russell, 1990). However, the glutam-
ate fermentation pathway appears to have a glutaconyl-CoA decarboxylase
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reaction, and this biotin-linked enzyme may create a sodium gradient, which
could be used for various energy-requiring processes. C. sticklandii converted
arginine to ornithine, and ornithine efflux created a chemical gradient of
sodium (Van Kessel and Russell, 1992). P. anaerobius ferments leucine by a
dual pathway which recycles reducing equivalents and produces 0.33 isovale-
rate and 0.67 isocaproate (Chen and Russell, 1988). Since this scheme has
only one kinase reaction, the ATP yield from substrate level phosphorylation is
very low (0.33 ATP/leucine). The question then becomes, how is the organism
able to establish a sodium gradient for transport or to grow? Since the dec-
arboxylation of keto-isocaproate is probably linked to thiamine, there should be
another mechanism of creating a sodium gradient.

ATP Synthesis, Heat Production and Growth

Catabolic pathways differ in their ability to conserve energy as ATP. Since free
energy changes are independent of the route, the enthalpy change of a fer-
mentation can be calculated from heats of combustion (substrates vs. products,
Table 9.1). A homolactic fermentation requires 10.5 cal of enthalpy to synthe-
size 1 mmol ATP, but pathways yielding acetate, formate and ethanol or
acetate and propionate are less efficient. Assuming approximately 1 ATP/
methane (Blaut et al., 1990), a typical mixed ruminal fermentation would
have an enthalpy to ATP ratio of 10 cal/mmol. Biosynthetic reactions are
inherently inefficient. A peptide bond has an enthalpy content of approxi-
mately 3 cal/mmol, and yet it takes 4 ATP to synthesize the bond. If one
assumes 10 cal/mmol ATP, less than 8% of the total enthalpy change would
be trapped in the peptide bond (92% would be dissipated as heat). Polysac-
charide synthesis is more efficient because glycosidic bonds have 4.5 cal/mmol
and formation only requires 2 ATP/bond. However, even in this case, the
efficiency of energy trapping is less than 23%. Since protein synthesis accounts
for nearly two-thirds of the total ATP requirement for growth, an overall
efficiency of 12% for cell synthesis is probably reasonable.

The question then becomes, why is growth so inefficient? As reviewed by
Harold (1986), growth and reproduction is not a series of random biosynthetic

Table 9.1. Enthalpy changes (AH) and ATP production for various fermentation schemes.

AH ATP AH/ATP
Pathway of glucose catabolism (cal/mmol)  (mmol/mmol)  (cal/mmol)
Glucose — 2 lactate 21 2 10.5
Glucose — acetate + formate + ethanol 73 3 245
Glucose — 1.33 propionate + 0.67 acetate 45 3 15
Glucose — 2 formate + butyrate 19 3 6.33
Glucose — 1.12 acetate + 0.32 propionate + 45 4.5 10

0.28 butyrate + 0.62CH,4 + 1.05CO»
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reactions; it is an assemblage of information contained within the biomolecules
and organization of the cell. James Maxwell pondered the relationship between
information and thermodynamics in 1867 in a proposition that has since been
called ‘Maxwell’'s demon’ (Harold, 1986). While this concept cannot be tested
experimentally, ‘it appears that you don’t get something for nothing — not even
information’ (Morowitz, 1978).

The study of bacterial growth efficiency has typically been an exercise of
feeding and weighing bacteria, but it is possible to directly measure heat
production with a calorimeter. Walker and Forrest (1964) showed that mixed
ruminal bacteria produced heat at a rate proportional to the rate of fermenta-
tion (gas production), but bacterial growth was not measured. More recently,
Russell (1986) showed that bacterial heat production was inversely related to
the rate of cell production so long as glucose was limiting. However, when
pulse doses of glucose were added to the continuous culture vessel, there was
an increase in heat production, which was not associated with an increase in
bacterial protein or dry matter. These latter results indicated that ruminal
bacteria have mechanisms of dissipating (‘spilling’) energy. Such an energetic
strategy does not appear to be efficient but may be an unavoidable conse-
quence of an organism’s physiology (see below).

Yield Based on ATP (Yatp)

Because the amount of ATP derived from an energy source can vary
significantly, Bauchop and Elsden (1960) attempted to correlate the energetics
of bacterial cell production with the amount of ATP that was produced from
catabolic pathways. Their ‘Yatp values ranged from 8.3 to 12.5 g cells/mol
ATP and the average was 10.5 g cells/mol ATP. This latter number continues
to be treated as something of a biological constant, but subsequent work
indicated that the range was actually much greater (Stouthamer, 1973; Russell
and Wallace, 1989).

Stouthamer (1979) presented calculations on the amount of ATP which
would be needed to synthesize bacterial biomass and several points are clear:
(i) some cell constituents are far less costly to synthesize than others (protein
three times greater than polysaccharide); (ii) approximately two-thirds of the
ATP is needed for polymerization reactions; and (iii) transport is a significant
energy cost (15% to 27% of the total). Based on Stouthamer’s assumptions, the
vield should be 32 g cells/mol ATP, but these calculations did not consider non-
growth related functions.

In many cases, bacterial growth yields have been based on energy source
disappearance, rather than production or ATP production. If carbon from the
energy source is used for cell production, ATP production can be significantly
overestimated. This point is illustrated by continuous culture studies with
P. bryantii B14 (Russell, 1983). When the medium had ammonia as the only
nitrogen source, the theoretical maximum vield was 48 g cells per 100 g
glucose, and less than half of the glucose could be recovered as fermentation
acids.
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Maintenance Energy

With the advent of continuous culture techniques in the 1950s, it became
apparent that bacteria had lower vields at slower growth rates (Herbert et al.,
1956), and the idea of a bacterial maintenance energy requirement was intro-
duced. In the 1960s, Marr et al. (1962) and Pirt (1965) presented maintenance
derivations that were based on double reciprocal plots of yield and growth rate.
Maintenance was defined as a time-dependent function that was proportional
to cell mass. The theoretical maximum vield is defined as the vield that one
would obtain if there was no maintenance energy requirement. These non-
growth related functions (Fig. 9.1) have never been precisely defined, but they
are essential for cell survival even though they do not directly result in cell mass
increases. lon balance across the cell membrane is probably most important.

When bacteria grow slowly, a large proportion of the energy is used to
maintain the cells, and so maintenance energy is analogous to overhead in
a business. One can only make a profit (growth) after the overhead (mainten-
ance) is met, but if cash flow is large (rapid rates of energy utilization), the
overhead will make up a small proportion of the total budget. Isaacson et al.
(1975) grew mixed ruminal bacteria in continuous culture and determined
a maintenance energy requirement of 0.26 mmol glucose per g bacteria per
hour and a theoretical maximum growth yield of 0.089 g cells/mmol glucose.
Within the rumen, bacterial growth rates often range from 0.20 to 0.05/h, and
under these conditions maintenance energy would account for 10 % to 31% of
the total energy consumption, respectively.

The maintenance energy of ruminal bacteria can vary greatly. S. ruminan-
tium and B. fibrisolvens had maintenance requirements of 0.12 and
0.27 mmol glucose/g bacteria per hour, respectively, but S. bovis and
M. elsdenii, organisms that proliferate on cereal grain rations, had mainten-
ance values that were greater than 0.83 mmol glucose/g bacteria per hour
(Russell and Baldwin, 1979). P. bryantii, an organism that thrives on a variety
of different rations, had a maintenance energy of 0.28 mmol glucose/g bac-
teria per hour (Russell, 1983), and this value was similar to the one determined
by Isaacson et al. (1975). Pirt plots indicate that ‘apparent’ maintenance
energy can also be energy source-dependent. This point was illustrated by the
observation that R. albus had a fourfold higher maintenance energy coefficient

Energy NH,
spilling
i
Substrates Iﬂ Amino
s Acids
Catabolism q Anabolism u

Fig. 9.1. The production of ATP from
Products m Cells catabolic reactions (g) and its utilization for
growth (), maintenance (m) and energy
Maintenance spilling (w,).
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when it was grown on glucose as compared to cellobiose (Thurston et al.,
1993), and B. fibrisolvens cells that were grown on arabinose had a higher
coefficient than cells grown on other mono- and disaccharides (Strobel and
Dawson, 1993).

Pirt plots are designed to differentiate growth from maintenance, but the
biochemical definitions are not always clear-cut. For example, protein synthesis
is clearly a growth function, but the turnover of protein is maintenance.
Similarly, the uptake of ions such as potassium is a growth function, but the
leakage of potassium ions and their subsequent uptake is maintenance. Even
Pirt (1965) noted ‘Pirt plots’ were not always linear, and he cited the ruminal
bacterium S. ruminantium as an example. The responsible factor was
originally ‘obscure’, but later work indicated that this deviation was caused by
fermentation shifts and variations in ATP per hexose rather than maintenance
(Russell and Baldwin, 1979). When the amino acid-fermenting ruminal bacter-
ium C. sticklandii was grown in continuous culture, the Pirt plot for arginine
utilization was linear, but a shift from active transport to facilitated diffusion at
high dilution rates caused an increase in the apparent maintenance energy
requirement (Van Kessel and Russell, 1992). Given these observations, Pirt
plot interpretations must be performed with care.

Energy Spilling

Mechanisms of dissipating excess ATP

Maintenance energy costs account for changes in vield that are caused by
variations in growth rate, but it should be realized that maintenance is usually
determined under energy-limiting conditions. If energy is in excess, and growth
is limited by some other factor (e.g. nitrogen), the rate of ‘resting cell metabol-
ism’ can exceed the maintenance rate by as much as 18-fold (Russell and Cook,
1995). For example, when S. bovis was incubated in a nitrogen-free medium
with an excess of glucose, the fermentation rate was 90 mmol glucose per g
bacterial protein per hour, but the maintenance rate (as measured under
carbon-limitation) was only 1.6 mmol glucose per g bacterial protein per
hour (Russell and Strobel, 1990; Russell, 1991a). Based on these results, it
appeared that S. bovis had a third avenue of energy expenditure that could be
classified as energy spilling (Fig. 9.2).

Maintenance and energy spilling are physiologically distinct. When bacteria
are grown at slow growth rates under energy limitation, intracellular ATP con-
centrations are low, but bacteria spilling energy can have ATP concentrations
that are two- to threefold higher (Russell and Strobel, 1990). Energy spilling is
most easily demonstrated when cells are limited for nutrients other than energy
source, but it is clear that even rapidly growing cells can spill significant amounts
of energy (Fig. 9.3). Only cells limited for energy do not seem to spill energy.

In S. bouvis, energy spilling can be explained by increased membrane-bound
ATPase activity, and a futile cycle of protons through the cell membrane. Until
recently, the regulation of the futile cycle was not entirely clear, but recent work
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Fig. 9.2. A simple bucket model of energy utilization by bacteria. The first priority of the cells is
maintenance (A). Once the maintenance requirement has been fulfilled, growth is possible (B). If
more energy is available than growth or maintenance can use, the remaining energy is spilled (C).

Energy, ammonia Energy in excess,
and amino N in excess no ammonia or amino N
Energy and ammonia Energy-limited (0.2/h),
in excess, no amino N ammonia and amino N in excess

o

’

Fig. 9.3. A schematic showing the effect of energy, ammonia and amino N on the relative
distribution of energy utilization by Streptococcus bovis. Black, maintenance energy; grey,
growth; and white, energy spilling.

indicates that it is caused by a cascade of effects (Fig. 9.4). When glucose is in
excess, and the potential glycolytic rate is faster than the rate at which ATP can
be used for growth, fructose 1,6 bisphosphate accumulates (Bond and Russell,
1996), and this accumulation is associated with a decrease in intracellular
phosphate (Bond and Russell, 1998). When the intracellular phosphate con-
centration decreases, the AG of ATP hydrolysis increases, and this latter in-
crease allows the membrane-bound ATPase to pump more protons and create
a large proton motive force (Bond and Russell, 2000). When proton motive
force increases, the membrane becomes more permeable to protons, and as
protons are cycled through the cell membrane, excess ATP is dissipated.
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Fig. 9.4. A schematic showing the
energy spilling reaction of
Streptococcus bovis. When the
glycolytic rate is higher than the ATP
utilization rate for growth, fructose
1,6-diphosphate (FDP) accumulates in
the cell. The accumulation of FDP
causes a decrease in intracellular
phosphate. When the intracellular
phosphate declines, the AG of ATP
hydrolysis increases, and the ATPase is
able to pump more protons. The
increase in proton motive force causes a
decrease in membrane resistance,
protons are allowed to re-enter the cells
and futile cycle of protons allows the
ATPase to consume the excess ATP.
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Fructose 1,6 bisphosphate accumulation is characteristic of low G+ C
Gram-positive bacteria like S. bovis, but some bacteria spill energy in mechan-
isms that are not directly linked to fructose 1,6 bisphosphate or a futile cycle of
protons. In E. coli, energy spilling is facilitated by the low-affinity potassium
proton symporter (Mulder et al., 1986; Buurman et al., 1991). When
potassium or ammonium ion is limiting growth, the high-affinity ATP-driven
potassium (ammonium) uptake system is induced.

Most bacteria have metabolic regulation that counteracts the potential
action of futile enzyme cycles, but research with F. succinogenes suggests that
glycogen synthesis and turnover may occur simultaneously (e.g. Matheronet al.,
1998). Because glycogen turnover involves an expenditure of ATP, it appears
that F. succinogenes lacks regulatory mechanisms found in other bacteria. The
physiological reasons and consequences of glycogen metabolism in
F. succinogenes are clearly not completely understood and require more study.

Effect of amino acids

Stouthamer (1979) indicated that amino acid availability should have little effect
(less than 2%) on Y a1p, but in his example: (i) amino acids rather than peptides were
transported; (i) the cost of amino acid transport was greater than the cost of amino
acid biosynthesis; and (iii) ammonia was taken up by active transport. Mixed ruminal
bacteria utilize peptides at a faster rate than amino acids (Chen et al., 1987) and
take up ammonia by passive diffusion (Russell and Strobel, 1987). However, even if
corrections are made for peptide transport (di- or tripeptides) and ammonia
assimilation, amino acids should provide little improvement in growth efficiency.
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Low pH

In vitro studies indicated that amino acids could have a much larger impact
on the growth yields of ruminal bacteria (Maeng and Baldwin, 1976a; Maeng
etal., 1976; Russell and Sniffen, 1984) than Stouthamer (1979) predicted, and
in vivo studies (Humeet al., 1970; Maeng and Baldwin, 1976b) supported these
results. At least four factors could have contributed to the apparent contradiction
between Stouthamer (1979) and the ruminal studies: (i) Stouthamer’s calcula-
tions refer solely to the amount of ATP that is necessary to synthesize cell
material and the impact of amino acids on amount of substrate that is available
to drive ATP synthesis (carbon sparing) is ignored; (ii) the calculations are based
on a defined cell composition typical of bacteria growing in vitro with excess
nitrogen and energy; (iii) potential impact of amino acids on growth rate and
maintenance is ignored; and (iv) energy-spilling reactions are not considered.

The potential impact of amino acids on carbon sparing and cell compos-
ition on vield is illustrated by continuous culture studies with P. bryantii B14
(Russell, 1983). Based on an ATP/glucose ratio of 3, the Yatp for cultures
growing with ammonia as a nitrogen source was 27 g cells/mol ATP, but
a significant fraction of the glucose was needed to synthesize cell material.
When large amounts of protein hydrolysate were added to the medium, less
glucose was used as a carbon source and the Yatp increased to 39 g cells/mol
ATP, a value higher than the one proposed by Stouthamer (1979). However,
cells that were provided with protein hydrolysate accumulated significant
amounts of polysaccharide. When corrections were made for carbohydrate
accumulation, the apparent Yarp declined to 31.

In continuous culture, it is possible to regulate the growth rate of bacteria,
and the contribution of maintenance to vield can be defined, but in batch
culture growth rates can vary. Most ruminal bacteria can utilize ammonia as a
nitrogen source for growth (Allison, 1969), but they often grow faster if amino
acids are provided. When mixed ruminal bacteria were provided with a mixture
of soluble sugars and ammonia, the addition of amino acid nitrogen caused an
increase in growth rate and vield, but Pirt plots indicated that the yield change
was at least fivefold greater than what could be explained by maintenance per se
(Van Kessel and Russell, 1996). Based on these results, it appeared that pre-
formed amino acids were allowing the bacteria to better match their anabolic
and catabolic rates and spill less energy.

The idea that amino acids can be a regulator of energy spilling was
supported by experiments with S. bouvis. When a culture of S. bovis (0.65/h)
was given supplemental amino acids, fructose 1,6 bisphosphate declined,
intracellular phosphate increased, the AG of ATP hydrolysis and proton motive
declined, and the cells spilled energy (Bond and Russell, 1998). Since the
growth rate was fixed by the dilution rate, the change in vield could not
be explained by changes in growth rate or maintenance.

It has long been recognized that low pH can have negative impacts on bacteria,
particularly when fermentation acids are present (Russell and Diez-Gonzalez,
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1998). Because organic acids like acetate can diffuse across the cell
membranes of bacteria and dissociate in the more alkaline interior, fermenta-
tion acid toxicity was often described as ‘uncoupling’, but this idea did not
explain why some bacteria were much more sensitive than others (Russell,
1992). Experiments with S. bovis and other acid-tolerant ruminal bacteria
indicated that pH resistance could be explained by the ability to decrease
intracellular pH as a function of extracellular pH (Russell, 1991b). When
bacteria try to maintain a constant intracellular pH, the transmembrane pH
gradient can increase, and this gradient causes an influx and logarithmic
accumulation of fermentation anions. By keeping the transmembrane pH
gradient low, fermentation acid anion accumulation can be circumvented.
The strategy of allowing intracellular pH drop, however, necessitates an intra-
cellular metabolism that is pH resistant. If the metabolism is not pH resistant,
low pH causes complete de-energization (Thurston et al., 1993; Russell and
Diez-Gonzalez, 1998).

Continuous culture studies indicated that ruminal bacteria have different
sensitivities to low pH (Russell and Dombrowski, 1980). Cellulolytic bacteria
were the most sensitive group, and these species washed out if the extracellular
pH was less than 6.0. The cellulolytic bacteria did not show a marked decline in
yield prior to wash out, and this result indicated that anion accumulation was
the most likely cause of the growth inhibition (Russell and Wilson, 1996).
Several non-cellulolytic bacteria showed a significant decline in the hexose
vield or Yatp at low pH, and these results indicated ATP was being diverted
from growth to non-growth functions (Russell and Dombrowski, 1980). Be-
cause intracellular ATP of S. bovis increases when the extracellular pH is low, it
appears that acidic pH can be a trigger of energy spilling, in at least some
bacteria (Cook and Russell, 1994).

Why would bacteria spill energy?

Bacterial energy metabolism can be envisioned as a balance of anabolic and
catabolic rates, and three avenues of energy dissipation: (i) maintenance;
(ii) growth; and (iii) energy spilling (Fig. 9.1). When the catabolic rate is
very low, the rate of ATP production does not exceed the rate needed to
maintain the cells, and growth is not possible. If the catabolic rate increases
and other essential nutrients are available, growth is then possible. However, if
other nutrients are not available, growth can be constrained by factors other
than energy, and ATP can be spilled (Fig. 9.2).

Pure culture studies support the idea that energy spilling can be beneficial if
energy is in excess and other nutrients are limiting growth. S. bovis has high
rates of energy spilling and this organism is not adversely affected by nitrogen
deprivation. However, P. bryantii and F. succinogenes have little capacity to
spill energy, and these bacteria are killed if the rate of carbohydrate catabolism
exceeds the anabolic rate (Maglione and Russell, 1997).

The death of P. bryantii could be explained by methylglyoxal production.
P. bryantii catabolizes glucose by the Embden—Meyerhof-Parnas schemes, but
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this pathway is dependent on ADP availability and the turnover of ATP by
anabolic reactions. When ATP does not turnover, ADP becomes limiting, and
the glucose carbon is diverted to methylglyoxal production (Russell, 1993). This
compound is a highly toxic substance that causes potassium depletion and
protein and DNA damage. F. succinogenes does not produce methylglyoxal,
but it accumulates large amounts of polysaccharide when cellobiose is in excess
(Maglione and Russell, 1997). The cells that had excess cellobiose could not
maintain an intracellular ATP pool or a membrane potential, and their viability
was very low (<103 cells/ml).

Endogenous Metabolism

When exogenous energy sources are not available, bacteria depend on
endogenous sources to sustain their viability. Endogenous metabolism and
maintenance energy have certain similarities, but organisms with a high main-
tenance rate can have a low endogenous metabolism and vice versa. A variety
of intracellular molecules can be used as an energy source for endogenous
metabolism, but glycogen is utilized most efficiently. Many ruminal bacteria
store glycogen-like materials (Cheng et al., 1973), and as much as 70% and
60% of the cell dry weight in F. succinogenes (Stewart et al., 1981), and
P. bryantii (Lou et al., 1997b), respectively, can be glycogen. Both organisms
synthesize glycogen during exponential growth; for instance, P. bryantii con-
verts nearly 40% of fermentable maltose to the polysaccharide while growing.
In contrast, other bacteria synthesize glycogen only when there is an excess of
carbon, depletion of a non-carbon nutrient or during periods of environmental
stress (Preiss, 1984).

Glycogen reserves typically decrease during periods of carbon deprivation
(Mink and Hespell, 1981; Mink et al., 1982; Van Kessel and Russell, 1997),
but other factors can also influence glycogen deposition and utilization. When
P. bryantii was grown in maltose-limited continuous cultures, nearly 60% of
cell dry weight was glycogen at growth rates less than 0.2/h even though there
was virtually no disaccharide present in the growth medium (Lou et al., 1997b),
and work with non-ruminal bacteria indicates that metabolites such
as pyrophosphate and guanosine tetraphosphate can stimulate glycogen
synthesis even if the growth rate is slow (Preiss and Romeo, 1989). Thus, it
can be misleading to assume that carbon deprivation always leads to glycogen
depletion.

When cellobiose-limited F. succinogenes batch cultures reached stationary
phase, glycogen depletion was a simple first-order function, and the initial rate
of glycogen degradation was tenfold greater than the endogenous rate needed
to maintain cell viability (Wells and Russell, 1994). Because the glycogen was
prematurely degraded, F. succinogenes had a short half-life. After 100 h of
starvation, the viable cell count was <10?/ml. The rapid death rate of
F. succinogenes could be explained by its method of sugar transport. F.
succinogenes does not have a phosphoenolpyruvate PTS to take up sugar,
and it must use sodium symport mechanisms (Franklund and Glass, 1987).
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When the endogenous metabolic rate of F. succinogenes was <0.02 mg of
glycogen/mg of protein per hour, the membrane potential declined, sodium
accumulated, sugar transport was no longer possible and the viable cell count
decreased (Wells and Russell, 1994).

S. bovis does not store glycogen (Russell and Robinson, 1984), but strepto-
cocci like S. bovis can use phosphoenolpyruvate reserves and the PTS to drive
sugar transport and reinitiate growth (Thompson, 1987). S. bovis can survive
for long periods of time even when intracellular ATP and membrane potential
are too low to be measured. S. ruminantium also has a PTS for glucose (Martin
and Russell, 1986) and stores large amounts of glycogen (Strobel and Russell,
1991). The rapid death rate of S. ruminantium (Mink and Hespell, 1981;
Mink et al., 1982) may be related to lysis rather than starvation per se.

Because some ruminal bacteria can only tolerate brief periods of starvation
before there is a distinct decrease in viability, the question arises, could feeding
schedules have an impact on the metabolic activity of ruminal bacteria? When
mixed ruminal bacteria were starved in vitro, intracellular glycogen reserves
decreased exponentially and there was a concomitant decrease in the endogen-
ous metabolic rate (Van Kessel and Russell, 1997). When the endogenous
metabolic rate was less than 10 pg hexose/mg protein per hour, subsequent
metabolic activity (methane production, cellulose digestion, deamination and
sugar fermentation) was depressed, but this decrease did not occur until
the bacteria had been starved for more than 12 h. Based on these results,
feeding interval would not normally have a significant impact on potential
fermentation rate.

Crossfeeding

Early work indicated that pure cultures of ruminal bacteria often produced end-
products not observed in ruminal fluid (lactate, succinate, ethanol, etc.), and
later work showed that these products were either intermediates in the overall
fermentation or end-products not produced if other bacteria are present (Wolin
and Miller, 1989). Succinate is decarboxylated by propionate-producing bac-
teria, methanogens keep the partial pressure of hydrogen low enough so
ethanol and hydrogen are not produced, and lactate-utilizing bacteria convert
lactate to acetate and propionate. In the 1970s, Scheifinger and Wolin (1973)
demonstrated that cellulolytic and non-cellulolytic ruminal bacteria could coex-
ist on cellulose, and they explained this phenomenon by a ‘crossfeeding’ of
cellodextrins. Because this process appeared to be a strictly extracellular event,
it appeared that the non-cellulolytic species was simply robbing the cellulolytic.
Later work, however, indicated that F. succinogenes cultures that were given
large amounts of glucose secreted water-soluble cellodextrins in the growth
medium (Wells et al., 1995). Because even cells growing on cellulose produced
cellodextrins, it appeared that phosphorylation reactions needed to catabolize
cellobiose and cellodextrins were working reversibly to facilitate a leakage of
carbohydrate (cellodextrins) from the cells. At first glance, the cellodextrin efflux
appears to be an altruism, a feature not common in bacteriology, but this
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assumption is probably too simplistic. When F. succinogenes uses a phosphor-
ylase to cleave cellobiose, the energetic advantage (as compared to a hydrolase)
is 25%, and co-culture experiments indicated that only 25% of the cellulose was
going to the non-cellulolytic organism (Wells et al., 1995).

lonophores and Bacteriocins

Ionophores are routinely used as feed additives in beef cattle rations in the
USA, and they were originally marketed as ‘methane inhibitors’. lonophores
appear to have little direct effect on methanogens, but they do inhibit bacteria
that produce hydrogen, the precursor of methane (Van Nevel and Demeyer,
1977). These compounds also inhibit Gram-positive bacteria, which produce
lactate and ammonia. lonophores increase feed efficiency by decreasing me-
thane, increasing propionate to acetate ratio, increasing ruminal pH or sparing
protein (Russell and Strobel, 1989).

Ionophores are highly lipophilic substances that move ions across mem-
branes (Pressman, 1976). Monensin is a metal/proton antiporter with a high
selectivity for sodium, but it also has the ability to translocate potassium.
Bacteria usually maintain high intracellular concentrations of potassium and
low concentrations of sodium, and monensin can dissipate these gradients
(Russell, 1987). If the potassium gradient is larger than the sodium gradient,
protons will accumulate intracellularly and decrease the internal pH (Fig. 9.5).

Although the pattern of ion flux amongst bacteria may be similar, the
mechanism of growth inhibition is not necessarily the same. Even if transport
and metabolism are not inhibited, sensitive bacteria may expend energy to
counteract ion fluxes. S. bovis transports glucose by a PTS (Martin and Russell,
1987) and facilitated diffusion (Russell, 1990), and it ferments glucose even
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Fig. 9.5. The effect of an ionophore (1) like monensin on the ion gradients and ATPase activity of
sensitive ruminal bacteria. Redrawn from Russell and Strobel (1990).
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after growth is inhibited by monensin (Russell, 1987). Some bacteria (e.g. F.
succinogenes) transport carbohydrate by sodium-dependent mechanisms
(Franklund and Glass, 1987), and these transport systems are inhibited by
monensin. ATP-driven transport is sensitive to even small declines in intracel-
lular pH (Strobel et al., 1989), and proton symport mechanisms would also be
inhibited by a decline in the chemical gradient of protons across the cell
membrane.

When S. bovis was grown in a glucose-limited chemostat and the concen-
tration of monensin or lasalocid in the medium reservoir was sequentially
increased, vield declined and this effect was more pronounced at pH 5.7 than
6.7 (Chow and Russell, 1990). Since the specific rate of glucose consumption
and ATP utilization increased dramatically, it appeared that the ionophores
were increasing energy spilling. Since monensin caused an increase in heat
production, which was sensitive to the ATPase inhibitor, DCCD (dicyclohexyl-
carbodiimide), it appeared that energy spilling was caused by a futile cycle of
protons through the cell membrane (Russell and Strobel, 1990).

Gram-negative bacteria, which have an outer membrane to protect the cell
membrane, are more resistant to ionophores than Gram-positive bacteria, but
even Gram-negative bacteria may be affected by ionophores. Chen and Wolin
(1979) noted that five strains of S. ruminantium were highly resistant to
monensin and lasalocid, but F. succinogenes S85 and P. ruminicola GA33
were inhibited even by low concentrations. The sensitive strains eventually
adapted, but they were never able to tolerate high concentrations. Bates et al.
(1987) noted that monensin and lasalocid promoted proton influx into Gram-
negative ruminal bacteria as well as Gram-positives, but the response was faster
in Gram-positive bacteria. Pure culture experiments, however, may not reflect
the impact of ionophores on energy spilling in vivo. If the organism is displaced
from the rumen, it will not be able to spill energy!

The outer membrane model of monensin resistance is confounded by
the observation that: (i) some ruminal bacteria have outer membranes (e.g.
S. ruminantium and M. elsdenii) even though they are most closely related to
Gram-positive species (Callaway et al., 1999); (i) some Gram-positive strains
are as monensin-sensitive as Gram-negative species (Callaway and Russell,
2000); and (iii) the finding that some Gram-positive and Gram-negative bac-
teria can exclude monensin by accumulating extracellular polysaccharide (Call-
away et al., 1999; Rychlik and Russell, 2002). Work with P. ruminicola 23
showed that monensin-adapted strains produced more propionate and less
acetate than the corresponding non-adapted cultures, but the role of this
fermentation shift in monensin-resistance was not defined (Morehead and
Dawson, 1992). More detailed work is needed to determine whether such
adaptations play a significant role in animals fed ionophores.

The influence of ionophores on the efficiency of microbial growth in vivo is
not entirely clear, and it should be noted that the ratio of ionophore to bacterial
mass in vitro has typically been much higher than in vivo (Chow and Russell,
1990). When Dawson and Boling (1983) fed monensin to calves, ruminal
bacteria from the treated animals were more resistant than the controls, but
this difference was confounded by a change in the controls rather than treated
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animals. Subsequent work, however, supported the idea that monensin con-
centration in vivo could be high enough to change the microbial population
(Lana and Russell, 1996). When ruminal bacteria were obtained from animals
not consuming monensin, the amount of monensin needed to cause half
maximal potassium efflux was approximately 0.2 uM (per optical density of
cells), but the amount needed to cause a similar efflux was eightfold greater if
the animals had been consuming monensin. In vitro studies indicated that
monensin caused a significant decrease in microbial growth vields, but these
mixed ruminal bacteria were obtained from unadapted animals (Van Nevel and
Demeyer, 1977). When mixed ruminal microorganisms were taken from ani-
mals fed monensin and transferred in a semi-continuous fashion, there was little
decrease in yield (Short et al., 1978), and continuous culture studies indicated
that monensin caused a small increase in Yatp (Wallace et al., 1981). Poos
et al. (1978) noted a dramatic decrease in microbial nitrogen flow to the
abomasum, which was counteracted by an increase in plant nitrogen, but
Yang and Russell (1993) saw a significant increase in unattached ruminal
bacteria.

Ionophores have been added to ruminant diets for less than 30 years, but
some ruminal bacteria produce small peptides (bacteriocins) that have similar
antimicrobial activity. Bacteriocins are typically small peptides that aggregate in
cell membranes to form pores (Jack et al., 1995) and disrupt normal mechan-
isms of energy transduction (Venema et al., 1995). S. bovis was the first
bacteriocin-producing ruminal bacterium to be studied (lverson and Mills,
1976; Whitford et al., 2001), but more recent work indicates that strains of
B. fibrisolvens (Kalmokoff et al., 1996, 1999), R. albus (Odenyo et al., 1994)
and lactobacilli (Wells et al., 1997) can also produce bacteriocins. Some
ruminal bacteriocins only target specific species and strains, but some have a
relatively broad spectrum (Kalmokoff and Teather, 1997). Based on the obser-
vation that the non-ruminal bacteriocin, nisin, had activities in vitro that were
virtually identical to monensin (Callaway et al., 1997), it is conceivable that
bacteriocins could be useful tools for manipulating ruminal fermentation, per-
haps in an even more specific fashion (Teather and Forster, 1998).

Genetic Engineering, Ruminal Inoculation and Metabolic Analysis

Since the late 1970s, microbiologists have used recombinant DNA method-
ology to create organisms with new and sometimes amazing capabilities. In the
1980s, several groups of rumen microbiologists began to use these techniques,
but their efforts were thwarted by: (i) the diversity of ruminal strains; (i) their
inability to clone critical enzymes (e.g. native cellulases); (iii) the production of
truncated proteins in E. coli; (iv) novel promoters and transcriptional machin-
ery; (v) a lack of shuttle vectors to move genes into ruminal bacteria; and
(vi) fitness of genetically altered bacteria (Teather et al., 1997; Russell and
Rychlik, 2001). The fitness of genetically altered bacteria in natural environ-
ments has not been fully assessed. One might argue that the synthesis of a few
additional proteins would not impose a significant energetic burden, but it
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should be realized that not all proteins are produced at the same rate. In E. coli,
B-galactosidase, an intracellular protein, which is involved in the utilization of a
single energy source (lactose), can account for more than 4% of the total
protein (Novick, 1960). The cost of extracellular protein synthesis is difficult
to estimate. If the enzyme does not remain cell associated, it will be diluted into
the extracellular space. Protein secretion across the cell membrane requires
energy (protonmotive force and ATP), but the cost of secretion is not well
defined (Neidhardt et al., 1990).

There is the added question of whether artificially introduced organisms
survive and persist in the rumen. Several studies have attempted to address this
question and the answers, at this point, are inconclusive. Perhaps the most
successful example of the establishment of a new organism in the rumen is that
of Synergistes jonesii into animals consuming the tropical plant Leucaena
leucocephala (Allison et al., 1985). This plant contains high levels of an amino
acid, mimosine, which is converted to 3-hydroxy-4(1H)-pyridone (DHP). This
compound is normally a terminal end-product of ruminal fermentation and
causes goiterogenic effects in the animal. However, introduction of ruminal
fluid from animals adapted to L. leucocephala into non-adapted animals results
in a prevention of the toxicity. This is due to the presence of S. jonesii, which
converts DHP to VFA. It is clear that the organism is occupying a very specific
ecological niche and is able to persist.

Although the S. jonesii example is dramatic, the situation is much less clear
when attempts are made to introduce bacteria which utilize substrates that are
used by many other organisms already resident in the rumen. In the late 1980s,
Flint et al. (1989) reported that a strain of S. ruminantium persisted in the
rumen for more than 30 days, but in most other cases ruminal inoculation has
not been successful. For instance, Wallace and Walker (1993) noted that
another S. ruminantium strain did not survive in the rumen for long periods,
and Attwood et al. (1988) found that the apparent half-life of an introduced
P. bryantii strain was less than 30 min. When ruminants were repeatedly
dosed with fibrolytic ruminococci, bacterial numbers increased, but there was
no increase in fibre digestibility (Krause et al., 2001). These various studies
highlight the fact that introduction of organisms, whether genetically altered or
not, into an ecologically complex environment such as the rumen is not a
straightforward endeavour.

While the prospects for altering ruminal function with engineered or even
naturally occurring organisms remain unclear, advances in genomics, bioinfor-
matics and protein biochemistry offer the promise for a much greater under-
standing of ruminal fermentations in situ. Through the use of nucleic acid
arrays and proteomics, it is now possible to analyse gene expression and
protein profiles in complex mixed cultures of organisms. These approaches
have not yet been used quantitatively, but they offer the possibility of mapping
the genetics and gene expression of mixed microbial populations. These tech-
niques will almost certainly be powerful tools for understanding ruminal fer-
mentations.
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Cornell Net Carbohydrate Protein System

In ruminants, the prediction of animal performance from dietary ingredients
has been confounded by the impact of ruminal fermentation on host nutrition
and difficulties in predicting the efficiency of microbial growth. In the last 15
years, nutritionists have striven to model rumen fermentation in a more mech-
anistic fashion so the impact of fermentation products and microbial protein
availability can be more accurately predicted. The Cornell Net Carbohydrate
Protein System (CNCPS) (Fox et al., 1992; Russell et al., 1992; Sniffen et al.,
1992) continues to be the most widely used of these models, although various
aspects of the CNCPS have been criticized (Alderman et al., 2001).

A basic feature of the CNCPS is the prediction of ruminal availability from
the relative rates of fermentation (K4) and passage (K,) (i.e. availability is
Ka/(Kq + Kp)) (Waldo et al., 1972). Once the ruminally degraded pool of
each feed component has been calculated, bacterial growth in the rumen is
computed from carbohydrate fractions. Fats do not drive microbial growth, and
ruminally degraded proteins (and resulting peptide and amino acids) only
stimulate the bacterial mass that is derived from carbohydrates. Although it is
now recognized that the rumen also has a pool of obligate amino acid-ferment-
ing bacteria, these bacteria are found at low numbers in the rumen and are not
a significant source of microbial protein (see above).

The rumen sub-model assumes that bacteria are the only source of microbial
protein leaving the rumen. This assumption is a major simplification, but in vivo
studies have indicated that ruminal protozoa lyse easily and account for less than
10% of the microbial protein entering the abomasum (Weller and Pilgrim, 1974;
Leng, 1982). The CNCPS accounts for the impact of ruminal protozoa on
bacteria by decreasing the theoretical maximum growth yield of the bacteria by
20%. This adjustment seeks to account for the impact of bacterial predation by
protozoa as well as protozoal competition with bacteria and their subsequent lysis.

Because each carbohydrate fraction is described by a first-order rate con-
stant, it is possible to: (i) predict growth rates of the bacteria; and (ii) estimate
vields that are corrected for maintenance energy. The ruminal bacteria are
divided into two pools: (i) the fibre carbohydrate (FC) bacteria; and (ii) the non-
fibre carbohydrate (NFC) bacteria. These bacterial groups have different
maintenance energy coefficients (Russell and Baldwin, 1979) and patterns of
nitrogen utilization (Atasoglu et al., 2001). The rumen sub-model was con-
structed before the isolation of obligate amino acid-fermenting bacteria, and
these bacteria are currently part of the NFC pool.

NFC (but not FC) bacteria are stimulated by the availability of peptide and
amino acids in the rumen, and amino nitrogen availability is a function of
protein degradation rates, the peptide uptake rate and the relative utilization
of ammonia and amino N by NFC bacteria. FC bacteria are assumed to use
only ammonia nitrogen, but NFC bacteria can derive as much as two-thirds
of the nitrogen from amino N, if amino nitrogen is still available. The impact of
amino nitrogen on NFC bacterial vield is based on the ratio of peptide and
amino acids to total organic matter (peptide and amino acid plus carbohydrates)
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digested in the rumen, and yield can be increased by as much as 18.7% if the
peptide and amino acids account for 14% of this organic matter.

The peptide stimulation function does not directly address the potential
impact of amino nitrogen on the microbial growth rate or the impact of growth
rate on maintenance. Because the peptide stimulation is invoked even if the
fermentation rate (Ky) of NFC is low, the relationship of amino nitrogen and
energy spilling is simplistic. Amino acid-dependent declines in energy spilling
are only great if the rate of energy source degradation is fast, and amino acids
and not energy are restricting the bacteria (Fig. 9.6).

The original CNCPS (Russell et al., 1992) noted that low pH could have a
negative impact on the yield of NFC bacteria if ruminal pH was 5.7 (Strobel and

0.6
1(a) _
= -
T 0.5 _ - = Ky
o2 1 -
£ 04- 4
gy | v
O =
% g 034 / \lncreasingE
S E 1 Total N in excess
[2)
53 02
e
S}
2 0.1
0 T T T T T T T T T
0.6
i (b) Hmax > Ky
- Jp it S
< 0.5 =
®© =
a3 1 7 ™~ Increasing E
55 yot -
£35S 04 1 ~
g g /| Spilling ~
Eke] 7 K>
O w d > Hmax
% g) 0.3
5€
- 2
28 027
> 5 4 \
(o))
13 0.1 Increasing N
0 —— 77—
0 0.2 0.4 0.6 0.8 1

Growth rate (u/h)

Fig. 9.6. The effect of increasing energy (E) or ammonia (solid lines) or ammonia plus amino N
(dotted lines) on the yield of NFC bacteria in the original version of the CNCPS (Russell et al.,
1992) is shown in part (a). When carbohydrate is the factor limiting growth rate (), the maximum
growth rate of the bacteria (u,,,,) is greater than the degradation rate of NFC (Ky). Part (b) shows
the potential impact of energy spilling. If energy (NFC) is in excess, Ky is greater than w,.,.. These
graphs were redrawn from the data of Van Kessel and Russell (1996).
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Russell, 1986), but it did not attempt to predict ruminal pH per se. The yield of
NFC bacteria was simply decreased 2.5% for every 1% decrease in the NDF
content of the ration. The impact of pH on FC digestion was ignored, but it was
assumed that FC would only make up a small part of the ration when pH was low
enough to have a negative impact on FC digestion. Pitt et al. (1996) attempted
to describe the relationship between effective NDF in a more mechanistic
fashion, and three facets of this work were incorporated into later versions of
the CNCPS (Fox et al., 2000). First, pH was a function of effective NDF where
eNDF was defined by cell wall content and particle size. Secondly, vield of NFC
bacteria was decreased as a function of eNDF. Thirdly, as ruminal pH declined,
the maintenance energy coefficient of FC bacteria was increased and the rate of
fibre digestion was decreased. These adjustments did not account for the effect
of NFC digestion rate on pH or the impact of ruminal fluid dilution rates on VFA
concentrations in the rumen. De Veth and Kolver (2000) concluded that these
adjustments had too high a pH threshold and led to an under-prediction of
microbial growth and fibre digestion at low pH.

The original CNCPS (Russell et al., 1992) recognized that a ruminal
nitrogen deficiency would have a negative impact on bacterial yield, but it did
not quantify this effect. Tedeschi et al. (2000) added a series of equations to the
CNCEPS that adjusted the yield and fibre digestion when nitrogen was limiting.
These equations use ruminally available amino acid and ammonia nitrogen to
determine the N-allowable microbial growth. The N-allowable microbial growth
value is then subtracted from the energy-allowable microbial growth to obtain
the reduction in microbial mass. This mass reduction is allocated between FC
and NFC bacteria digesters according to their original proportions in the
energy-allowable microbial growth. The reduction in fermented FC is com-
puted as the FC bacterial mass reduction divided by its yield. This reduction is
then added to the FC fraction escaping the rumen.

Ammonia accumulation in the rumen causes a loss of feed protein and
environmental pollution. The CNCPS uses protein degradation and the greater
peptide uptake rate to estimate the amount of amino nitrogen that the NFC
bacteria take up, and the relative incorporation of amino N vs ammonia
nitrogen into NFC bacteria is computed from the yield equations described
above. The remaining amino nitrogen taken up by the NFC bacteria is then
converted to ammonia. Because the obligate amino acid-fermenting bacteria
are not partitioned into a separate bacteria pool, it is difficult to assess the effect
of additives (e.g. monensin). Monensin is more effective against Gram-positive
bacteria than Gram-negative species and the NFC has both types of these
bacteria.

The CNCPS estimates the pool of peptide and amino acids in the rumen,
but the amount of peptide and amino acids that pass out of the rumen
undegraded is typically very small relative to other nitrogen fluxes. The peptide
and amino acid pool, however, provides a diagnostic tool to monitor the amino
status of the NFC bacteria. By monitoring the peptide and amino acid pool
(balance), the user can predict whether the addition of ruminal degraded
protein is likely to have a positive impact on the flow of NFC bacteria from
the rumen or whether this protein will simply enter the ammonia pool.
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Conclusions

Bacterial growth is a summation of reactions, which allow organisms to repro-
duce and adapt to a changing environment. As pointed out by Hungate (1966),
the selection for maximum biochemical work has been a key determinant of
microbial evolution. Since growth in the rumen is usually energy-limited, the
development of efficient catabolic and anabolic reaction mechanisms has been
a critical element of growth and survival. Growing cells must be able to scav-
enge nutrients from the environment, accumulate these materials intracellu-
larly, maintain an appropriate intracellular environment, derive energy and
synthesize a variety of cellular constituents. There are innumerable combin-
ations of reactions leading to the formation of cell material, and this complexity
is compounded by the diversity of the rumen microbial population. Since feeds
are highly heterogeneous, it appears that no single organism can be ideally
fitted to all of the available niches. This complexity has thwarted the ability of
nutritionists to estimate the availability of nutrients from dietary ingredients.
However, rumen microbiologists and nutritionists are beginning to design
models that are able to predict microbial growth in the rumen. New molecular
tools and bioinformatics offer the promise for an even better understanding of
this ecologically complex environment.
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Introduction

Under natural conditions the compartmentalization of the digestive tract of
ruminants is a vital adaptation to the utilization of the biomass they select with
grazing or browsing. The evolution of the reticulorumen made it possible to
retain fibrous material in the rumen for long periods, and to sustain a microbial
population that lives in symbiosis with the ruminant as the host. This has
evolved in distinct morphological characteristics of the multiple-stomach sys-
tem among ruminant species (Van Soest, 1994). Differentiation among spe-
cies, and even breeds, supports the idea that next to dietary factors, rumen
factors may also be important determinants of microbial activity and rumen
function as a whole.

As a result of microbial fermentation, biomass that otherwise could not
have been digested enzymatically by the host, becomes degraded and is con-
verted to digestible microbial matter, volatile fatty acids (VFA), fermentation
gases and heat. The major end-products of fermentation deliver most of the
metabolizable energy and metabolizable protein to the host. This emphasizes
the importance of rumen function, as an essential link in the chain of feed
ingestion, microbial fermentation, intestinal digestion and metabolic utilization.
In current practice, nutrient supply to the host is expressed in terms of energy
and protein supply, without integrating the two and without taking into account
that the host requires specific nutrients rather than energy for specific pur-
poses. Feed evaluation systems were developed to fulfil the need for rating
individual dietary components on their contribution to the nutritive value of the
whole diet, and the need to optimize the dietary composition to what were
considered requirements for energy and protein of the ruminant (Van der
Honing and Alderman, 1988). It is now widely recognized that in feed evalu-
ation the principles of rumen function should be taken into account and many
different processes taking place in the rumen have been subject to intensive
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investigations for several decades. Attempts have been made to incorporate all
the information gathered in integrated models, in order to understand the
effects of dietary treatments on rumen function as a whole and the conse-
quences for nutrient supply to the host. From several reviews (Baldwin, 1995;
Dijkstra et al., 1996; Bannink and de Visser, 1997; Bannink et al., 1997,
Dijkstra and Bannink, 2000), it becomes apparent what mechanisms have to
be included in such models to obtain an understanding of rumen function.

As a simplified approach, the rumen can be considered to behave as a
continuous fermentor in steady state, and rumen function can be represented
as a set of pools in which fluxes are described mathematically with a set of mass
action and Michaelis-Menten type of equations. Inputs are feed intake as
substrate supply to the microorganisms, and water intake and saliva flow as
diluting and buffering agents, respectively. Outputs are by eructation and by
absorption and outflow of the liquid and solid phase to the post-ruminal
compartments of the digestive tract. Fractions of rumen contents to be con-
sidered are water, carbohydrates, proteins, lipids, microbial mass, VFA and
possibly inorganic compounds such as electrolytes. Of special importance in
this approach is the possibility of accounting for interactions occurring among
the different fractions and with the level of feed intake.

This chapter deals with the effects of dietary changes on the fermentation
processes in the rumen and their consequences for the amount and type of
nutrients delivered to the ruminant host, as well as the mathematical descrip-
tion of these processes. In addition to the fermentation in the lumen, the tissues
in the rumen wall are also of importance for rumen function (Bergman, 1990).
Therefore, in this chapter some effort is also made to identify the interactions
between the functioning of the rumen wall and events taking place in the
lumen.

Carbohydrate Degradation

When discussing carbohydrate fermentation, three distinctly different types of
carbohydrates are distinguished: fibre, starch and a fraction defined by organic
matter minus crude fat, crude protein, starch and fibre. The latter fraction is
highly heterogeneous and in the remainder of this chapter the fraction will be
referred to with the term soluble carbohydrate. In this section, an extensive
collection of data (data set used by Bannink et al., 2000) from rumen digestion
trials with lactating Holstein Friesian dairy cows, covering a large variety of
dietary treatments, is used to discuss degradation of different types of
carbohydrates.

Fibre degradation

In general, ruminant diets contain forages with a relatively high content of cell
wall material and concentrates also contain limited amounts of cell walls. Cell
walls, also known as structural carbohydrates, or simply fibre, are chemically
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characterized as insoluble in neutral detergent and hence are called neutral
detergent fibre (NDF). This NDF is considered to consist of cellulose, hemicel-
lulose, lignin and a small amount of nitrogen-containing material. Part of the
pectic substances also contributes to NDF. The main role of the rumen is the
fermentation of dietary fibre. Several factors influence the fermentation char-
acteristics of the NDF in forage, such as stage of maturity, growing season and
rate of (primarily nitrogen) fertilization applied (Valk, 2002). These factors
influence the chemical composition of forages, including extent of lignification
of NDF and degradation characteristics. Microbial fermentation of fibre com-
prises several sequential actions: hydration, adherence of the appropriate
microorganisms, release of a mixture of hydrolytic enzymes and finally hydroly-
sis itself. The resulting release of monomers is followed by their further intra-
cellular degradation into VFA and fermentation gases.

Several techniques may be used to characterize the degradation of NDF by
microbial activity in the rumen (see Chapter 4). Most widely applied are in situ
methods in which forage samples are incubated in the rumen environment itself
and which allow comparison of their quality in terms of (rate of) degradation,
measured as the disappearance of NDF from nylon bags with time. Alterna-
tively, in vitro methods have been developed in which feed samples are
incubated with inocula of rumen fluid outside the rumen environment. In
current feed evaluation the results of such incubations are applied and used as
representations of the actual (degradative) behaviour in the rumen environment
in vivo. However, they only reflect the inherent characteristics of the feed
tested under a fixed set of incubation conditions. Standardizing the incubation
protocols will reduce the effects of rumen factors and improve the comparabil-
ity between the outcomes of different trials, but as a consequence of standard-
ization results may increasingly deviate from the actual degradation
characteristics in vivo.

Examples of rumen factors influencing NDF degradation are variation in
pH of rumen fluid, variation in the fractional outflow rate of rumen contents
and the amount and activity of fibrolytic microorganisms present in the rumen.
Rumen pH is largely determined by rumen VFA concentrations (Tamminga
and van Vuuren, 1988), and long periods of low pH substantially reduce
fibrolytic activity (Argyle and Baldwin, 1988). Passage behaviour of rumen
fluid and particles is usually estimated by the application of markers, the
suitability of which has recently been reviewed by Tamminga and Chen
(2000). Variation of the fractional passage rate of particulate material influ-
ences the retention time and hence the amount of NDF available for microbial
degradation. Several reviews (Owens and Goetsch, 1986; Clark et al., 1992)
indicate that fractional passage rate affects the concentration of microorgan-
isms present, and also the efficiency of microbial growth. Thus, fractional
passage rate may be positively related to fractional degradation rate. Fractional
degradation rate itself determines the time required for a feed particle to reach
the appropriate specific weight to flow out of the rumen. Using 13C as
an internal marker for NDF, Pellikaan (2004) indeed demonstrated a relation-
ship between rate of degradation and rate of passage. It then also becomes
apparent why particle size and rate of particle comminution are important for
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the degradation rate of NDF (Kennedy and Murphy, 1988). The size of rumen
particles influences the surface area available for microbial attack, their reten-
tion time in the rumen and the concentration of fibrolytic microorganisms
attached to them. Baldwin et al. (1987) attempted to represent the effects of
particle dynamics on rumen function. Interactions also exist between amylolytic
and fibrolytic activity in the rumen. Large amounts of starch and soluble
carbohydrates not only reduce fibrolytic activity (via rumen pH as mentioned
above), but also affect the availability of ammonia and protein as nitrogen
sources for the growth of fibrolytic microorganisms (Dijkstra et al., 1992).
Yet, current feed evaluation systems largely ignore the effects of variation in
rumen pH and passage rates, and the fractional rates of degradation and
passage are as yet considered independent of each other. If considered at all,
current feed evaluation treats the amylolytic and fibrolytic activity in the rumen
as fully independent of each other.

From analysing the database with reported rates of NDF degradation, it
appears that the extent of rumen NDF degradation varies from as low as 13%
to as high as 82% (Fig. 10.1), and seems to depend more on degradation
characteristics of NDF than on the level of NDF intake. When NDF consump-
tion exceeds 9 kg/day, values seem to be limited to between 50% and 60%. An
analysis of the relationship between NDF degradation and the intake of starch
(Fig. 10.2) and soluble carbohydrate (Fig. 10.3) showed that both are related to
rumen NDF degradation. Ignoring the large variation (=20%), NDF degrad-
ation declines from on average 65% with no starch consumed, to as low as
30% with a consumption of 10 kg of starch per day. The effect of soluble
carbohydrate on NDF degradation seems to be opposite to that of starch. The
highest values of around 80% NDF degradation were all achieved on diets
based on fresh ryegrass supplemented with only small quantities of concen-
trates. Consumption of this type of forage with less than 45% of NDF resulted
in the highest intake of soluble carbohydrate of 4 kg/day or more. At first sight
one would conclude that the apparent stimulatory effect of soluble carbohy-
drate intake on NDF degradation coincides with a lack of starch intake. How-
ever, no reason exists why a depression of NDF degradation should only be
caused by starch. Soluble carbohydrates ferment even faster and more com-
pletely than the various starch sources and similar quantities digested will also
result in reduced rumen pH and cellulolytic activity. Yet, results point rather in
the direction of a stimulatory than of a depressing effect of increased intake of
soluble carbohydrate (Fig. 10.3). The relationship between the total quantity of
rapidly fermentable carbohydrate (starch plus soluble carbohydrates) and NDF
degradation (Fig. 10.4) is very similar to that for starch only (Fig. 10.2). Either
these effects are all caused by starch, or, in contrast to the depressing effect of
starch, there is a stimulatory effect of soluble carbohydrates. A possible explan-
ation of the latter could be a specific and stimulatory effect of sugars on the
protozoa (Dijkstra and Tamminga, 1995; Williams and Coleman, 1997). In this
way, NDF degradation may become stimulated by protozoal degradation in
addition to that by fibrolytic bacteria. Alternatively, intrinsic high NDF degrad-
ation characteristics could coincide with high levels of soluble sugars.
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Fig. 10.1. Relationship between NDF intake (kg of NDF per day) and rumen degradability of
NDF (% of NDF intake). Only reported values have been used. The drawn lines indicate the
results of linear regression for individual experiments. Regression of the full data set resulted in
the relationship: NDF degradation = —1.37 x NDF intake + 56.90 (R? = 0.03).
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Fig. 10.2. Relationship between starch intake (kg of starch per day) and rumen degradability of
NDF (% of NDF intake). Only reported values have been used. Regression of the full data set
resulted in the relationship: NDF degradation = —3.46 x starch intake + 64.79 (R? = 0.47).

Starch degradation
Although starch is not a major constituent of most forages, it may be a

significant component of many ruminant diets through the use of grain-based
supplements. Such supplements with a high energy density may have profound
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Fig. 10.3. Relationship between soluble carbohydrate intake (defined as organic matter minus
fat, crude protein, starch and NDF, kg of soluble carbohydrate per day) and rumen degradability
of NDF (% of NDF intake). Only reported values have been used. Regression of the full data set
resulted in the relationship: NDF degradation = 5.33 x soluble carbohydrate intake +

37.74 (R* = 0.23).
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effects on production and product composition, partly related to their effects
on rumen fermentation processes. In high-yielding dairy cows starch intake
may be considerable, but the purpose of starch is not only to increase energy
intake. Starch is only partly degraded in the rumen and substantial amounts of
starch may escape rumen fermentation and become enzymatically digested and
absorbed as glucose in the small intestine. Starch escaping rumen fermentation
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serves as an important source of glucose for the viscera with a high glucose
demand (Reynolds et al., 1997; Mills et al., 1999).

As with dietary fibre, in situ or in vitro methods are performed under
standardized conditions in order to establish the intrinsic characteristics of
starch-rich sources and their susceptibility to microbial degradation in the
rumen. Most types of starch are readily degradable (e.g. cereals) and rumen
degradation is high, up to 95% with the lowest figures established for maize
starch (Nocek and Tamminga, 1991; Mills et al., 1999). Characteristics meas-
ured as indicated above are applied in feed evaluation to give a figure of the
in vivo degradation in the rumen. However, actual rumen conditions influence
the starch degradation as well. The fractional passage rate of particles deter-
mines the availability of insoluble starch for microorganisms. Rumen pH may
affect starch degradation as well because it affects protozoal activity and conse-
quently microbial recycling within the rumen and the concentration of amylolytic
microorganisms (Williams and Coleman, 1997). Further, starch may be incorp-
orated into amylolytic microorganisms as storage polysaccharides. The amount
of starch stored in this way, and flowing to the duodenum may be considerable.

An analysis of the available data on observed rumen degradation of starch
indicated that with starch intakes below 2 kg/day apparent rumen starch
degradability drops severely and even turns into apparently negative values
when starch intake is lower than 1 kg/day (Fig. 10.5). For starch intakes
above 2 kg/day, a highly variable fraction of consumed starch was degraded
(from 10% up to almost 100%) and many trials showed a relatively low starch
digestibility and high escape from rumen fermentation. With high levels of

100 1 R & A
A
75 4 / A
L0 2
< A o4 L3
g 251 AMN\A
(2]
5 o4
=
3 -25 -
] N
©
5 —50 1
(0]
©
c —75 1
Q
£
g —100 »
-125 A
A
-150 T T T T T )
0 2 4 6 8 10 12

Starch intake (kg/day)

Fig. 10.5. Relationship between starch intake (kg of starch per day) and apparent rumen
starch degradability (% of starch intake). Only reported values have been used. Regression of the full
data set resulted in the relationship: starch degradation = 2.96 x starch intake + 36.25 (R? = 0.05).
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Soluble

starch consumption, above 8 kg of starch per day, this variation seems to be
smaller and both the escape and the degradation of starch appear to be mostly
between 40% and 60% (Fig. 10.5). With small differences in starch intake
among treatments, no consistent effects were observed. In the two studies with
the widest range in starch intake among treatments, starch degradation be-
came reduced with increased starch intake. However, in both studies starch
intake was confounded with starch source. In the study where starch intake
ranged from 8.2 to 11.0 kg/day, increasing starch intake was confounded with
the replacement of starch from steamrolled barley by less readily degradable
starch from ground shelled maize. In the study with starch intake ranging from
3.7 to 6.3 kg/day, the lowest starch degradabilities were with the highest
intake of the readily degradable starch from rolled barley compared to starch
from ground maize.

In many studies starch degradabilities as low as 30% were established
(Fig. 10.5). These values are far lower than in situ or in vitro degradation
characteristics would suggest, and may be explained by the storage and subse-
quent outflow of microbial starch, lowering apparent starch degradation. An
alternative explanation is that a considerable proportion of dietary starch is
considered to be soluble and to become immediately and fully degraded in the
rumen. In reality, this fraction is composed mainly of particles small enough to
pass the pores (usually around 40 pwm) of the nylon used in the in situ procedure.
In the laboratory of the first author, in vitro incubation studies (Cone et al.,
unpublished results) indicated that around 85% of the washable fraction of starch
consisted of small particles with a similar fractional degradation rate as the
degradable fraction. In the laboratory of the second author it was shown that
32% and 47% of dry matter in maize and barley was washable, but that only 20%
of this washable fraction was really soluble (Yang et al., unpublished results), with
in vitro only a slightly higher fractional degradation rate than that of the non-
washable fraction. These results show that the washable fraction of starch is
likely much more susceptible to outflow to the duodenum than generally as-
sumed. The data collected by Reynolds et al. (1997) and Mills et al. (1999)
indicate that variation in rumen starch degradability was much larger than the
ileal or total tract degradability, illustrating the importance of the impact of
factors other than the inherent characteristics of the starch sources involved.

The degradability of starch may be altered by ways of processing that alter
the physical or chemical structure of starch (see Chapter 24). Nevertheless, the
results from in situ or in vitro incubations would likely already cover most of
these changes and hence this will not be discussed further.

carbohydrates

Compared with the dietary content of fibre and starch as carbohydrate sources,
water-soluble carbohydrates (WSC), including lactate as a major component in
silages, normally form a modest fraction of up to 15% of the dry matter. An
assumption generally made is that WSC are fermented in the rumen almost
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instantaneously after ingestion. This is supported by the observation that only
very small concentrations of WSC are found in rumen fluid. Fractional degrad-
ation rates of 300% per hour have been suggested (Russell et al., 1992). With a
fractional passage rate of rumen fluid of 15% per hour, about 5% of the WSC
ingested would escape from the rumen. In such a situation and assuming a daily
intake of 20 kg DM containing 15% WSC, only 150 g/day of WSC would flow
to the duodenum. But, as was argued for fibre and starch, in reality the
fractional degradation rate of WSC must also be a function of rumen microbial
activity rather than a constant value of 300% per hour. Despite this, the
amounts escaping the rumen will remain small under normal feeding condi-
tions. Large quantities of WSC may however induce fluctuations of rumen pH.
This could notably be the case with sugars that are immediately available, such
as in molasses. Such WSC may have consequences for the fibrolytic activity, as
well as the protozoa in the rumen, with a subsequent influence on predation
rate and apparent efficiency of microbial growth on the whole rumen level. The
WSC present in roughages such as grasses or sugarcane have to be released
first from the plant cells before they are available for microorganisms, and
therefore are less likely to cause severe fluctuations in rumen pH.

Next to the dietary content of fibre, starch and soluble sugars, a significant
fraction of organic matter (generally more than 10%) remains unaccounted for
in standard feed analysis. The size of this fraction is often close to that of the
WSC and hence, may not be neglected in attempts to understand the effect of
nutrition on rumen function or on ruminant performance. The types of chem-
ical compounds in this fraction are likely xylans and glucans, linked with beta
linkages. In some feed ingredients significant amounts of organic acids may be
present, like oxalic acid. Because knowledge on their behaviour in the rumen is
lacking, for the time being, they are best compared to that of readily fermented
carbohydrates such as starch.

Nitrogen Degradation

Dietary nitrogen (N) is the main source of N for microbial use, but additional
inflow of endogenous N via the rumen wall and saliva may be significant
(Siddons et al., 1985). Dietary N may be distinguished into a true protein
fraction consisting of a soluble (washable), a degradable and an undegradable
fraction, and a non-protein N fraction consisting of amongst others amino
acids, peptides, nitrate and ammonia (see Chapter 7). The latter includes
urea, which is rapidly hydrolysed to ammonia because of the high urease
activity in the rumen (Wallace et al., 1997). With respect to the effect of
different N sources on rumen function, a distinction between N in ammonia
and N in amino acids in the liquid phase, and degradable and undegradable N in
the particulate phase is appropriate. Furthermore, the fractional degradation
rate as an intrinsic characteristic of the degradable N fraction is relevant.
Fresh as well as ensiled forages grown with high levels of N fertilization
contain a large N fraction that is highly soluble (up to 50% of N) and readily
degradable in the rumen (Valk, 2002) with a minor truly undegradable fraction
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(around 5% of N). As a result, during grazing or when ruminants are fed diets
composed mainly of such forages, substantial losses of N from the rumen
occur. Although part of this N may be recycled to the rumen as urea from
blood and with saliva flow, the extent of capture is limited due to lack of energy.
It is also assumed that high ammonia concentrations in rumen fluid depress
transport of urea from blood to the rumen (Baldwin et al., 1987; Dijkstra et al.,
1992; Wallace et al., 1997) and recycled N is readily absorbed again as
ammonia when not rapidly incorporated in microbial mass. Microbial protein
synthesized in the rumen constitutes the major part of the duodenal entry of
non-ammonia N. In addition, a variable portion of feed non-ammonia N
escapes rumen degradation, the size of which depends on the intrinsic degrad-
ation characteristics of the protein source involved, and on additional aspects of
rumen function as already discussed for carbohydrates fermented in the rumen.
Finally, some endogenous protein flows to the duodenum, but quantities
remain relatively small.

There are a number of reasons why intrinsic degradation characteristics
obtained from in situ or in vitro incubations are inadequate to assess the real
protein value. The type of N source influences the energy cost of microbial
protein synthesis (Stouthamer, 1973) and therefore a distinction between
amino acid N and ammonia N has to be made. Further, fermented protein is
part of the fermentable organic matter. However, the efficiency of microbial
growth on fermented protein as source of energy is lower than that on protein-
free organic matter (Dijkstra et al., 1996; Bannink and de Visser, 1997). Based
on theoretical considerations the ATP vyield per g of fermented protein
was estimated as about half the amount derived from the fermentation of
carbohydrates (Tamminga, 1979).

Microbial Metabolism

Hexose utilization in relation to microbial growth

The fermentation of hexoses to VFA, carbon dioxide and methane generates
metabolic energy for microorganisms (ATP) (see Chapter 9). Hexoses and
fermentation intermediates are also used as precursors for biosynthetic pro-
cesses in microbial growth. In addition, the so-called spilling of energy may
occur as well as the storage of polysaccharides during conditions of a surplus of
available energy in the rumen environment. Furthermore, microbial protein
synthesis on preformed monomers such as amino acids requires less energy
than growth on ammonia as source of N (Baldwin et al., 1987; Dijkstra et al.,
1992), affecting efficiency of microbial growth.

In vivo efficiencies of microbial growth, derived from observed outflows of
organic matter and microbial matter to the duodenum, have been reviewed
frequently (e.g. Sniffen and Robinson, 1987; Clark et al., 1992). Efficiency of
microbial growth in continuous fermentors appears to be influenced by factors
such as substrate supply, the ratio of roughage and concentrate in the substrate
and the sources and availability of carbohydrate and N. Specific rumen
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conditions are also considered important. Examples are pH of rumen fluid,
which may affect the energy requirement for maintenance of the bacteria
(Baldwin, 1995), the rate of predation by rumen protozoa (Dijkstra and Tam-
minga, 1995), or the fractional rate of passage or dilution (Isaacson et al.,
1975). Though in vitro experiments have provided useful information on the
mechanisms of microbial growth and efficiency, the quantitative results may be
misleading. Batch cultures do not include the effect of outflow on the efficiency
of microbial growth, whereas continuous cultures usually do not discriminate
between fluid-associated and particle-associated bacteria, which may have a
significant impact on the efficiency of microbial protein production in vivo
(Demeyer and van Nevel, 1986; Dijkstra et al., 2002). Specific studies have
often considered the effect of only a single factor. Also a statistical treatment of
the matter (e.g. Owens and Goetsch, 1986; Clark et al., 1992; Firkins et al.,
1998) may lead to expectations that prove to be quite different from the values
actually found under different production conditions. In order to circumvent this
problem, several attempts have been made to integrate the effects of the most
relevant influencing factors on microbial growth by mechanistic modelling.

N utilization in relation to microbial growth

A helpful indicator of N utilization by rumen microorganisms is the rumen N-
balance. The N-balance in the rumen is calculated as degraded dietary N minus
potential microbial N synthesis from degraded organic matter, usually calcu-
lated by applying a presumed efficiency of microbial N synthesis (e.g. Tam-
minga et al., 1994). For example, starch-rich products low in N have a
negative N-balance, and microorganisms require additional N (supplied by
urea with saliva and transferred through the rumen wall) to use the energy
from the starch efficiently. Young leafy forages high in N have a positive N
balance, and the surplus of N in the form of ammonia is absorbed through the
rumen wall. Rates of degradation are calculated from the measured ingredient
characteristics, table values, presumed passage rates and so on. However, such
feed evaluation systems all have in common that important aspects of rumen
function known to influence the rate of degradation and the efficiency of
microbial N synthesis are not represented. This may lead to wrong conclusions
on the N balance for the rumen as a whole. It is questionable whether in this
way accurate estimates of actual losses of N as ammonia absorbed from the
rumen are obtained.

An analysis on the rumen N balance was made of observations available in
the database used in the present study. The data indicate that rumen N balance
increases with an increased dietary crude protein content (Fig. 10.6), but more
clearly with an increase in the quantity of N consumed (Fig. 10.7). Variation
among different studies remained very large, however. Only for the extreme
cases with a dietary content of crude protein less than 15% or more than 19%,
positive and negative N balances, respectively, seem to be lacking. For inter-
mediate protein contents the N balance varies from —150 to +150 g of N per
day. From this it may be concluded that other factors are also important to
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Fig. 10.6. Relationship between crude protein content of the diet (%) and observed rumen
N balance (defined as N consumed minus duodenal flow of N, g N per day). Regression of
the full data set resulted in the relationship: rumen N balance = 13.83 x crude protein
content — 226.75 (R? = 0.12).
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(defined as N consumed minus duodenal flow of N, g N per day). Regression of the full data
set resulted in the relationship: rumen N balance = 0.146 x N intake — 62.49 (R?> = 0.03).
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explain the efficiency of N capture in duodenal flows, or that estimation of
duodenal flows is not very accurate. Furthermore, the results indicate that N
recycling to the rumen may incidentally still be substantial even with fairly high
protein contents such as 19%.

Inclusion of rapidly fermentable carbohydrates in the diet is often thought
to reduce the rumen loss of ammonia-N (Sinclair and Wilkinson, 2000) origin-
ating from dietary ammonia, and soluble and rapidly degradable protein, and
hence to affect the N balance of the rumen. However, such a relationship did
not become immediately apparent from the data analysis in the present study
(Fig. 10.8). In general there appears to be a tendency for a positive rumen N
balance with low starch intake, whereas this balance becomes predominantly
negative with high starch intake. Again, variation among studies is very large
and also within studies the effect of starch intake remains variable or is not
apparent. One reason for the absence of a clear relationship with starch intake
may be that with different dietary treatments starch-rich sources are often
exchanged with sources rich in soluble carbohydrates. However, summation
of both types of carbohydrate revealed a less clear relationship (Fig. 10.9). Also
the total quantity of degraded carbohydrates revealed no clear relationship (not
shown). Finally, the total intake of dry matter might be a determinant for rumen
N balance. Again, variation among studies was extremely large, with high
positive as well as negative values established for rates of dry matter intake
ranging from 13 to 25 kg/day (Fig. 10.10). Surprisingly, within studies rumen
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Fig. 10.8. Relationship between starch intake (kg of starch per day) and observed rumen

N balance (defined as N consumed minus duodenal flow of N, g N per day). Regression of the
full data set resulted in the relationship: rumen N balance = —11.43 x starch intake 4+ 72.91
(R* = 0.08).
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Fig. 10.9. Relationship between soluble carbohydrate plus starch intake (kg/day) and observed
rumen N balance (defined as N consumed minus duodenal flow of N, kg of N per day).
Regression of the full data set resulted in the relationship: rumen N balance
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Fig. 10.10. Relationship between dry matter intake (kg of dry matter per day) and observed
rumen N balance (defined as N consumed minus duodenal flow of N, g N per day). Regression
of the full data set resulted in the relationship: rumen N balance = —2.14 x dry matter

intake + 52.15 (R? = 0.01).
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N balance seems to increase with an increased dry matter intake, indicating
higher losses of N from or less reflux to the rumen.

Yield of VFA

VFA produced in the rumen form the major source of energy to the ruminant
(see Chapter 6). The type of VFA produced is also important. In particular, the
ratio of glucogenic to non-glucogenic VFA will affect the energetic efficiency of
the ruminant and the composition of the products (milk, meat) of the ruminant
(review Dijkstra, 1994). A first attempt to derive the stoichiometry of vields of
VFA from in vivo data of rumen fermentation was published by Murphy et al.
(1982). Later, Argyle and Baldwin (1988) introduced the effect of pH on VFA
yield based on in vitro results. Several other attempts have been made since
(Pitt et al., 1996; Friggens et al., 1998; Bannink et al., 2000; Kohn and
Boston, 2000; Nagorcka et al., 2000). Evaluating these results against each
other is deceptive because of the different levels of aggregation chosen in these
studies. Bannink et al. (2000) repeated the exercise of Murphy et al. (1982)
with a simplified version of the regression model and derived new stoichiomet-
ric coefficients from data exclusively from lactating cows. Besides, they used
rates of truly rather than apparently digested substrate, and used estimates of
the rate of substrate actually converted into VFA (utilization for microbial
biosynthesis excluded). Nagorcka et al. (2000) derived separate sets of stoi-
chiometric coefficients for amylolytic bacteria, fibrolytic bacteria and protozoa
by analysing the contribution to VFA yield by different microbial groups.
A separate stoichiometry, indistinctive of the type of microorganism, was
used for the fermentation of lactate, succinate and protein. A more mechanistic
approach was adopted by Kohn and Boston (2000) who applied a thermo-
dynamic model to explain the basis of the shift in VFA yield with changing
conditions of rumen fermentation. However, influences of the type of substrate
fermented and the type of microorganisms fermenting were not considered.
A major problem in evaluating the accuracy of such estimates of stoichi-
ometry is that they are based on measurements of rumen VFA concentrations
rather than on rates of production. The VFA data used in these studies are not
only the result of VFA production in the rumen but also of the rates of outflow
and absorption, which gives a serious complication. Outflow and absorption
rates of VFA may vary widely depending on diet intake level and composition
(Dijkstra, 1994). To circumvent this problem pragmatically, both Murphy et al.
(1982) and Bannink et al. (2000) derived separate sets of stoichiometric
coefficients of VFA vield for roughage-rich diets and concentrate-rich diets.
Another problem preventing a proper evaluation is that the assumptions made
during derivation of the stoichiometric estimates, as well as the rumen model
used to calculate the estimates, differ substantially and hence bias the evaluation
results. Not surprisingly, an attempt to compare these different representations
of VFA stoichiometry against the same set of independent data, as used before
for model evaluation by Bannink et al. (2000), showed large differences
between the different approaches (for example propionic acid, Fig. 10.11).
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Fig. 10.11. Measured against predicted molar proportion of propionate in rumen fluid based on
the stoichiometry according to Baldwin et al. (1970) (x), Murphy et al. (1982) (1), Bannink et al.
(2000) (&), Friggens et al. (1998) (O) and Pitt et al. (1996) (©). For predictions according to Pitt
et al. (1996) a standard pH of 6.0 was assumed which delivered minimum values of predicted
molar proportion of propionate (lower pH up to 5.0 and higher pH up to 6.5 both inflated
predicted molar proportions of propionate). Identical values were assumed for the partitioning of
digested substrate over microbial growth and fermentation into VFA, and for the fractional
absorption rate of individual types of VFA. Molar proportions of VFA other than acetate,
propionate and butyrate were taken into account with all sources of representation stoichiometry
and did not disturb the comparison of evaluation results.

In general, the observed variation in molar VFA proportions was poorly pre-
dicted. No comparisons were made with the stoichiometry according to
Nagorcka et al. (2000) and Kohn and Boston (2000) because these cannot
be performed independently from the mechanistic models used.

Yield of methane

A variable part of the digested energy is lost as methane energy. Methanogenic
bacteria in the rumen generate methane from hydrogen and carbon dioxide. In
general, methane is regarded as the major route of disposal of fermentation
hydrogen. Three separate factors can be identified which affect methane yield
most: the rate of degradation of organic matter, the efficiency of microbial
growth and the type of VFA produced from the fermentation of organic matter.
In an empirical way, equations have been derived in early studies, which
indicate the importance of these factors. Blaxter and Clapperton (1965) pro-
posed an equation based on data from respiration trials, and indicated a
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quadratic effect of apparent digestibility of organic matter and an interaction of
the latter with level of feed intake. Another equation that is often used relates
methane production to the intake of three carbohydrate fractions (cellulose,
hemicellulose and non-fibre carbohydrates) (Moe and Tyrrell, 1979). Recently,
Mills et al. (2003) compared various linear (including the Moe and Tyrrell
equation) and non-linear regression equations to predict methane production
in dairy cattle. The non-linear models were superior in predicting methane
emissions. In recent years, more mechanistic approaches to represent rumen
fermentation have been published. Benchaar et al. (1998) evaluated mechan-
istic models against empirical equations in predicting observed methane emis-
sions. They concluded that mechanistic approaches delivered more accurate
predictions over a range of diets than empirical equations. Contrary to the
results of Benchaar et al. (1998), which were still based on the stoichiometry of
Murphy et al. (1982), Mills et al. (2001) used the adapted stoichiometry of
VFA production derived from lactating cow data only (Bannink et al., 2000;
Table 10.1) and developed a mechanistic model to predict methanogenesis in
dairy cows. In evaluating this model with independent data from literature, the
predicted methane production appeared to correspond well with measured
values in the range of 5 to 25 MJ/day. Evaluation against another independent
data set from their own laboratory, in the range of 19 to 30 MdJ/day, showed
an underprediction. Although the precise cause of this inaccuracy remains
speculative, this type of modelling clearly is an improvement compared with
that of Blaxter and Clapperton (1965) and Moe and Tyrrell (1979) in explain-
ing the response in rates of methane production with changes in feeding
strategy.

An accurate representation of the type of VFA formed is essential for a
correct prediction of methane yields. The stoichiometric coefficients (Bannink
et al., 2000) used by Mills et al. (2001) do not include some important factors
such as the shift in type of VFA and the quantity of methane produced with

Table 10.1. Estimates of the fraction of a specific substrate converted into a specific VFA
for roughage (R) and concentrate (C) diets (according to Bannink et al., 2000). Methane
yield is calculated as kJ per g of substrate fermented into VFA.

VFA type
Substrate type Diet type Ac Pr Bu Bc CH4
Soluble carbohydrates R 0.64 0.08 0.24 0.04 3.87
C 0.53 0.16 0.26 0.06 3.08
Starch R 0.49 0.22 0.21 0.08 2.53
C 0.49 0.31 0.15 0.05 217
Hemicellulose R 0.44 0.18 0.32 0.06 2.70
C 0.51 0.12 0.32 0.05 3.26
Cellulose R 0.56 0.20 0.17 0.07 2.88
C 0.68 0.12 0.20 0.00 3.92
Protein R 0.56 0.29 0.08 0.06 1.32
C 0.44 0.18 0.17 0.21 1.15
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increased rates of fermentation and reduced rumen pH (Baldwin, 1995, Pitt
et al., 1996). Besides fermentation in the rumen, fermentation in the large
intestine also contributes to methane production, and it may be expected that
this contribution is not constant. Variation in level of feed intake, and in the
amount of organic matter bypassing rumen fermentation, will affect hindgut
fermentation. However, simulations by Mills et al. (2001) invariably indicated
that this contribution remains low and rather constant at around 9% of the total
rate of methane production.

VFA Absorption through the Rumen Wall

Besides the degradative functions taking place in the lumen due to microbial
activity, some non-degradative ones are also important for normal rumen
functioning and hence of nutritive relevance. The rumen wall is the major site
of VFA transport (Dijkstra et al., 1993). The absorptive capacity depends on
the conditions in the lumen (pH, outflow rate of rumen contents) as well as the
conditions of the rumen mucosa (tissue mass, surface area, blood flow). There
are indications that nutrition and the physiological state of the animal deter-
mine the capacity of the VFA absorption rate by the rumen wall (Dirksen et al.,
1997). Also the acidity of the rumen contents and the type of VFA involved
appears to have a strong influence on the VFA absorption rate (Dijkstra et al.,
1993).

The transport of VFA is an important function of the rumen wall, the costs
of which add to the high-energy requirement of the rumen mucosa, in particu-
lar to that of the epithelial cells. This requirement is large because of the
intensive turnover of protein, transport of nutrients and ions and costs of
mechanisms to maintain tissue integrity (proliferation, repair, immune re-
sponse). An interaction between the transport and the metabolic activity of
rumen wall tissues has been suggested, mainly based on in vitro studies
(Bugaut, 1987; Bergman, 1990; Remond et al., 1995), and seems not to
have been tested in vivo. One may expect however that with a severe load of
VFA supplied to the rumen wall, the energy costs of associated ion transport to
maintain intracellular homoeostasis (Gabel et al., 2002) and of the proliferative
response of the epithelial cell layer will increase as well (Fig. 10.12).

The transport of VFA and its associated ion transport mechanisms requires
substantial amounts of energy. For instance, Reynolds and Huntington (1988)
demonstrated that the oxygen utilization by the stomachs in beef steers
accounted for up to 51% of that by the portal-drained viscera. At the same
time, amino acid use by these tissues was large compared with the total quantity
of amino acids net absorbed in portal blood, which indicates a high rate of
protein turnover in stomach epithelia. Also in lactating cows it was established
that 44% of the amino acids net absorbed in portal blood were utilized by
stomach tissues (Berthiaume et al., 2001). Further, McBride and Kelly (1990)
observed that energy utilization by rumen epithelia increased with 20% to 30%
after the ingestion of a meal. The fraction of energy associated with ion
transport remained rather constant through time with approximately 25% of
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Fig. 10.12. Schematic representation (adapted from Gabel et al., 2002) of the interaction
between VFA transport, ion transport and VFA metabolism in rumen epithelial cells.

\

total energy utilization. These figures indicate that substantial amounts of
nutrients (mainly VFA) are used by stomach epithelia as a source of energy
(see also Chapter 12).

Considering the high demand of energy of the stomach epithelia and
the need to adapt to changes in the diet consumed, it seems that quantifying
these issues in vivo deserves more attention. In particular, the adaptive capacity
of the rumen wall of high-yielding periparturient cows is of interest because of
the need to adapt to an extreme and rapid increase in energy intake and to the
supply of VFA immediately after calving (Dirksen et al., 1997). In this period,
cows are susceptible to the development of (sub-clinical) rumen acidosis, of
which potential implications on health during later stages of lactation have also

been suggested (Nocek, 1997; Gabel et al., 2002).

Carbohydrate and Nitrogen Interactions

When changing the protein characteristics or content of the whole diet, carbo-
hydrate characteristics and content also change, and the reverse. This means
that observed effects cannot be fully attributed to a single chemical constituent.
Also other characteristics might change, such as the quantity of feed dry matter
consumed or rumen pH. As a consequence, an evaluation of the feeding



282

A. Bannink and S. Tamminga

value of a diet or a specific dietary ingredient can only be done at the level of the
whole diet, taking into account all changes simultaneously. In mechanistic
models, integration of all aspects involved allows such a complete view of the
whole system. Current feed evaluation compares the relative feeding value of
different dietary ingredients rather than representing the actual physiological
mechanism involved (Van der Honing and Alderman, 1988), and only by
adapting the requirements of the animals can the difference between relative
and actual values be accounted for.

To illustrate the difference between concepts adopted in mechanistic
models and those adopted in current feed evaluation, the relevance to syn-
chronization of carbohydrate and N availability for microorganisms, an item
that has received attention in recent years, was investigated with model simula-
tions. The simulations were performed with an adapted version of the model of
Dijkstra et al. (1992) on diets with grass silage, maize silage and concentrates.
Adaptations to the model were the representation of separate meals of grass
silage, maize silage and concentrates according to the schedule drawn in
Fig. 10.13, and representation of a mechanism of comminution of large to
small particles (Baldwin et al., 1987) of which only the latter were assumed to
be available for microbial degradation and outflow. Simulations were performed
with several intake patterns and meal compositions, whereas on a daily basis

l Feed l 1

| D-NDF grass | | D-ST grass | | D-P grass |

Large L p.NDF maize | | D-STmaize | | D-Pmaize |
particles

\ | D-NDF conc. | | D-ST conc. | | D-P conc. |

Smal | D-NDF grass | | D-ST grass | | D-P grass |

particles | D-NDF maize | | D-ST maize | | D-P maize |

| D-NDFconc. | | D-STconc. | | D-Pconc. |

Soubles | SNDF | | sswsc | | sPp |

| 1 1
Microbes | Cellul. Micr. | | Amylol. Micr. | | VFA |

Fig. 10.13. Diagram of the adapted mechanism introduced in the rumen model of Dijkstra et al.
(1992). Three different physical forms of substrate were distinguished (large particles which
require comminution (D), small particles which are degraded (D) by microorganisms, or as a
solute (S) in rumen fluid and available for microbial fermentation) for three types of substrate
(neutral detergent fibre, NDF, fermented by fibrolytic microorganisms, starch and soluble
carbohydrates, ST and SC, fermented by amylolytic microorganisms, and protein, P, fermented by
both types of microorganism).
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diets were of equal composition. In this way, the extent of synchronization of
the rate at which N and energy become available for microbial utilization
differed strongly according to the pattern of feed intake and the in situ degrad-
ation characteristics of carbohydrates and N. First, a diet was simulated with a
daily dry matter intake of 10.0 kg of grass silage, 6.5 kg of maize silage and
5.8 kg of concentrates, offered either synchronous or asynchronous during the
day. Secondly, a diet was simulated with a daily dry matter intake of 11 kg of
grass silage and three alternative types of 9 kg of concentrate of varying
carbohydrate composition (either fast, intermediate or slowly degradable). The
simulation results showed hardly any change in rumen fermentation. Realistic
changes in the dynamics of particle comminution and feed intake pattern
resulted in shifts of only a few per cent in the apparent efficiency of microbial
growth. Interestingly, also varying the carbohydrate composition of the con-
centrate resulted in shifts of 2% only. Such small shifts would usually not be
significant in in vivo trials. Synchronization might affect other rumen factors
that were kept unchanged in the simulations, such as pH, passage rates, volume
and the proportion of protozoa in the microbial population. Changes in these
factors would have a much larger impact on rumen function as demonstrated by
sensitivity analysis of the original model (Neal et al., 1992). The results also
point at a high adaptive capacity of rumen function. It must be concluded that
many, largely theoretical, claims in literature and current feeding practice
(Sinclair and Wilkinson, 2000) about the beneficial effects of synchronizing
energy and N availability for microorganisms may be valid, but probably remain
rather small and rely more on changes in other factors of rumen function than a
change in the dynamics of energy and N availability for microorganisms.

Mathematical Modelling
Empirical and mechanistic representations of whole rumen function

Empirical models are models in which experimental data are used directly to
quantify relationships. Empirical approaches are helpful in deriving simple but
robust calculation rules to describe rumen function from a survey of rumen
digestion trials reported in literature. As demonstrated in many reviews, such
regression studies give a reasonable description of the set of data selected. In
contrast, mechanistic models seek to understand causation. Mechanistic
models describe the system in terms of its components and associated mech-
anisms. These models play a useful role in evaluation of hypotheses and in
identification of areas where knowledge is lacking. Current feed evaluation
systems are largely empirical in nature. However, mechanistic models offer
more to scientific development, since they are based on mechanisms. For
further details of empirical and mechanistic modelling, see Baldwin (1995)
and Dijkstra et al. (2002).

Several mechanistic models of rumen function have been published
(France et al., 1982; Baldwin et al., 1987; Argyle and Baldwin, 1988;
Danfaer, 1990; Dijkstra et al., 1992; Lescoat and Sauvant, 1995). Also
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several reviews have been published in which these rumen models were evalu-
ated against independent data or were directly compared with each other
(Bannink and de Visser, 1997; Bannink et al., 1997; Offner and Sauvant,
2004). Nevertheless, quantitative information on direct comparisons of these
models remains scarce. More information is available on the theoretical con-
cepts used (Baldwin, 1995; Dijkstra et al., 1996, 2002). Important aspects
that were covered by these models are representation of factors or processes
which are responsible for variation in the degradation rate of feed substrates,
efficiency of microbial growth, absorption kinetics, kinetics of fluid and par-
ticles, recycling of N with saliva and via the rumen wall and recycling of
microbial matter within the lumen. For a more detailed discussion on individual
rumen models, the reader is referred to the original papers describing the
approaches adopted, or to the reviews comparing and evaluating these models.

Compared to current feed evaluation systems, the mechanistic models of
rumen function are able to cover a wider range of rumen conditions and are
more flexible in taking influencing factors into account. As a consequence,
protein values of dietary ingredients do not have to be treated as constants, but
can be made dependent on the diet and the rumen conditions. For example,
the depression of NDF degradation in the rumen with low rumen pH is
represented in almost every mechanistic model (Dijkstra et al., 1992), whereas
with current feed evaluation systems a weighted sum of the digestibility of all
dietary ingredients is calculated without any consideration of interactions such
as the depressive effect of high levels of starch intake (Fig. 10.2). Also, more
precise representation of N recycling to the rumen with low protein diets is an
important added value when attempts are made to evaluate whether crude
protein content of the diet is reducing rumen digestion or not. These extra
capabilities of mechanistic models are important steps put forward in explain-
ing observations of rumen function.

Modelling non-digestive functions

Modelling efforts of the non-digestive rumen functions seem to be limited to
that of absorption from the rumen (Dijkstra et al., 1993; Pitt et al., 1996;
Lopez et al., 2003). However, there is extensive VFA metabolism by stomach
epithelia and it has been suggested (Bergman, 1990; Bannink et al., 2000;
Gabel et al., 2002) that metabolism also depends on the load of VFA trans-
ported by these tissues. Efforts to include this aspect in ruminant models seem
to be lacking. Whole animal models assume constant fractions of VFA metab-
olism during absorption (Danfaer, 1990) or do not represent metabolism by the
gastrointestinal tract separately from the remainder of the body (Baldwin,
1995). Only Gill et al. (1989) addressed the concept of energy costs of
nutrients and ion transport, and of protein synthesis and degradation in tissues
of the total gastrointestinal tract of growing lambs. No efforts are known,
however, of integrating microbial activity and the fermentation process in the
lumen with that of the absorptive, transport and metabolic functions of tissues
in the stomachs.
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Conclusions

In current practice intrinsic characteristics of feed degradation are often used
too easily without considering the conditions of the rumen environment or the
interactions that exist between the different chemical fractions. The dynamic
nature of fermentation processes, the variation and adaptation of microbial
metabolism to changes in the diet and the importance of interactions between
energy and N in the rumen are well established. Yet current feed evaluation
systems have little regard for this. Given the wealth of data available on rumen
fermentation, more detailed and integrated representations of nutrient dynam-
ics in the rumen than current feed evaluation systems may be developed. Such
integrated models will help in explaining rumen function over a wide range of
production conditions and in evaluating the consequences of new feeding
strategies on ruminant response as a function of feed but also as a function of
animal characteristics.
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1 1 Glucose and Short-chain
Fatty Acid Metabolism
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St. Peter’s College, Muenster, Saskatchewan, Canada

Introduction

The characteristic feature of ruminants is the fermentative nature of their
digestion. This feature of their digestive system allows them to survive on
high-fibre diets (Leng, 1970). The principal products of fermentation of dietary
fibre are short-chain fatty acids, the most important of which are acetate,
propionate and butyrate (Kristensen et al., 1998; Majdoub et al., 2003).
They account for more than 70% of the animals’ caloric intake (Bergman,
1990). Since the dietary carbohydrate is fermented, ruminant animals normally
absorb little or no dietary carbohydrate as hexose sugar (see Chapter 10), and
their glucose needs must be met by gluconeogenesis even in the fed state
(Bergman et al., 1970; Lomax and Baird, 1983). In animals consuming high
concentrate diets not all of the carbohydrate may be fermented, but even then
the absorption of hexose sugar from the gut accounts for less than one-third of
the whole-body glucose turnover (van der Walt et al., 1983). Unlike in simple-
stomached animals, in ruminants the liver is incapable of having a net uptake of
glucose (Brockman, 1983).

Metabolism of Glucose
Methodology

Any discussion of the quantitative aspects of metabolism requires a discussion
of the techniques used to obtain the information. Estimates of the rates of
production and utilization of metabolites in vivo have been made principally
using two techniques: isotope dilution and arteriovenous catheterization. Sev-
eral isotopes may be used simultaneously. In addition, isotope dilution has been
combined with the arteriovenous difference technique.
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The use of isotope dilution techniques allows the measurement of the rate
of turnover or irreversible loss of metabolites with minimal invasion of the body
(Leng, 1970). The least invasive approach is to place indwelling catheters into
the jugular veins. The labelled metabolite may be administered as a single
injection or continuous infusion. Blood samples are taken and the amount of
isotope is determined for the selected metabolites in the blood or plasma pool.
This gives estimates of the exit/entry of the metabolites into blood or plasma.
The simplest approach is to make the determinations when the system is in
steady-state, but the measurements can also be made under non-steady-state
conditions (Brockman and Laarveld, 1986). Under steady-state conditions,
when the pool for a certain metabolite does not vary substantially over a
given period of time, the rate of entry of the metabolite into the pool equals
the rate of exit and represents its rate of turnover. The turnover rate may also
be determined by measuring the rate of exit of the isotope from the blood or
plasma pool after a single injection from the rate of decrease of the label in
blood or plasma. With the continuous infusion of label the ratio of the infusion
rate to the specific radioactivity of the metabolite gives the turnover rate
(turnover rate = infusion rate/specific radioactivity).

The label also influences the estimates obtained. For example, glucose
turnover may be estimated using (U-14C)glucose or tritiated or deuterated
glucose (Bergman et al., 1974). The carbon label may go from glucose to
pyruvate or lactate and back to glucose. When this occurs, the exit and re-entry
of the label from and to the glucose pool is not detected. This recycling error
can be avoided by using other labels, such as tritium, or deuterium. However,
the label in the 2-position is lost in the hexose phosphate isomerase reaction,
whereas it is lost from the 6-position during the metabolism of pyruvate (see
Fig. 11.2). When glucose goes to fructose-6-phosphate and back to glucose,
the 2-label will show a loss of glucose, but the 6-label will not. Thus, the 14C-
labelled isotope gives the lowest estimates of turnover rates and because of
recycling of the label underestimates the true rate of glucose production.
Glucose labelled in the 6-position with tritium gives estimates about 10% higher
and in 2 or 3 position about 15% higher than #C-labelled glucose (Bergman
et al., 1974). Because of the loss of label in the hexose phosphate isomerase
reaction, the latter probably overestimates the rate of turnover of glucose. The
best estimate is probably obtained with tritium label on the 6-carbon.

Double isotope techniques are useful to measure glucose turnover, sub-
strate turnover and incorporation of substrate into glucose simultaneously
(Brockman and Laarveld, 1986). Tritiated glucose may be used to measure
glucose turnover while the carbon label may be used to monitor the glucose
precursor. This approach eliminates the need to conduct separate experiments
to obtain data for two metabolites, thereby reducing inter-experimental error.

Measuring the appearance of the carbon label into glucose may assess the
fate of the metabolite. The specific radioactivities of the precursor and product
(glucose) are determined and the fraction of product produced is the ratio of
the specific radioactivities of product:precursor. A limitation of this method
is that the estimate of glucogenic potential is underestimated because the
calculation is based on blood or plasma specific radioactivity of the precursor.
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Respiration Gluconeogenesis

Pyruvate Acetyl-CoA Glucose Fig. 11.1. Schematic
: representation of respiration and

Co, gluconeogenesis showing how
crossing-over may occur when
two pathways have a common
—_— intermediate, in this case

Oxaloacetate oxaloacetate. Exchange between
= the two pathways intracellularly
would reduce the specific
radioactivity of the oxaloacetate
in the gluconeogenic pool when
a glucose precursor is the source
CO; Pyruvate of the label.

The intracellular activity and intracellular dilution of the isotope are ignored. For
example, crossing-over of isotopic carbons between metabolic pathways with
common intermediates, as between respiratory and gluconeogenic pathways
both of which involve oxaloacetate (see Fig. 11.1) may occur. This reduces
intracellular specific radioactivity (the exchange of oxaloacetate between the
two oxaloacetate pools will reduce the labelled oxaloacetate in the gluconeo-
genic pool). Thus, the use of the specific radioactivity of the precursor in the
blood or plasma, which is greater than the specific radioactivity of the precursor
at the site of metabolic use, causes an underestimation of the rate of conversion
of precursor to product. Consequently, estimates of the rate of conversion of
precursor to product obtained by isotopic dilution are minimal estimates.

The arteriovenous catheterization approach allows the isolation of individ-
ual organs in vivo (Bergman et al., 1970; Kaufman and Bergman, 1974). The
blood supplying and draining the organ is sampled, which, with measurement

H\C//O H\C//O H—Z—OH
D —C—OH D—C-OH c=o
OH—C-D OH—C-D HO—C-D
H-GC-OH —= H-C-OH -+ H-C-oOH
H—C—oH H—C&—oH H—C—OH
D—(:)—OH D—c::—opo3 D—c::—opo3
D D D

(2,3,6,6D,4)-Glucose (2,3,6,6D,4)-Glucose-6-P (3,6,6D3)-Fructose-6-P

Fig. 11.2. A schematic representation of the loss of label from the 2-position, but not the 3 and
6 positions, of glucose during the isomerase reaction. In this reaction glucose-6-phosphate is
converted to fructose-6-phosphate.
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of the rate of blood flow, gives estimates of the net organ uptake or output.
While the error of individual determinations in the blood samples may be low,
the error of the net metabolism may be high, particularly when the concentra-
tion differences across the organ are low compared to the concentration of the
respective metabolite in the vessels. This is the case for glucose across the
portal-drained viscera and liver where the arteriovenous differences are less
than 5% of the concentration in each vessel (Bergman et al., 1970). The
analytical error for the arteriovenous differences may be more than 20 times
greater than the error in determining the concentrations in each vessel.

This technique cannot distinguish between different uses within the organ.
Thus, it represents a maximum estimate of utilization for a specific purpose and
overestimates the rate of utilization. For example, the net hepatic uptake of
lactate may be three times the incorporation of lactate into glucose (Brockman
and Laarveld, 1986). In those organs that are net producers of a metabolite,
this approach does not show what has been produced and used intracellularly
and underestimates the rate of production by the organ. Thus, the true rates of
production and utilization lie somewhere between the values obtained by
isotopic and arteriovenous difference techniques.

When the two techniques are combined, utilization and production within
specific organs can be determined simultaneously. In addition to giving better
estimates of organ production the dual approach allows the determination of
metabolic interconversions within individual organs (van der Walt et al., 1983).

Glucose-producing organs and glucose production

Many studies have estimated the rates of glucose production by ruminants
under varying dietary and physiological conditions. An adult sheep (50-
55 kg) on a maintenance diet produces approximately 25 mmol/h of glucose
(Bergman et al., 1974). Pregnant animals with the same food intake produce
more glucose, with the amount increasing up to 50% during late pregnancy
(Steel and Leng, 1973a; Wilson et al., 1983). This indicates that endogenous
sources of glucose precursors are used to a greater extent during pregnancy. As
feed intake increases so does the rate of glucose production. Animals on an ad
libitum diet produce about 50% more glucose than animals on a maintenance
diet (Steel and Leng, 1973a; Wilson et al., 1983). The highest rates of glucose
production occur in lactating animals, where the production rates correlate
with the increased food intake (Wilson et al., 1983). For example, lactating
ewes which received twice as much food (2500 vs. 1200 g/day of dried grass)
produced proportionately more glucose (46—-52 mmol/h) than non-pregnant,
non-lactating animals (22 mmol/h).

The most important substrate for glucose synthesis in fed animals is pro-
pionate (Table 11.1). Ruminal propionate may account for more than half of
the substrate used in glucose synthesis in fed animals (Leng et al., 1967,
Judson and Leng 1973b; Amaral et al., 1990). Isotopic studies have shown
that in sheep, propionate in the blood accounts for only about one-third of the
glucose synthesis (Bergman et al., 1966). This implies that not all of the
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Table 11.1. Summary of the fraction of glucose derived from various substrates in sheep
(data from Bergman et al., 1966, 1968; Lindsay, 1978).

% of Glucose turnover % of Hepatic extraction

Metabolite Fed Fasted Pregnant Fed Fasted Pregnant
Propionate?®

Blood 27-40 - - 85-90 85-90 —

Rumen 40-50 - 34-43 n.a. n.a. n.a.
Lactate/pyruvate 15-20 13 10-15 8-15 20-30 29
Glycerol 5 15-30 18-40° 40-50 60-70 -
Alanine 5-6 5-7 — 7-11 15 24

8Values were calculated from infusion of labelled propionate intraruminally and intravenously. The contri-
bution of propionate depends on the duration of fasting.
®Values were taken from ketotic sheep.

propionate produced in the rumen is absorbed as propionate (see below).
Lactate/pyruvate accounts for 15% of the glucose, with amino acids and
other precursors making up the difference. The percentage of glucose derived
from lactate/pyruvate appears to be relatively constant over a variety of
physiological conditions. It appears that in cattle propionate may account for
50-60% of the glucose and 11-35% of the lactate (Danfaer et al., 1995;
Lozano et al., 2000). Amino acids, based on net hepatic uptake, may contrib-
ute 30% or more to glucose production.

In fasted animals obviously less propionate is available. Then the glucose-
producing organs must look to endogenous sources of substrate for gluconeo-
genesis, and glycerol from lipolysis becomes a more important glucose precur-
sor; its contribution may reach 40% during fasting (Bergman et al., 1968).
While many studies have shown that amino acids are glucogenic, the best
estimates of glucogenic potential are the differences after everything else is
accounted for. Not surprisingly, the rate of glucose production is linearly related
to the availability of its precursors in plasma (cf. Lindsay, 1978). That does not
mean that glucose synthesis is not subject to hormonal regulation. The output
of glucose by the sheep liver and uptake of some glucose precursors have been
shown to increase markedly during exercise (Brockman, 1987) and glucagon
administration (Brockman, 1985; Brockman et al., 1975) and decrease during
insulin administration (Brockman and Laarveld, 1986).

The organs that may release glucose into the blood are liver, gut and
kidney. The liver is the most important glucose-producing organ in the rumin-
ant. It accounts for 85-90% of whole-body glucose turnover in animals on a
roughage diet (Bergman et al., 1970). Since the rate of absorption of hexose
sugar from the gut is low, the ruminant animal has little need to remove glucose
from the portal blood. Not surprisingly, the ruminant liver has little or no
glucokinase and little hexokinase (Ballard et al., 1969). Experimentally, hyper-
glycaemia with high plasma insulin concentrations did not induce a net uptake
of glucose by the liver (Brockman, 1983). This indicates that physiologically the
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ruminant liver always has a net output of glucose (Bergman et al., 1970;
Brockman, 1983), even in the fed state and in animals on high concentrate
diets (van der Walt et al., 1983).

As discussed above, the absorption of glucose from the gut of ruminants on
a roughage diet is minimal (Bergman et al., 1970; Baird et al., 1980; Lomax
and Baird, 1983). Normally the portal-drained viscera is a net user of glucose,
whose use amounts to 5-15% (about 2 mmol/h) of hepatic glucose production
(Bergman et al., 1970). However, when the ruminant animal eats a concen-
trate diet, glucose absorption from the gut may account for up to 30% of the
whole-body glucose turnover (van der Walt et al., 1983). This is obviously a
function of the extent of fermentation in the rumen.

The role of the kidney in producing glucose is similarly small. Net renal
production of glucose accounts for about 10% of whole-body glucose turnover,
or about 2 mmol/h (Bergman et al., 1974; Kaufman and Bergman, 1974).
[sotopic studies suggest that the kidney may produce as much as 15% of the
glucose (van der Walt et al., 1983), assuming that the kidney is the only organ
other than the liver and gut capable of glucose production.

The renal uptake of lactate, pyruvate, glycerol and alanine accounts for
nearly 90% of its glucose output by the kidney (Table 11.2), with lactate
providing for half of this. In vivo studies have shown that propionate may be
used by the kidney for glucose synthesis as effectively as lactate or glycerol
(Krebs and Yoshida, 1963; Faulkner, 1980). However, the amount of propi-
onate reaching the kidney is small compared to that reaching the liver (Berg-
man and Wolff, 1971). The concentration of propionate in arterial plasma is
12-30 pM (Bergman and Wolff, 1971; Baird et al., 1980). If the kidney
extracts propionate as efficiently as the liver, the arteriovenous difference
across the kidney would be 10-25 uM, which is 20-55% of the arteriovenous
difference for glucose (Table 11.2). Thus, propionate could account for 10-
25% of net renal glucose production. That is equivalent to the glucogenic
potential of pyruvate, glycerol or alanine (Table 11.2). It seems that as a
fraction of organ production it may be equal to the contribution of propionate
to glucose synthesis in the liver (see above).

Table 11.2. Arterial concentrations, arteriovenous concentration differences (A-V) and net
renal uptake (negative values are production) of glucose, lactate, glycerol and alanine in sheep
(data from Kaufman and Bergman, 1974; Heitmann and Bergman, 1980).

Artery (uM) A-V (uM) Uptake (mmol/h)

Metabolite Fed Fasted Pregnant Fed Fasted Pregnant Fed Fasted Pregnant

Glucose 2700 2600 2900 —-45 -55 -3 -25 -30 —-4.3
Lactate 761 892 848 52 54 56 2.9 2.8 4.6
Pyruvate 53 76 56 7 13 3 0.4 0.7 0.3
Glycerol 67 149 41 1 13 14 0.5 0.8 1.0
Alanine 87 96 - 13 10 — 0.5 0.4 —
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Glucose Utilization

Not all organs and tissues use glucose at the same rate (Table 11.3). The
muscle, as reflected by the hind limb, extracts 3% of the glucose, which passes
through in blood. However, because of the muscle mass, muscle utilization may
account for 20-40% of the glucose turnover (Oddy et al., 1985). Moreover,
glucose uptake by muscle is subject to hormonal regulation (Jarrett et al.,
1976). Insulin appears to be able to increase the uptake as much as fivefold
at high concentrations (Table 11.3; Jarrett et al., 1974; Hay et al., 1984,
Prior et al., 1984). As would be expected the fractional extraction of glucose by
the hind limb in diabetic sheep is lower than in normal sheep (Jarrett et al.,
1974). Fat, as shown by tail fat pad studies (Khachadurian et al., 1966),
extracts about 10% of the glucose presented to it, suggesting that fat may be
more efficient at removing glucose than muscle. However, the differences may
be a reflection of differences in blood flow through the tissues, that is, a lower
blood flow through fat may allow a higher extraction ratio. Glucose extraction
by the fat pad was also increased by insulin (Khachadurian et al., 1966). In both
fat and muscle tissue insulin, concentrations of which are high in blood during
feasting and low during fasting, appears to play a role in the regulation of
glucose uptake by altering the efficiency of extraction.

The portal-drained viscera accounts for 20-30% of the whole-body glucose
turnover (5—7 mmol/h). Estimates of utilization by the liver range from 0% to
15% (0-3 mmol/h) (Bergman et al., 1970). The fractional extraction by the
brain is about 18% and this does not change with fasting (Pell and Bergman,
1983). The brain accounts for over 10% of the whole-body glucose utilization
(2.4 £+ 0.2 mmol/h), which is used for 97% of oxygen uptake by the brain
(Oyler et al., 1970; Pell and Bergman, 1983). The estimates of fractional
extraction of glucose by the uterus range from 8% to 30% (Morriss et al.,
1980; Hayetal., 1984) and by the mammary gland 25-50% (Bickerstaffe et al.,
1974; Laarveld et al., 1981), depending on the stage of pregnancy or milk

Table 11.3. Arterial concentrations, arteriovenous concentration differences (A—V) and
fractional extraction of glucose by various organs during periods of high and low plasma insulin
concentrations in sheep (data from Khachadurian et al., 1966; Hay et al, 1984; Oddy et al.,
1985).

Artery (mM) A-V (mM) Extraction (ratio)

Insulin status Low High Low High Low High
Organ/tissue

Hind limb 3.3 3.3 0.08 0.72 0.02 0.15

Tail fat pad 9.5% 6.6 1.60 2.28 0.25 0.35

Tail fat pad 3.7° 22 0.39 0.83 0.11 0.38

Uterus 3.3 3.3 1.15 1.19 0.35 0.36

Mammary gland 3.1 3.3 0.72 0.70 0.23 0.22

2These values are from the perfused fat pad.
These values are from the intact animal.
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vield, in other words according to the organs’ needs. Studies in sheep, which
were about 20 weeks pregnant, showed a strong correlation between blood
glucose concentration and uterine uptake of glucose (Leury et al., 1990). As
the blood glucose concentrations decreased during underfeeding (from
2.65+0.10 to 1.42 4+ 0.12 mM), uterine uptake of glucose went from
15.0+ 1.6to 7.8 + 0.6 mmol/h.

The sheep fetus relies on placental transport to meet about half of its glucose
needs (Hodgson et al., 1981). The glucose uptake by the pregnant uterus is
greater than the glucose utilization by the fetus. The glucose used by the fetus
accounts for 28% of the glucose taken up by the uterus (Meschia et al., 1980).
Another 20% of glucose removed by the uterus is taken up by the fetus as lactate.
Thus, the fetus uses about half the glucose, which is removed by the uterus from
the blood. This is discussed in greater detail in Chapter 20.

The major use of glucose in the mammary gland is for the production of
lactose. This accounts for 50-60% of the glucose uptake by the bovine mam-
mary gland (Bickerstaffe et al., 1974; Baird et al., 1983). In sheep, glucose
uptake by the mammary gland is equivalent to 70% of lactose in the milk (Oddy
et al., 1985). The fractional extraction of glucose by the mammary gland
(Laarveld et al., 1981) and uterus (Morriss et al., 1980; Hay et al., 1984)
does not change during starvation or insulin administration (Table 11.3). These
organs appear to use glucose in direct proportion to the amount presented to
them at all times. The hormonal regulation of glucose utilization seems to be
directed at those organs which may store glucose, specifically muscle and fat, or
which do not have constant needs for glucose. Regulation of glucose uptake by
essential organs, i.e. the brain, mammary gland and uterus, appears to be
based on availability, not by changing the extraction percentage or efficiency.

Glucose-Lactate Interrelations

Lactate is a major precursor of glucose. It is second only to propionate in its
glucogenic potential in fed ruminants (see Table 11.1 above). Lactate is a
product of digestion and is produced endogenously in nearly every organ.

Lactate turnover in fasted non-pregnant, non-lactating sheep is about
20-30 mmol/h (Annison et al., 1963a; Reilly and Chandrasena, 1978; Brock-
man and Laarveld, 1986) of which 20% is produced by the portal-drained
viscera and 6% by the liver. In fed sheep lactate turnover is about 40% higher
than in fasted sheep, or 30-50 mmol/h (Annison et al., 1963a), reflecting a
greater dietary contribution. Net production by the portal-drained viscera is
8-10 mmol/h in fed sheep and production by these tissues may account for
up to 60% of the whole-body turnover (van der Walt et al., 1983; Brockman,
1987). Endogenous lactate is produced by muscle, which always has a net output
of lactate, except perhaps during exercise (Jarrett et al., 1976), and adipose
tissue, which also has a net production of lactate. In the latter, lactate production
is equal to about half its glucose uptake (Khachadurian et al., 1966).

The brain also produces lactate. Fasted sheep have a net output of lactate,
but in fed sheep the brain has a net output of pyruvate, which equals the
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lactate uptake. Lactate output by the brain is only a small fraction (6-15%) of
glucose uptake (Pell and Bergman, 1983).

The ratios of organ production and utilization of lactate change during
pregnancy and lactation. The uteroplacental unit is a net producer of lactate,
whereas the mammary gland is a net user of lactate. In pregnant sheep
extrahepatic production of lactate may be 75% of the whole-body turnover
compared to about 55% of production by the portal-drained viscera in non-
pregnant animals (van der Walt et al., 1983). Lactate released into the maternal
blood may account for 15-20% of the glucose utilization by the uteroplacental
unit (Meschia et al., 1980); an equivalent amount of lactate goes to the fetus.
Thus, lactate production may account for one-third of the glucose taken up by
the uterus, another third is taken up by the fetus as glucose.

The net uptake of lactate by the mammary gland of lactating animals is
equal to about 20% of its glucose uptake on a molar basis (Oddy et al., 1985).
The liver uses more of the lactate, and is normally a net user of lactate (Table
11.4). About one-third of the lactate is removed by the liver and appears as
glucose in fasted sheep (Brockman and Laarveld, 1986). The extraction of
lactate by the liver varies with the dietary intake or physiological status (Brock-
man and Laarveld, 1986; Brockman, 1987) and is subject to hormonal regu-
lation, the most important of which is insulin. While in the pregnant animal
75% of the lactate is used by the liver, presumably for gluconeogenesis, in the
lactating animal about 40% of lactate turnover is used by the liver. The effects
observed by changes in dietary status may also be influenced by metabolites.
Propionate, for example, appears to reduce the hepatic removal of lactate
independent of any effect of hormones (Baird et al., 1980). It seems that
when propionate is available, which means during feasting, the liver uses
propionate preferentially as a substrate for glucose production, thereby sparing
lactate and other glucose precursors for other uses.

Table 11.4. Insulin concentrations, lactate extraction by the liver and net hepatic uptake
(NHU) and turnover rate (TR) of lactate in sheep under various physiological states and during
glucagon and insulin infusion (data from van der Walt et al., 1983; Brockman and Laarveld,
1986; R.P. Brockman, unpublished results).

Insulin Hepatic NHU Lactate TR

Status (rU/ml) extraction (%) (mmol/h) (mmol/h)
Fed ad lib 60 + 8 76+19 — 17 +1
Maintenance

Control 22+3 9.0+17 11+2 —

Glucagon 52+ 8 13+ 3 18 +5 —
Pregnant — 29+3 31+4 40+5
Lactating — 14 +2 18+ 2 51 +1
36-h fast 6+1 29+ 3 18+ 3 2142

Insulin infusion 47 +7 18+7 10+2 21+3

Insulin infusion 95+ 9 92425 724+2 26 + 2
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Table 11.5. Summary of the interconversions of lactate and glucose in sheep (data from
Reilly and Chandrasena, 1978; van der Walt et al., 1983; Brockman and Laarveld, 1986).

% Glucose % Lactate % Lactate % Glucose Recycling
from lactate to glucose from glucose to lactate (%)
Fed (n=4) 16 + 1
Fasted
16 h (n=7) 15+ 3 17+ 2 31+5 24+3 47
36 h (n=5) 13+ 1 26 +4 69 +5 33+3 9.0
Pregnant 12 30 79 31 9.4
Lactating 6 16 57 19 3.4

In fasted, pregnant and lactating sheep about 26%, 30% and 16%, re-
spectively, of the lactate turnover is used for gluconeogenesis (Table 11.5). The
lower value in lactating sheep reflects lactate used by the mammary gland. The
fraction of lactate used in glucose synthesis is probably lower in the fed animals
compared to the fasted animals. In sheep that had feed withheld for 12-16 h
(partially fasted), 18% of the lactate was used for gluconeogenesis whereas in
sheep that were fasted for longer periods, it was 26% (Reilly and Chandrasena,
1978). Obviously this is related to the decreased availability of propionate
during starvation.

Lactate, however, accounts for less than 20% of the substrate for glucose.
The fraction of glucose that is derived from lactate seems relatively constant
(10-20%) (Tables 11.1 and 11.5), except during lactation when substantial
amounts of lactate are used by the mammary gland (Oddy et al., 1985) and
lactate accounts for only about 6% of glucose synthesis.

Metabolism of Short-chain Fatty Acids

Propionate

A sheep on a maintenance diet of 800 g of lucerne pellets per day produces
30-45 mmol propionate per hour in its rumen (Judson and Leng, 1973a;
Steel and Leng, 1973b). Of this, 18-24 mmol/h is absorbed (Bergman et al.,
1966; Bergman and Wolff, 1971; Noziere et al., 2000). Since absorption
accounts for only 40-60% of ruminal production, a substantial amount of
ruminal propionate is metabolized or converted to other metabolites before
and/or during absorption. In studies with washed reticulorumens almost all the
propionate, which was infused into the rumen, was recovered in the portal
blood (Kristensen et al., 2000; Kristensen and Harmon, 2004), indicating
that propionate is not metabolized to a significant degree by the ruminal
epithelium during absorption. This is consistent with the results of earlier
studies in cattle that indicated that little propionate is metabolized during
absorption (Weigland et al., 1972). Thus, half of the ruminal propionate is
metabolized within the gut.
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Half (Judson and Leng, 1973b; Steel and Leng, 1973b; Amaral et al.,
1990) or more (Bergman et al., 1966; Bergman and Wolff, 1971) of the
propio