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Abstract

Sub-clinical disease can have large effects on animal production with significant
economic consequences. Animal health and welfare are increasingly important criteria in
animal production, and the removal of antibiotic growth promoters has added pressure on
production systems. No general model has yet been proposed for predicting the growth
and performancé of animals exposed to pathogens. A robust framework for predicting
growth during health and disease may assist in the design of nutritional, environmental
and genetic management strategies. A core part of any animal growth model is how it
predicts the partitioning of dietary protein and energy to protein and lipid retention for
different genotypes at different degrees of maturity. Solutions propo sed in the literature to
the partitioning problem were described in detail and criticised in relation to their scope,
generality and economy of parameters (Chapter 1). They all raised the issue, often
implicitly, of the factors that affect the net marginal efficiency of using absorbed dietary
protein for protein retention. Partitioning rules that withstood qualitative criticisms were
then tested against literature data and a general quantitative parfitioning rule was
concluded for that had two key parameters: the maximum marginal efficiency of protein
retention and the energy to protein ratio at which the maximum efficiency is achieved
(Chapter 2). A general rule was identified which was able to predict protein retention for
both protein and energy limiting diets in healthy animals. In Chapter 3 a general model
was developed for predicting effects of sub-clinical pathogen challenges of different
doses and virulence on the intake of animals. Pathogen induced anorexia is the major
consequence on hosts during the course of infection. The model was for the period from
recognition of a pathogen through to acquisition and subsequent expression of immunity.
It is crucial to define the pathogen challenge (in terms of dose and virulence) and the
degree of resistance of different hosts, when comparing their responses in RFI. There is
no general agreement on the consequences of pathogen challenges, other than anorexia,
that need to be included in a predictive framework of growth. In Chapter 4 literature data
was reviewed for different kinds of pathogen challenges of a range of hosts to identify
reductions in growth beyond that caused by anorexia: these were host, dose and time
dependent. In only some instances did anorexia fully explain the reductions in growth.
Solutions were needed for describing the protein costs of innate and acquired immune
responses and repair of damaged tissues. Increased energy requirements depended on
immune responses, repair of damage and fever. In Chapter 5 a framework was proposed

that predicts the performance of different genotypes (in terms of growth potential and

v



disease resistance) when challenged by different doses of pathogens and given access to
different foods. The model predicts amino acid and energy requirements due to growth
and immune responses, and a partitioning rule was developed for partitioning scarce
resources between growth and immune responses. Predictions can be made on the
performance of different animal genotypes when they are given access to different quality
foods and exposed to pathogens. The development of the model and its predictions,
together with future testing, may contribute significantly towards our understanding of

nutrition and genotype interactions during exposure to pathogens.
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General Introduction



The performance of animals in commercial production environments is often well below
what observed in well-maintained experimental or breeding stations (Black et al. 1995).
A proposed cause for the observed differences in performance has been the presence of
stressors, which include physical (ambient temperature, humidity), social (space
allowance, group size) and infectious (kind and amount of pathogen). A possible
approach for improving our understanding of how stressors affect performance is the use
of mathematical modelling techniques. Models attempt to incorporate the underlying
biology of the system in terms of deterministic equations, which are solved dynamically
to consider the possible interactions between the animal, its food and its environment over
time. This may allow for management decisions to be better informed and contribute to

the alleviation of the effects of environmental stressors on performance.

Since the initial attempts of modelling pig growth (Whittemore & Fawcett 1974, 1976)
there have been several models developed, with often increasing complexity to consider
the effects of physical stressors e.g. Black et al. (1986), Ferguson et al. (1994) and
Wellock et al. (2003a). More recently Wellock et al. (2003b) have considered the effects
of social stressors on the performance of pigs. No general framework or model has yet
been proposed to predict the effect of infectious stressors, such as pathogen or immune
system activation (Williams et al. 1997a, b,c), on growth and performance. This is
surprising as pathogen challenges have significant effects on growth and production
(Beisel 1977; Crompton 1984; Colditz 2002). In pigs in particular, a simple activation of
the immune system by maintaining animals in a dirty environment led to a 20-30%
reduction in their performance (Williams et al. 1997a, b, c). The effects on production,
together with the cost of prevention and treatment lead to disease having a significant
economic cost. For example, Nieuwhof & Bishop (2005) estimated that gastrointestinal
parasitism of sheep in Great Britain cost the producers £84 million per year, while Cutler
(2001) estimated that enteric diseases of pigs in Australia incurred a cost of £32 million
per year. Recently, Defra (web site) has estimated that sub clinical disease alone is
responsible for a £12 million loss per annum in the UK pig industry. These significant
financial costs, together with the removal of antibiotic growth promoters (EC Regulations
1831/2003, 1834/2003), increased occurrence of resistance to pharmaceutical
interventions (Waller 1999) and increased demands for improved welfare (Kanis et al.
2005) highlight the need for an improved understanding of how pathogen challenges,

nutrition and different genotypes (genetic resistance, growth potential) interact.



Black ef al. (1999) when discussing the inclusion of disease in the AUSPIG model (Black
et al. 1986) suggested that ““...increasing maintenance energy requirements by up to 1.3
times the normal predictive value, decreasing the rate of protein deposition by 0.9 times
normal and decreasing feed intake down to zero depending on the severity and duration of
the disease” would achieve it. This may be seen an initial step towards including the
effects of pathogen challenge on performance. Henken et al. (1994a, b) proposed a model
for predicting the development of coccidiosis in poultry and related the effects of the
challenge to the performance of chicks. Their model predicted the growth and
transmission of the pathogen in the environment in a comprehensive manner, but the
model was unsuitable for predicting interactions between animal, food and environment.
There is, therefore a paucity of models that consider the effects of infectious stressors in

farm animals.

The manner in which pathogen challenges reduce performance is a contentious issue
(Klasing & Barnes 1988; Coop & Kyriazakis 1999; Greiner ef al. 2000; Escobar ef al.
2004; Greer et al. 2005). A key consequence of pathogen challenges is a temporal
reduction in food intake (anorexia) that occurs during challenges of parasites, bacteria and
viruses (Crompton 1984; Hart 1988; Kyriazakis ef al. 1998). However, it is unknown
whether this anorexia is the cause of the reduction in performance per se, or whether
anorexia is the outcome of an overall change in the animal’s physiology and metabolism
(Wellock ef al. 2003b). It appears that there are also costs associated with mounting an
immune response towards pathogens, both in terms of protein (Houdijk et al 2001),
energy (Demas et al. 1997), and repairing damaged tissues (Abbott et al. 1985). The
extent of the reduction in food intake appears to be dependent on the dose of pathogen
and the severity of the disease (Kyriazakis ef al. 1998). It is important to account for these
effects when developing a framework to account for the consequences of exposure to
pathogens on animal performance. The overall objective of this thesis was to develop a
predictive model that would allow for the effects of pathogen challenges on food intake
and growth of animals and pigs in particular. This task was achieved through the

following steps.

Chapter 1: An animal may be fed ad libitum and still be limited in resources due to
environmental constraints such as high temperatures (Campbell & Taverner, 1988; Collin
et al. 2001) or feed factors such as bulk (Kyriazakis & Emmans, 1995) or due to the

exposure to pathogens (Kyriazakis ef al. 1998). A central problem for predicting growth
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in animals is to have a sufficient quantitative rule to predict how an animal will allocate
scarce resources between its different functions. This applies for both models where food
intake is considered as an input and those where food intake is a predicted outcome
(Black et al. 1986; Emmans & Kyriazakis, 1997; van Milgen & Noblet, 1999). The
objective of this chapter, therefore, was to consider the different solutions to this problem
that were available in the literature for the healthy animal and examine their suitability to

solve the problem qualitatively in the first instance.

Chapter 2: In Chapter 1 several rules of partitioning coﬁlcl be rejected on qualitative
grounds, but at least two, those of Black ef a/. (1986) and Emmans & Kyriazakis (19924,
b), withstood qualitative testing. In this chapter the quantitative consequences of these
solutions were addressed. A comprehensive search of the literature identified several
suitable data sets from pigs, to be used for testing the proposed solutions. The objective
was to determine whether the marginal response in protein retention to limiting protein or
energy intakes was different for hosts of different degrees of maturity, genotype and sex.
In addition, it was assessed whether environmental temperature had an effect on the
relationship between protein retention and limiting protein or energy intakes. The
outcome of this chapter was expected to be a robust rule of partitioning scarce energy and

protein resources in healthy animals.

Chapter 3: The effect of pathogen challenges on food intake is a central problem in
predicting growth, as discussed above. In this Chapter the phenomenon that is disease
induced anorexia was considered in relation to different host and pathogen species. A yet
unresolved issue is how the reduction in voluntary food intake occurs in animals
challenged by pathogens. Two mechanisms have been put forward: 1) A pathogen
challenged reduces an animal’s potential for growth, which leads to a reduction in
requirements and subsequently food intake (Webel et al 1998a, b). 2) A pathogen
challenge directly affects food intake, with subsequent reductions in growth (Kyriazakis
et al. 1998). Black et al have suggested that a combination of the two mechanisms may
account for the reduction in the food intake of pigs exposed to pathogens. The objective
of the chapter was to review the literature with a view of proposing a mechanism, and
develop a model that would be able to predict the effect of pathogen challenges of
different doses on the voluntary food intake of hosts with different degrees of genetic
resistance to pathogens. The resulting framework was a generic one as opposed to a

certain pathogen specific.



Chapter 4: In Chapter 3 it was assumed that the pathogen challenge caused no other
changes to the animal, such as altered requirements or partitioning, than a reduction in
food intake. As there is no general agreement on the overall problems that need solving in
order to predict growth during pathogen challenges (Black e al 1999; Coop &
Kyriazakis, 1999; Powanda & Beisel, 2003) the literature of animal performance during
exposure to pathogens was reviewed. The objective was to identify the key consequences
of pathogen challenges other than anorexia that would need including in a predictive
framework of growth. In addition, it was necessary to consider the effect of nutrition on

the key consequences of pathogen challenges.

Chapter 5: The key consequences of pathogen challenges on resource requirements and
partitioning were identified in Chapter 4, and these were taken forward as a basis for
creating a complete model for predicting food intake and growth in animals challenged by
pathogens. To achieve this specific objective it would be necessary to choose suitable
functional forms that related the pathogen challenge to changes in resource requirements.
In addition, it would be necessary to develop a model that allows for the change in
pathogen load of the host to be predicted. It would also be necessary to develop the model
in such a way that it would be able to predict the requirements for individual amino acids.
Finally a suitable partitioning rule would need to be developed that partitions resources
between maintenance, growth and immune responses. The outcome of this chapter was
expected to be a framework that was able to predict the performance of different kind of

animals, given access to foods of different compositions whilst exposed to pathogens.

General Discussion: Here the achievements of the thesis will be considered together with
consequences of the developed framework. Issues raised by the overall framework,
including experiments needed for resolving issues such as the underlying mechanism of
disease induced anorexia and model parameterisation, will be discussed. The developed
framework is discussed in relation to the natural selection of hosts and pathogen, and its
consequences for artificial selection. The model was developed for an average animal,
which was representative of its genotype. The final part of the general discussion
considered whether it would be possible to take the proposed framework for an individual

animal and develop it into a population model. Recent work by e.g. Pomar e al. (2003)



has shown that the response of the average individual animal may be different from the

response of the mean of a population of animals.



Chapter 1

Partitioning of limiting protein and energy in the growing pig.
1. Description of the problem, possible rules and their

qualitative evaluation.



1.1 Abstract

A core part of any animal growth model is how it predicts the partitioning of food
resources for different genotypes and degrees of maturity. The problem is to predict the
rates of protein and lipid retention as responses to different allowances of food of varying
concentrations of protein and energy. The range of food compositions, animals and
environments over which partitioning rules apply is discussed in this paper together with
the problems of description. Rules of partitioning need to be combined with protein and
energy systems to make predictions. The animal needs describing in relation to its
genotype, live weight and possibly composition. The live weight range of the application
of a partitioning rule should extend beyond the “slaughter weight range”, and
optimistically would include the period from the start of feeding through to maturity.
Solutions (or Rules) that have been proposed to solve the partitioning problem are
detailed and criticised. They all raise the issue, at least implicitly, of the factors that affect
the net marginal efficiency of protein retention. An important question is whether the
effects of these animal and food composition variables are independent of each other. Of
the rules considered several could be rejected on qualitative grounds. The surviving rules

are taken forward for quantitative analysis in the following chapter.

1.2 Introduction

It is useful to see nutrient partitioning as the distribution of resources from an ingested
food between protein and lipid retention, once the requirements for maintenance have
been met. This is so both for models where food intake is considered as an input and
those where food intake is a predicted outcome (Black et al. 1986; Emmans &
Kyriazakis, 1997; van Milgen & Noblet, 1999). Even an animal fed ad libitum may still
be limited in resources. Environmental constraints such as high temperatures (Campbell
& Taverner, 1988; Collin et al. 2001) or feed factors such as bulk (Kyriazakis &
Emmans, 1995) may prevent the animal from attaining the food intake needed for
achieving potential growth. Emmans & Fisher (1986) recognised that to understand the
partitioning of scarce resources, the composition of the food partitioned and the animal
within which partitioning occurs, both need sufficient descriptions. In agreement with this
view, Black ef al. (1986) stated that “a full understanding of the animal’s response to
variations in dietary conditions is required” in order to solve the problem of predicting

performance.



The actual intakes of protein and energy will affect the rate of protein retention, which
may be below its upper limit, PRy, set by the genotype and the state of the animal
(Black et al. 1995; Schinckel & de Lange, 1996; Whittemore & Green, 2002; Wellock et
al. 2004). Inevitably, intakes will also affect the rate of lipid retention. Rules of
partitioning allow the prediction of the actual rates of both protein and lipid retention
given the supply of ingested protein and energy. Combining partitioning rules with
protein and energy systems allows the prediction of actual rates of protein and lipid

retention.

An optimistic assumption is that general rules exist that govern the partitioning of scarce
resources (Ferguson et al. 1994, Emmans & Kyriazakis, 1997). A different view is that
both the kind of pig, and the state that it is in, will affect the partitioning of scarce
resources (Fuller & Crofts, 1977; de Greef & Verstegen, 1995; Fuller ef al. 1995). This is
equivalent to saying that there are no general rules. Black ef a/. (1986) and van Milgen &
Noblet (1999) propose the intermediate view that there are differences between genotypes

and a general systematic effect of live weight.

The problem of nutrient partitioning in growing pigs has been considered in the reviews
of Black & de Lange (1995), Susenbeth (1995), de Greef & Verstegen (1995), Schinckel
& de Lange (1996), Emmans & Kyriazakis (1997), Whittemore ef al. (2001), Moughan
(2003a) and van Milgen & Noblet (2003). In no case, were all of the proposed solutions
described, contrasted and criticised both conceptually and against experimental data in the
literature. As well as these reviews, the recent partitioning models proposed by Green &
Whittemore, (2003), van Milgen & Noblet, (1999) and van Milgen ef al. (2000) are
considered here. There is no general agreement on what the rules of partitioning are. We
describe first the solutions in the literature and then their ability to solve the partitioning
problem is qualitatively assessed. A solution to the problem of partitioning as
conventionally posed is needed before more complex sifuations, such as disease
(Lochmiller & Deerenberg, 2000; Coop & Kyriazakis, 2001; Houdijk ef al. 2001;
Powanda & Beisel, 2003), can be properly considered. In a second accompanying paper
we assemble and use a comprehensive and suitable set of data from the literature to

evaluate quantitatively the various proposed rules (Chapter 2; Sandberg et al. 2005b).



1.3 Partitioning rules

1.3.1 The scope of the proposed rules

Any rule of scarce resource partitioning will operate over some range of inputs that may
include food, animal and environmental variables. Descriptions of these inputs will

therefore be required. These three classes of variables are considered in turn.

1.3.1.1 Food variables

The level of feeding can be between zero and ad libitum. Any rule should cover as much
of the range as is possible. While force-feeding is possible (Dividich & Noblet, 1984;
Wieland ef al. 1993) it is not considered further here. The assumption usually made, for
simplicity, is that no components of the food other than its protein and energy contents
are affecting growth. The protein and energy dimensions need clear descriptions that are
sufficient for the proposed rule to be implemented (Fuller & Crofts, 1977; Kyriazakis &
Emmans, 19924, b; de Greef & Verstegen, 1995).

Possible components of the description of the protein content of a food include the crude
protein content (CPC, kg/kg) and its digestibility that may be apparent (d,) or ileal (d;),
(Whittemore, 1983; Moughan, 1999; Moughan, 20035). The proportion of protein that is
“ideal” (v), in relation to a chosen reference protein is relevant (Fuller et al. 1989; Wang
& Fuller, 1989). If the material efficiency of retaining the first limiting amino acid differs
between amino acids then the first limiting amino acid in the protein also needs to be

known.

An energy content of the food (MJ/kg) is needed to turn a food allowance (kg/d) into an
energy allowance (MJ/d). There are different solutions to this problem. Whittemore
(1983) proposed using digestible energy, DE, with correction for the protein content of
the food. van Milgen & Noblet (1999) used metabolisable energy, ME. Noblet ef al.,
(1994) proposed that net energy, NE, could be used. Emmans (1994) proposed a scale
called effective energy, EE, while Birkett & de Lange (2001a, b, c) used the “explicit
material flow of ATP”.

1.3.1.2 Animal
Partitioning rules intended to operate across kinds and states of pig need to include
adequate descriptions of the animal. The dimensions of the description will include

genotype and current state. A sufficient description of current state could include the

10



degree of maturity either as live weight (van Milgen & Noblet 1999) or as protein weight
(Whittemore & Fawecett, 1976; Whittemore, 1983; Emmans & Fisher, 1986). The
description may also include the fatness of the animal and its age. Where live weight is
the only state variable used, differences in body protein and lipid proportions cannot be
dealt with. Knap et al. (2002) proposed that a reasonable body weight range to use would
be 10 — 175 kg. Ideally, the range would be from birth to maturity. Pre-natal partitioning

of nutrients is not normally considered (Wellock et al. 2004).

1.3.1.2 Environment

Any partitioning rule would optimistically have adequate conceptual descriptions of how
environmental factors may affect rules of partitioning. Partitioning rules often assume that
there are either no environmental effects or, in the case of thermoregulation or activity,
that the additional energy requirements can be added to maintenance (Whittemore &

Fawcett, 1976; Black et al. 1986; Wellock ef al. 2003).

1.3.2 Proposed rules of nutrient partitioning

Rules of partitioning found in the literature are presented in roughly chronological order.

1.3.2.1 Rule 1

Whittemore & Fawcett (1974) made protein retention a function of the crude protein
content of the food (CPC, kg/kg) and food intake (FI, g/d). They made the gross
efficiency with which crude protein intake was retained, Z, dependent on live weight (7,

kg) through the general constants p, k and f:

PR=FICPCZ g/d (1)
Z=p + kexp(-f W) (2)

An upper limit to PR, here called PR, was a characteristic of the kind of pig but was
independent of . The amount of energy available after meeting maintenance and that
needed for PR went to LR. The model was assumed to apply for dietary crude protein

contents between 120 and 280 g CP/kg and 20 < W < 100 kg. No other limits were stated.
1.3.2.2 Rule 2a

Whittemore & Fawcett (1976) proposed an alternative expression for PR and set a

minimum for the ratio of lipid to protein in the gain. Protein retention was predicted from

11



the ideal protein supply (IP, g/d) as the product of FI, CPC, d, and the biological value of
the protein, v. Equations (8) and (12) in their paper lead to:

PR=IP/[(1-4) + ($/ (s.(] — )] g/d 3)

The value of u = P/P,, is the degree of maturity in protein, where P is the current protein
weight and P, is the mature protein weight. The parameters, ¢ = 0.06 and s = 0.23 were
assumed to be constant across genotypes and degrees of maturity. Equation (3) makes the
gross efficiency of using IP decrease as u increases. The gross efficiency is independent
of IP at a given value of u. There are no effects of genotype other than on PR, as in
Rule 1. The value of LR is calculated on energy grounds as in Rule 1, but now any
demand for cold thermogenesis is met first. A further condition is that a minimum is set
for the ratio of lipid to protein in the gain (LR:PR) ;. This condition means that the value
of LR cannot fall below (LR:PR),,:,. PR.

The rules used by Moughan ef al. (1987) and de Lange (1995) are essentially the same as
those proposed by Whittemore & Fawcett (1976). The scope is the same as that of Rule 1

other than allowing the environment to be cold and food protein to vary in quality.

1.3.2.3 Rule 2b

Whittemore (1995) recognized that setting a minimum ratio of lipid to protein in the gain
was an unsatisfactory concept. He proposed two other ratios instead. The first was a
'preferred’ value for the ratio of the mass of lipid (L) to that of protein (P) in the body
called (L:P)p.;- The second was a minimum value for this ratio (L: P)ui,. The variable (L:
P)min was proposed to “ensure some level of fatness in the body” and “to prevent undue
use of L for the support of PR”. A value of 0.5 was proposed for (L:P)nin. The value for
(L:P),rer was believed to be genotype and sex specific. It was not clear whether it varied

as the pig grew.

1.3.2.4 Rule 3

Fuller & Crofts (1977) presented an equation that related the scaled nitrogen retention
(NR, g/kg""” d) to the protein and starch contents of the food. Differentiation of their
equation (9) gives (4) below. The response in nitrogen retention (NR, g/kg"” d) per unit

starch intake (S, g/kg” " d) was related to the intakes of both starch and nitrogen through:
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dNR / dS = s.exp(-g S).(1-A.exp(-r N)) 4)

Where N is the scaled nitrogen intake (g/kg”” d) and & g, 4 and r are parameters. The
values of the parameters, and hence the efficiency of protein utilisation, were said to

depend on animal factors including genotype, sex, age and nutritional history.

1.3.2.5 Rule 4
Black et al. (1986) proposed that protein retention was a linear function of metabolisable
energy intake (MEI, MJ/d) when MEI was less than that required for PR,,.,. The equations

presented were equivalent to:

PR = b.(MEI — (¢.MEy,)) g/d )
b=Xpm(vie? " +2) g/M] (6)

ME,, is the amount of ME needed for maintenance. The rate of response, b, depended on
W through (6). The values of the parameters v (0.7), y (-0.0192) and z (0.65) were
assumed constant across genotypes, sexes, environments and degrees of maturity. Their
biological meaning, if any, is not clear. The parameter ‘¢’ is discussed below. The value
of X, depended only on genotype ranging from 0.68 to 1.2. The value of LR was

calculated on the grounds of energy balance.

1.3.2.6 Rule 5

Kyriazakis & Emmans (1992, b) proposed a model that made protein retention, subject to
PR < PR, a function of the ideal protein supply above maintenance, equation (7). The
marginal material efficiency of ideal protein retention, e,, was made a linear function of

the ratio of energy to protein in the feed (8) subject to an upper limit of ¢,*.

PR = e,.(IP - IP,) (7)
e, = 11..(MEC/DCPC) (8)

MEC and DCPC are the contents of metabolisable energy (MJ/kg) and digestible protein
(kg/kg) in the food used. The values of x (0.0112) and e,* (0.814) were assumed to be

constant for all genotypes and degrees of maturity.

1.3.2.7 Rule 6



de Greef & Verstegen (1995) proposed that, when energy is in short supply, protein is
“adequate” and PR < PRy, an increase in energy supply (DEI, MJ DE/d) is partitioned
between marginal increases in protein and lipid retention using a constant marginal ratio

(MR). The primary equations are:

PR=a + b".DEI g/d (9)
LR=c + d.DEI g/d (10)

From which follows the definition of MR as:

MR=d/b’ (11)

The values of the parameters (¢ and ¢, g/d) and (b” and d, g/MJ DE) were seen as varying
with genotype and live weight (de Greef & Verstegen, 1995). It is important to note that

MR is not a parameter in its own right but is calculated from the values of b” and 4.

1.3.2.8 Rule 7a

van Milgen & Noblet (1999) proposed a model where retention of protein and lipid are
calculated from the metabolisable energy supply, when protein is assumed to be non-
limiting. The data used for the analysis were assumed by the authors (van Milgen,
personal communication) to come from experiments where the animals were limited only
by energy, and not by protein supply. Each extra MJ of ME above maintenance is
partitioned so that X; MJ/day goes to protein and (1- X;) MJ/day goes to lipid retention
(equations 12 and 13). The value of X; is made a function of live weight (equation 14)

with the values of the parameters ¢; and d;, dependent on genotype.

PR = ky. X.(ME — MEm) g/d (12)
LR = kp(1 - X).(ME — MEm) g/d (13)
X}=C,'+ d;(W—ZO) {14)

The energetic efficiencies with which ME is used for protein and lipid retention are k;, and
k¢ and these may be affected by the nutrient source (van Milgen et al. 2000), although it
has not been stated how. The values of these two parameters are assumed constant across
genotypes and live weights. It is further assumed that at maintenance no protein or lipid is

either retained or lost.
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1.3.2.9 Rule 7b

The model defined by Rule 7a was modified by van Milgen et al. (2000) to produce Rule
7b. In this model, the parameters that determine the rates of retention of protein and lipid
are ky, ky, MEy,, PRyqy and a new parameter, F. F was defined as the (MEI/ME,,) value at
which PR = PR, The full set of equations proposed in the Appendix of van Milgen et
al. (2000) is complex and the equations are not reproduced here. The authors used a
different set of parameters for estimation from an extensive set of data on three kinds of
pig. The set included k,, &y and ME,, as before. The additional parameters were: PR, at
both 100 and 150 days of age, B (the Gompertz rate parameter), F;g9 (MEI as a multiple
of ME,, required to attain PR, at 100 kg of body weight) and dF (the change in F due to
a change of 1kg in body weight). A consequence of the change from Rule 7a to Rule 7b is
that PR and LR are now both curvilinear functions of MEI until PR = PR,,,,, rather than

linear ones.

1.4. Qualitative assessment of proposed rules

In this section, the rules will be challenged in turn to identify any conceptual weaknesses.
The intention is to identify those areas where rejection is not possible on qualitative
grounds. Quantitative tests are in the accompanying chapter (Chapter 2; Sandberg et al.

2005b).

Rule 1 uses a description of food protein that is now generally seen as inadequate. The
parameter Z predicts a reduction in the gross efficiency of protein utilisation, without
distinguishing between protein requirements for maintenance and protein retention.
While an important first step in the modelling of pig growth it is now only of historical

interest and is acknowledged as such by its authors (Whittemore ef al. 2001).

Rule 2a extends Rule 1 to consider the protein supply as ideal protein and makes the
efficiency with which it is used a function of the degree of maturity. The efficiency is still
the gross rather than the marginal efficiency. The new proposal of a minimum ratio of
lipid to protein in the gain does not permit lipid to be lost while there is a gain in protein.
There is strong evidence (Dividich er al. 1980; Stamataris ef al. 1991; Kyriazakis &
Emmans, 1992a,b; Bikker, 1994) that this can occur. Therefore Rule 2a (and by
implication that of Moughan er al. 1987 and de Lange, 1995) are not considered for

quantitative analysis.



Whittemore (1995) rejected Rule 2a. He changed from a ratio of lipid to protein in the
gain, to ratios of lipid to protein in the body as a possible constraint to PR to produce
Rule 2b. Green & Whittemore (2003) applied the revised approach to a model that also
had a maximum allowable rate of lipid loss. The implementation of the rule is, however,
such that it becomes, at least in part, the same as that of Rule 2a by setting a minimum
ratio of lipid to protein in the gain. Green & Whittemore (2003) state that when the actual
ratio of L to P is below that which the pig prefers (L. P,y “then the retention of lipid will
be given priority over the retention of protein such as to limit PR and achieve in the daily
gain a ratio of LR: PR that is set to the same ratio as is set for L:P,,./. In addition, Green
& Whittemore (2003) have a lower limit for the L to P ratio (D.Green, personal
communication), which is less than the value of L:P,,.rdescribed by Green & Whittemore
(2003) as a limit “below which the animal was not prepared to go”. The concept of a
desired ratio of lipid to protein in the body that may change with degree of maturity

(Emmans, 1988), and the lower limit of the ratio of lipid to protein in the body, are in

Figure 1.
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Figure 1 Possible relationships between protein (P) and lipid (L) masses in pigs: Desired
fatness (= =) is described by Lges = a P® (Emmans, 1988). The preferred fatness ( === ) is
described by Lprer = (L:P)prer-P and the minimum fatness ( =) by Luin = (L:P)min.P
(Whittemore 1995).
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Green & Whittemore (2003) raised an important issue: what is the maximum rate of lipid
loss that an animal could undergo at the expense of growing body protein, before protein
retention would become penalised in some way? It is widely recognised (Black, 1974;
Emmans & Kyriazakis, 1997, Whittemore, 1995, van Milgen & Noblet, 2003) that pigs
may lose lipid, while gaining protein. van Milgen & Noblet (2003) stated that the pig is
prepared to lose lipid for only a short period of time but do not state what this is. Wellock
et al. (2003), and Whittemore (1995), set a minimum value for the ratio of protein to lipid
in the body. A necessary consequence is that lipid can be lost only when the ratio of L to
P exceeds this minimum. Black ef al. (1986) also recognised that pigs might not want to
lose lipid “indefinitely”. Where a model allows lipid to be lost, which is necessary, it

should also set a minimum value for the ratio of L to P.

Rule 3 considers the protein and the energy, as starch, supplied by the diet, but it does not
clearly account for maintenance requirements for either protein or energy. However, it
raises an interesting issue, as was done by Miller & Payne (1961), that the efficiency of
using protein for maintenance might be a function of the energy to protein ratio of the
food. In addition, Rule 3 implies that the relationship between any additional amount of
energy as starch and the efficiency of protein utilisation is curvilinear, rather than
rectilinear as suggested by Kyriazakis & Emmans (19924,b). The values of the
parameters of Rule 3, and hence the efficiency of utilising protein, were stated to be
affected by genotype, state, live weight and nutritional history. These suggestions cannot

be rejected and need further quantitative testing.

Rule 4 defines the MFE needed for a zero rate of energy retention as ME,,, When ME/ME,,
= ¢ (equation 6) then PR = 0 while LR is negative. No mention is made of any effect of
food composition on the value of ¢, taken as being constant at 0.55. The rule states that
the marginal increment in protein retention per extra MJ of ME supplied falls with
increasing live weight. To apply the rule to any particular genotype needs evaluation of

the parameter Xj,, (equation 7).

Rule 5 takes into account protein for maintenance and the CP, d;, v and energy values of
the diet. The rule allows the prediction of the transition from the ‘protein limiting’ to the
‘energy limiting’ phase of protein retention as illustrated by the data of amongst others
Campbell ef al. (1985) and Bikker (1994). The plateau in PR predicted to occur when

energy is limiting at high protein intakes is below PR,,.,. The rule predicts this effect by



making e, decline as the (MEC/DCPC) value of the diet declines. When the diet is such
that lipid retention is predicted to be negative no upper limit is set either for the rate of
lipid loss or to the total loss that can occur. If the model is to be made dynamic then
certainly the second of these conditions needs to be changed. This was done by Wellock

et al. (2003) who set a minimum to the ratio of L to P.

The use of the marginal ratio in Rule 6 has, along with Fuller & Crofts (1977), a high
parameter requirement. Its approach to dealing with live weight appears not to be
systematic. The rule also only deals with the protein content of the food in a way that is
poorly definéd (see de Greef & Verstegen, 1995). Figure 2 illustrates the concept of the

marginal ratio, and is typical of a linear plateau system.

LR

PR

Retention (g/d)

C —t DEI (MJ/d)
Figure 2 The relationship between the rates of retaining protein (PR) and lipid (LR) and
digestible energy intake (DEI) partitioned according to the marginal ratio (MR) rule; MR

= d/b’(de Greef & Verstegen, 1995).

It is not possible using Rule 6 to predict whether particular foods or food allowances

would be limiting in protein. For this reason, it is not considered further.

Rule 7a predicts that an animal eating an allowance that provides MEI that equals its
maintenance requirement for energy does not lose or gain any lipid or protein. This is
inconsistent with the observation that animals often lose lipid at substantial rates while

gaining protein (e.g. ARC, 1981 & Dividich et al. 1980). The rule does not consider
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protein supply explicitly. The values of the parameters ¢; and d; which depend on
genotype and sex, relate W to the value of X; which is the partitioning parameter
(Equations 12, 13). The relationship between X; and W is shown in Figure 3 for different

genotypes and sexes.

The data used to quantify Rule 7a for seven different kinds of pig came from a single
level of feeding, ‘close to ad libitum’ of a single food except that two of the genotypes

had some extra protein.
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Figure 3 The relationships between the parameter X; and live weight () for four
different genotypes, calculated from the values of the parameters given by van Milgen &
Noblet (1999): X; = ¢; + d; (W — 20). The four genotypes are: Synthetic male (¢ ), Pietrain
male (m), Large White male (A) and Large White female ( X ).

This must limit the use of the equations in a dynamic model to predict growth for
different food allowances with varying concentrations of protein and energy. As the
model deals neither with the protein content of the food nor with different levels of

feeding (because of the nature of the data used) it will not be discussed further.

The information needed to use the model described by van Milgen ef al. (2000) here
called Rule 7b, is very considerable. The response in PR and LR to MEI is now different
to that shown in Figure 2, see Figure 4. To describe a kind of pig it is necessary to feed it

at different levels at each of several body weights and to measure the rates of lipid and
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protein retention. The data collected, at least in principle, can then be analyzed to yield
estimates of the parameters of the model. van Milgen ef al. (2000) used 145 energy and N
balances to estimate the values of the 27 parameters in their full model. The full model
was simplified by assuming that the values of three of the parameters were the same for
the three genotypes used, leading to a model with 21 parameters. The authors do not
discuss the fit of the model nor if there were any patterns in the residuals. The values of
some of the important parameters were not well estimated. The standard errors of the
maintenance coefficients were 25% of the estimates themselves; the standard errors of the

Gompertz rate parameters were 35% of the estimates of the coefficients.

=y - PDmax

Deposition (g/d)

PD

- . :
1-8 k1 22 24 24

ME intake (as a multiple of MEm)
Figure 4 The relationships between protein deposition (D) and lipid deposition (LD)
and metabolisable energy intake (ME) as a multiple of that required for maintenance
(MEm), as described by van Milgen et al. (2000). F is the value of ME/MEm at which
PD,.x 1s reached.

The information needed to use Rule 7b for any particular genotype, existing in the future,
is unlikely ever to be available. The authors state that the concepts of Rule 7b may be
employed, and adapted, to deal with more complex situations, including disease.
However, it would be difficult to take Rule 7b forward, partly because of the information
needed and partly because the supply of protein is not explicitly considered; it is not

considered further.
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1.5. Conclusions

The rules of partitioning considered here are usually components of more comprehensive
pig growth models (Whittemore, 1983; Black ef al. 1986; Moughan et al. 1987; Emmans,
1988; Black ef al. 1995; Ferguson et al. 1997; van Milgen & Noblet, 1999; Knap, 2000;
Green & Whittemore, 2003; Lovatto & Sauvant, 2003; Schinckel et al. 2003; Wellock et
al. 2003). Models have increased in size and complexity since those of Whittemore and
Fawcett (1974, 1976). Whittemore & Fawcett (1976), Whittemore (1983) and Emmans
& Kyriazakis (1997) identified three important problems in predicting actual growth in
the pig. These are the genetic upper limit to PR, the calculation of the weights of water
and ash associated with protein and the application of a partitioning rule when PR is less

than PR,,,.. Partitioning rules in the literature are now considered.

Rules 1, 2a, 7a and 7b were found to be inadequate, although on different grounds, and
will not be considered further. It was not possible to reject the concepts put forward by
rules 2a, 3, 4, 5 and 6 on qualitative grounds. They all raise the issue of the factors that
may affect the net marginal efficiency of protein retention. These include live weight,
genotype, including sex, and the composition of the food. It is important to establish
whether the effects of the animal and the food composition variables are independent of

each other, or not.

A partitioning rule that has fewer parameters is preferred to one with more, other things
being equal. This is a version of the criterion widely used in science called Occam’s
Razor (Forster, 2000). Rules 3 and 6 can be assessed using this criterion. Rule 3 (Fuller &
Crofts, 1977) calls initially for the values of four parameters in order to solve its
important equation. Were the values of these to be general then the amount of information
needed would be quite small. However, the authors state that their values depend on
animal factors including genotype, sex, age and nutritional history. This means that each
experiment needs to be carried out across all of these factors in order for the rule to be
applied. An enormous amount of information is therefore needed. The position with rule
6 (de Greef & Verstegen, 1995) is the same in that although only four parameters need to
be evaluated initially these are also said to depend on genotype and live weight. Again, an
enormous amount of information is needed. As there are other rules that do not appear to
have such high requirements for information Rules 3 and 6 will not be quantitatively

assessed in the next chapter.
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Chapter 2

Partitioning of limiting protein and energy in the growing pig.

2. Testing quantitative rules against experimental data.



2.1 Abstract

A companion paper gave descriptions and qualitative assessments of proposed
quantitative solutions to the problem of the partitioning of scarce resources in pigs. Those
that survived the assessments posed the quantitative problems of the effects of live
weight, genotype and food composition on the marginal response in protein retention to
protein and energy intakes on protein and energy limiting foods. Protein and energy
limiting foods were defined and considered separately. Difficulties with the quantitative
description of the ideal protein supply were discussed. It was found that the marginal
response in protein retention to protein supply, when protein intake is limiting, is not
affected by live weight, genotype or environmental temperature. There is good evidence
that live weight does not affect the marginal response in protein retention to energy intake
when protein intake is not limiting. The limited data for different genotypes suggested no
effects on this response. A general quantitative partitioning rule is proposed that has two
key parameters. These are ¢,* (the maximum marginal efficiency for retaining the first
limiting amino acid) and R* (the energy to protein ratio of the food, MJ ME/kg DCP,
when e, * is achieved). When R < R* the material efficiency of using ideal protein is
(ep*/R*). R. The value of e,* was determined to be 0.763 (SE 0.0130). There was no good
experimental evidence that e,* is different for different amino acids. The best estimate of
R* was 67.9 (SE 1.65) MJ ME/kg DCP. Live weight, genotype and temperature did not
affect the values of either parameter. A more general understanding of partitioning,
including the effects of ‘stressors’ such as disease, may be achieved by using the

preferred rule as a starting point.

2.2 Introduction

Nutrient partitioning in the growing animal is the distribution of ingested protein and
energy to protein (PR) and lipid (LR) retention once the requirements for maintenance
have been met. In the previous chapter (Chapter 1; Sandberg et al. 2005a) were
descriptions of the solutions that have been proposed to the problem of the partitioning of
scarce resources and these were criticised qualitatively. Quantitative tests of the rules that
withstood qualitative criticisms (Black et al. 1986; Kyriazakis & Emmans, 1992a,b;
Whittemore, 1995) are presented here. Black et al. (1986) and Kyriazakis & Emmans
(1992b) deal with the marginal response in protein retention to both energy and protein

intake, whichever is scarce. Black et al. (1986) proposed that there are effects of live
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weight and genotype on these responses; Kyriazakis & Emmans (19924, b) proposed that

there were not.

The emphasis in this paper is on the response in protein (amino acid) retention to protein
(amino acid) supply. There is disagreement on the form of the response. Whittemore &
Fawcett (1974, 1976) proposed the linear-plateau (or broken-stick) model and
Whittemore (1983), Black ef al. (1986, 1995) and Emmans & Kyriazakis (1997) agreed.
Fuller & Garthwaite (1993), Bikker (1994) and Gahl et al. (1994) proposed a curved
response. Whatever the form of the response, it is possible that it is affected by live
weight and genotype, including sex. There now appears to be general agreement on the
existence of a genetic upper limit to protein retention, which varies with live weight

(PRyax), and a protein requirement for maintenance (MP).

Even if a linear-plateau model correctly represents the response of any individual at a
time, it is still possible that a population of animals will have a response that is curvilinear
(Fisher et al. 1973) at a time. Curnow (1973) has described the underlying mathematics.
Ferguson et al. (1997) and Pomar ef al. (2003) have applied similar arguments to
populations of growing pigs. In addition to the variation between individual pigs at a time
possibly causing curvilinearity, there is also the effect of each of the individuals changing
with time (Pomar et al. 2003). Fuller & Garthwaite (1993) attempted to describe the
responses of individual pigs experimentally and presented parameter values for linear-
plateau and exponential models for individual animals. The authors concluded that the
exponential model was to be preferred, but there were problems with the statistical
analyses and with the way in which protein retention was scaled to live weight, to take

out period effects.

The relationship between PR and energy supply may also be seen as a linear-plateau
model (Black et al. 1986, 1995; van Milgen & Noblet, 1999; de Greef & Verstegen
1995). van Milgen et al. (2000) are alone in proposing a curvilinear response in protein
retention to energy intake. The view that protein is produced from ‘energy’ rather than
from protein is not appealing, although de Greef (1992) and van Milgen & Noblet (2003)

argue from this point of view.

The material efficiency with which dietary protein supply above maintenance is retained

(ep) is central as shown in Figure 1.
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Figure 1 A schematic representation for predicting actual protein (PR) and lipid (LR)
retentions for a pig eating a food containing energy (FEC, Ml/kg) and protein (CPC,
kg/kg). The state of the animal determines its maintenance requirements for energy and

protein and its maximum rate of protein retention, PR,

Whittemore ef al. (2001) recently concluded that the evidence * ... would point
empirically to a value of [the maximum marginal efficiency, e,*] 0of 0.75 to 0.85 but gives
scant guidance as to how the prevailing value in any given circumstance may be
determined”. The view proposed here is that the value of e, and e, for particular
conditions of food, animal and environment, and estimates of its error, can be determined

from suitable experiments.

Models of growth may allow protein gain to be accompanied by lipid loss (Black et al.
1986; Wellock et al. 2003a). It is then necessary to set an upper limit to total lipid loss,
which necessarily cannot exceed the total lipid mass. Whittemore (1995) proposed that
there was a lower limit to body lipid content, defined as a minimum ratio of body lipid to

body protein. Live weight and genotype, including sex, could affect its value. Once the
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minimum ratio is reached, lipid retention takes priority over protein retention to maintain
this ratio in the gain. Whittemore (1995) was uncertain about the value of this ratio but
proposed that “the value may well be lower ... [than] ... 0.5:1.” Green & Whittemore
(2003) use the same idea but give no value for the minimum ratio. Wellock e al. (2003a)

set a minimum value for the ratio of lipid to protein of 0.1.

This review considers a quantitative perspective of nutrient partitioning that is more
comprehensive than others in the literature (Birkett & de Lange, 2001; van Milgen &
Noblet, 2003). The key partitioning parameters are identified and their values
quantitatively estimated using data in the literature. The quantitative estimates of the
values of the key partitioning parameters derived from the literature were found to be
within a narrow range. The possibility that the values of these parameters vary with live
weight, genotype, including sex and the environment is critically examined, again using

data in the literature.

2.3 Protein retention in relation to energy and protein intakes

The rules proposed for the partitioning of energy and protein intakes, above maintenance,
to protein and lipid retentions are either from an ‘energy perspective’ (Black et al. 1986)
or an ‘energy and protein perspective’ (Emmans & Kyriazakis, 1992a,b). The approaches
have similarities that are not immediately obvious. When considering the response in

protein retention to protein supply, adequate descriptions of both terms are necessary.

2.3.1 The response in protein retention to energy intake

Kyriazakis & Emmans (19924,b) made the marginal efficiency of retaining ideal protein
(ep) a function of the ratio of the metabolisable energy content (MEC, MJ/kg) to the
digestible crude protein content (DCPC, kg/kg) of the food, R (MJ ME/kg digestible
protein). The proposed relationship was e, = A&.R with a maximum value for ¢, of ¢,*
when R was above a specific value, R* The value of R* was calculated as 72.55 (SE
1.53), with e,* = 0.814 and k£ = 0.0112 (SE 0.00022). The minimum value of ¢, was
calculated as 0.2, when all of the energy came from protein. In support, Fuller & Crofts
(1977) predict a value of 0.17 for the net protein utilisation when all of the energy comes
from protein. The strong assumptions made by Emmans & Kyriazakis (19924,b) were
that the values of e,* and %, and hence R*, were independent of live weight and genotype,

including sex. Black et al. (1986, 1995), Fuller et al. (1995) and de Greef & Verstegen



(1995), amongst others, disagree with this position and expect effects of live weight and

genotype.

The partitioning rule of Black ez al. (1986), which has a significant following (e.g.
Schinckel & de Lange 1996; NRC 1998), can be summarised as the two equations in
Sandberg et al (2005b):

PR = b.(MEI — (c.ME,;)) g/d (1)
b = Xan((v. exp(-y. W) +2) gMIME  (2)

ME] is metabolisable energy intake and ME,, the amount needed for maintenance, MJ/d.
The rate of response, b, depends on both live weight, 7, and genotype through the value
of the parameter X;,,. The values of the other parameters v (0.7), y (-0.0192) and z (0.65)
were assumed constant across live weights, genotypes, including sex and environments.
Equation 2 was modified by NRC (1998) to include the effects of different values of the
parameter called MPAR, the ‘mean protein accretion rate over the range of 20 to 120 kg
W' and ambient temperature (7). In addition, the parameters of Equation 2 are now
related to digestible energy intake, DEI MJ/d, rather than MEI (hence b’ rather than b).

The revised equation is:

b’ = ((17.5 exp(-0.0192. W)) + 16.25).(MPAR/125).(1+(0.015.(20-T))) g/MJ DE(3)

The equation is only for energy limiting foods, but no definition is given of such foods.

Where it is the case that e, = &.R and R < R*, but only then, the two positions described
above, one where PR is made a function of energy intake and the other where PR is made

a function of R, can be shown to equivalent (Emmans & Kyriazakis, 19924,b). The

second position becomes:

PR=b.MEI—a (4)

The linear coefficient  can be shown to be equal to & v, where v is the quality (the
proportion of digested protein that is ideal) of the dietary protein. Therefore, when in later

sections testing the effects of live weight and genotype, including sex on b, the value of of

k is also being tested given assumptions about v (see below). The supply of energy is here

27



considered as MEI as it is consistent with the rules of Black et al. (1986) and Kyriazakis
& Emmans (19924, b).

2.3.2 The response in protein retention to protein supply

The methodology used in analysing the data for protein (or amino acid) supplies and
retentions, are described below. Both the independent variable (intake) and the dependent
variable (retention) need clear quantitative descriptions, before a value for e, can be
determined. In addition, the different descriptions of protein (or amino acid) retention and

protein (or amino acid) supply also need considering.

2.3.2.1 Protein retained as a function of the ideal protein supply
The ideal protein supply, /P g/d, is that defined by Moughan (2003). It is calculated as:

IP=FICPCd, v (5)

FI (kg/d) is the food intake, CPC (kg/kg) is the crude protein content, d; is the ileal
digestibility and v is the quality of the protein. Ileal digestibility is preferred to faecal
digestibility estimates, but may need correction for any endogenous flow of amino acids
(Moughan, 2003). The ratio of the first limiting amino acid in the digestible protein,

relative to its concentration in the reference protein is v.

There is large variation in the estimates of the amino acid composition of the reference
protein, which is used to calculate v (Table 1). Part of this variation may reflect analytical
problems. Moughan (2003) pointed out that “Modern amino acid analysis is capable of
providing data with a within-laboratory repeatability of 5 % or less and a reproducibility
between laboratories of around 10%, but to achieve such results requires careful attention
to detail”. A further problem is that the amino acid composition of the reference protein

can change with increasing supplies of the particular amino acid (Batterham et al. 1990).
The marginal material efficiency, e,, is defined as:
e,=PR/(IP-MP) (6)

In the cases, where e, was calculated rather than determined by regression of PR on /P
the ideal maintenance requirement (MP) was calculated as 0.004P where P is the protein

weight of the pig calculated as 0.16 /.
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2.3.2.2 The response in inferred amino acid retention to amino acid supply

For the ideal protein concept to be valid, all amino acids have to be used with the same
efficiency, when they are first limiting. Boisen ef al. (2000), who recently reviewed the
definitions and applications of the ideal protein concept, did not mention this necessary
assumption. It has been challenged by Heger er al. (2002, 2003), who proposed that
amino acids were retained with different efficiencies, when first limiting. Whittemore et
al. (2001) agreed with the above view that “there may be differences in the efficiencies of

utilization of amino acids™.

Heger ef al. (2002, 2003) did not measure the retention of each amino acid, but calculated
it indirectly from the measured nitrogen retention. It was assumed that all protein retained
had the amino acid composition reported by Bikker et al. (1994a), except for tryptophan
where the value was taken from Kyriazakis et al. (1993). The amino acid composition of
whole body protein has been reported by several authors as shown in Table 1. The
variation between authors is substantial. The data of Heger et /. (2002, 2003) for amino
acid supply and protein retention were combined with the amino acid compositions of
body protein shown in Table 1 to estimate a possible range in e,*. The values for e,*
calculated by Heger et al. (2002, 2003) fall within the range presented, and agree on
average with the mean (0.83) across the amino acids, Table 1. However, for any one
amino acid the uncertainty about its value for e,* is substantial. Given this uncertainty,
which arises from the different estimates of the composition of body protein, it is not
justified to use the data of Heger et al (2002, 2003) to conclude that the maximum
efficiency of amino acid retention is different for different amino acids. It may therefore
be possible to use a single overall efficiency for all amino acids whichever is first

limiting, and this is discussed further below.

2.4 Testing the rules with experimental data

The effect of live weight, genotype and environmental temperature on the marginal
response in protein retention for protein (R > R*) and energy (R < R*) limiting foods are
now considered. This definition of protein and energy limiting foods was chosen, as it
was the only quantitative one present in the literature. For example, de Greef & Verstegen
(1995) recognize the necessity of defining ‘protein adequate foods’ but do not give a
quantitative definition. Preferred tests, would be experiments that consider defined

protein and energy supplies across live weights, genotypes and environments. Foods with
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a wide range of protein concentrations given at several allowances would be needed. The
experiments in the literature that most closely matched these conditions for protein and

energy limiting foods are now considered in turn.
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2.4.1 The marginal response in protein retention to protein supply in protein
limiting foods

2.4.1.1 Effects of live weight

Black & Griffiths (1975) concluded that there was no difference in the marginal
response in nitrogen retention to nitrogen intake of liquid fed lambs at live weights
between 5 and 25 kg. The response in pigs was estimated from the data of Campbell
et al. (1984), 45 to 90 kg and Campbell et al. (19854), 20 to 45 kg. The regression
equations presented by the authors were PR = 0.382 CPI— 11.15, for the 20 to 45 kg
pigs, and PR = 0.425 CPI — 17.8, for the 45 to 90 kg pigs. The lower value of the
slope for the smaller pigs can be attributed to the fact that only the protein retained in
the carcass was analysed. If 0.9 of total protein is in the carcass then it would be
expected that the coefficient for the whole body would be 0.382/0.90 = 0.424, which
is not different from that found for the 45 to 90 kg pigs. These data thus give no

reason to suggest that the marginal response will change with live weight.

Other experiments also suggest that live weight does not have an effect on the
marginal response of protein retention to a limiting protein supply. de Lange et al
(2001) investigated the marginal response in threonine retention to ileal digestible
threonine intake and found no difference at live weights of 40 and 75 kg. The
retention of threonine was inferred from the assumed threonine composition of
protein retention (determined in a sub-set of the animals on trial). The value of the

net threonine efficiency was calculated as 0.734 (SE 0.0111).

Mohn et al. (2000) found no effect of live weight (45 and 70 kg) on the marginal
response in inferred lysine retention to ileal digestible lysine intake. The efficiency
was stated as 0.75 with no estimate of error. The combined data of the two
experiments of Bikker et al. (1995, 1996) for 20 to 45 kg and 45 to 85 kg pigs do not
reject the idea that live weight affected the marginal efficiency. Susenbeth (1995)
also concluded that the marginal response in protein retention to limiting protein

supply was not affected by live weight.

35



Campbell & Dunkin (19834) found a high response in nitrogen retention to nitrogen
intake (R > R*) for pigs from 1.8 to 6.5 kg, the lowest range possible for post-natal
animals. The regression equation of nitrogen retention on nitrogen intake had a slope
of 0.880 (SE, 0.05). However, this high estimate is an exception. Campbell & Dunkin
(1983b) used pigs from 7 to 19 kg, after weaning. Their marginal response was a lot
lower at 0.616 as was its standard error of 0.011. It is possible that technical
difficulties in measuring nitrogen balance in very small pigs, and the presence of the
disease (rotavirus) reported by the authors, lead to the high estimate found by
Campbell & Dunkin (1983a). It alone is not seen as sufficient to reject the findings
of the other experiments that live weight does not affect the marginal response in

protein retention when R > R*.

2.4.1.2 Effects of genotype including sex

Kyriazakis et al. (1995) used entire male Large White x Landrace and pure Chinese
Meishan pigs. The estimated values of e,* were 0.785 and 0.760 respectively (SED
0.032). Fuller et al. (1995) used different breeds including Duroc, purebred Large
White and the three sexes of a commercial hybrid, over the 40 to 85 kg weight range.
Two foods with either 149.1 or 206.1g CP / kg food were given in three allowances.
The data of Fuller ef al. (1995) where PR < PR, are in Figure 2.

Fuller ef al. (1995) concluded that “the results indicate that an animal’s superiority
may result from a greater efficiency of protein utilisation or a higher lean growth
potential but that these two characteristics are not simply related”. A different
interpretation of Figure 2 is possible. There is one data point for the commercial
hybrid female that cannot be explained and is clearly indicated on the graph in Figure
2; it was omitted from the analysis here. The slopes for the five genotypes were not
significantly different (P > 0.1). The common slope was 0.417 (SE 0.025). The

conclusion of Fuller ef al. (1995) may thus be challenged.
In support of no effects of genotype is the experiment of de Greef ef al. (1992) who

gave a commercial (S1) and a sire (S2) strain of pigs the same, one limiting level of

protein from a food where R > R*. The pigs retained 42 and 43 g PR / d respectively.
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The experiment does not support the idea that pigs with greater PR,,,., which was

determined in the experiment as 187g/d for S1 and 153 g/d for S2, have different

values for e, *.

250

200 -

150 -

Protein retention (g/d)

50

0 100 200 300 400 500 600 700
Crude protein intake (g/d)
Figure 2 Protein retention (PR g/d) is plotted against crude protein intake (CPI g/d),

for the five kinds of pig: Duroc (e), Large White males (©), commercial hybrid

males (V), commercial hybrid females (V) and commercial hybrid castrates (=) used
by Fuller et al. (1995). Data points that were clearly part of a plateau were omitted;
an outlier is shown in the square box. The regression line is PR = 0.417 (CPI - 55.4),

which has the common slope and the average intercept.

There is evidence that different sexes of pigs use a limiting protein supply with
similar efficiency. Campbell et al. (1984) and Campbell et al. (1985b) found no
difference in e,* between entire males and females. The genetic maximum for
protein retention was greater for males in agreement with Black ef al. (1995). The
data of Batterham ef al. (1990) are shown in Figure 3; they lend strong support to this

conclusion. Kyriazakis & Emmans (19924,b) did not find any effect of sex on ¢,*.
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Figure 3 Response in lysine retention (R g/d) to ileal digestible lysine intake (s
g/d): the regression line is Ry, = 0.763.(I)s — 1.245) for the combined data of male
(e) and female (O) Large White (20-45 kg) pigs used by Batterham ef al. (1990).

Separate plateaux for males and females are shown.

It would appear safe to conclude from the above experiments that different genotypes

(including sex) do not use a limiting protein supply, with different marginal

efficiencies when R > R*

2.4.1.3 Effect of temperature

Models of growth that consider environmental temperature e.g. Black et al. (1986)
and Wellock ef al. (2003a), assume that temperature does not have an effect on the
marginal response in protein retention on protein limiting foods. No evidence is
presented in support of this assumption. Campbell & Taverner (1988) grew pigs from
9 to 20 kg at 14 and 32 °C. The slopes of protein retention on crude protein intake
were 0.524 (SE 0.013) and 0.485 (SE 0.013), respectively, which are not significantly
different (P > 0.2). Ferguson & Gous (1997) grew ad libitum fed pigs from 13 to 30
kg on foods with 93 - 230 g CP / kg at 18, 22, 26 and 30 °C. The data (Figure 4)



show clearly that the marginal response in protein retention 0.525 (SE 0.015) was not

affected by temperature when R > R*.
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Figure 4 The response in protein retention to crude protein intake for pigs fed ad
libitum foods that were limiting in protein at four different temperatures: 18°C (o)
22°C (©) 26°C (V) and 30°C (V) as found by Ferguson & Gous (1997). The solid
line is described by PR = 0.525 (CPI — 4.92) until the plateau of 117.4 g/d is reached.

In support of these experiments is that of Berschauer ef al. (1983) who kept young
pigs at 22 and then 10°C and did not find an effect on the marginal response in
nitrogen retention to nitrogen intake. Hence, it would appear safe to conclude that
temperature does not affect the marginal response in protein retention when the

protein supply is limiting.

2.4.2 The marginal response in protein retention on energy limiting foods
The following sections consider the effects of genotype, live weight and temperature
on the response in protein retention to energy intake for foods where R < R*. The

conclusions of Mohn & de Lange (1998) are considered first.
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Mohn & de Lange (1998) presented a table (their Table 5) with 20 estimates of b
(where PR = b.MEI — a) across different genotypes and live weights. Although it
cannot be guaranteed that all experiments that they analysed had values of R < R*, a
necessary condition for b = k v, their mean value of b was 6.2 (SD 2.3) g PR/MJ ME.
In none of the three experiments where the effect of live weight was directly
estimated (de Greef & Verstegen, 1993; Quiniou ef al. 1995; Mohn & de Lange,
1998) was there any indication of systematic change in the value of b with live
weight. Across the twelve experiments on males (from their Table 5) the correlation
between b and W was r = 0.23 (P = 0.465). There was an indication, across
experiments, that the mean value for castrates (3.97, n 3) was lower than that for
females (5.16, n 5), which was lower than that for males (7.17 SE 0.64, n 12). With k
estimated as 0.0112 (Kyriazakis, 19924,b) the value of b would be expected to be
7.84, when v=0.70, and 10.08 when v = 0.90.

The rule of Black et al. (1986) predicts that b will reduce with live weight towards an
asymptotic value that is dependent on genotype. Black et al. (1986) presented values
for the genetic partitioning parameter X, which is defined in Equation 2: “X; has a
value of 1.2, 1.0 and 0.78 for entire males, females and castrates of the fast growing
genotype and corresponding values of 1.0, 0.85 and 0.65 for a slow growing
genotype”. When the value of the genetic parameter Xs = 1.2 the value of b falls
from 10.0 (W= 1kg) to 5.0 (W= 250kg) g PR/MJ ME. With Xs = 0.65 the equivalent
change in b is from 5.4 to 2.7 g PR/MJ ME.

NRC (1998) adapted the approach of Black ef a/. (1986) and made the response of
PR to energy intake depend on genotype, through the value of MPAR® and W,
Equation 3. Across four genotypes (MPAR =100, 125, 150, 175 g/d), and W varying
between 20 to 120 kg, the predicted mean estimate of b was 5.94 g PR/MJ ME. The
experiments that are relevant tests of the effects of live weight, genotype and

temperature on the value of b are now considered.

2.4.2.1 Effect of live weight
Quiniou et al. (1995) performed nitrogen balances at 45, 65, 80 and 94 kg. The pigs

were given four levels of feeding, all of which provided a constant high supply of
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protein (420-450 g CP/d). The treatments may be viewed either as measuring the
response in PR to MEI or as a means of seeing how e, varies with R. The common
slope b across live weights was 8.85 (SE 0.63). Fitting a model that allowed different
slopes (7.39, 8.88, 10.23 and 8.23 at 45, 65, 80 and 90 kg respectively) at each
weight gave no statistical improvement (P > 0.5). In a similar, experiment (48, 64,
79, 94 kg) on three kinds of pigs, Quiniou et a/. (1996) concluded, “the stage of

growth had no significant effect on [b]”.

Mohn et al. (2000) gave pigs six levels of energy intake at two levels of protein at
both 45 and 75 kg. Protein retention is plotted against MEI in Figure 5 with the two
highest levels of MEI excluded in all four cases because PR could have reached

PR, on these treatments.
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Figure 5 The response in protein retention (PR g/d) to metabolisable energy intake
(MEI MJ/d) at two live weights (e 45 and © 75 kg) as found by Mohn ef al. (2001).
The regression lines were fitted with a common slope and different intercepts: PR =
7.18 (MEI — 2.77) for the 45kg pigs (— ~ )and PR=7.18 (MEI - 8.12) for the 75 kg
pigs

=)
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The common slope for the two weights was 7.18 (SE 0.53) g PR / MJ ME. Allowing
different slopes did not improve the fit of the model (P > 0.5).

Dunkin & Black (1985) presented estimates of b, for pigs of a range of live weights
(30, 46, 74 and 90 kg) that were fed eight levels of an energy limiting food. The
values of b were presented as g NR/MJ ME without estimates of error. Expressed as
g PR/MJ ME the slopes were 8.25, 6.44, 5.75 and 6.75 respectively. These estimates
do not support a systematic change in the value of b with increasing live weight as is
suggested by Black et al. (1986) and NRC (1998). Campbell & Dunkin (1983a)
performed an experiment with very small pigs (1.8 — 6.5 kg). The food can be seen as
energy limiting with R = 56.3 MJ ME/kg DCP. The value of b was determined here
by regression as 7.61 (0.31), which is not different to the value for the 90 kg pigs of
Dunkin & Black (1985) or that for the 75 kg pigs of Mohn ef al. (2001). The
evidence, taken as a whole, is thus consistent with the view that the marginal

response in protein retention on energy limiting foods does not vary with live weight.

2.4.2.2 Effect of genotype including sex

Kyriazakis et al. (1994) gave pure Chinese Meishans and Large White x Landrace
pigs a high protein basal food that was diluted with starch to different extents to give
a range of values of R (33-119 MJ ME/kg DCP). The allowances were such that PR
was below PR, for both genotypes. The authors concluded that “the calculated
efficiency of protein utilization, e,, was found to be directly proportional, up to a
maximum value, to the ME:DCP ratio of the diet for both breeds ...”. The overall
constant of proportionality was 0.0108 (SE 0.00024), the value of which did not
differ significantly between the two breeds. The values of b, determined here by
linear regression from three treatments where a linear response to additions of starch
(energy) was observed, were 9.93 (SE 2.55) and 9.65 (SE 0.16) for the Large Whites
and Chinese Meishans. These did not differ significantly (P > 0.4).

The experiment of Quiniou ef al. (1996) used three genotypes, boars (bPPx) and
castrates (cPPx) of a Large White x Pietrain breed and castrates of a Large White

breed (cLW). The response in PR (determined by nitrogen balance) to four levels of
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energy intake at a constant high protein intake was considered at four live weights.
Quiniou et al. (1996) concluded that the response in protein retention to increasing
supplies of metabolisable energy intake above maintenance, ME, MJ/d, was
independent of live weight, but did depend on genotype. The values of b for the
bPPx, cPPx and cLW pigs were 6.0, 4.0 and 3.4 (g/MJ) respectively with no standard

errors given.

Table 2 The response in protein retention, PR g/d, to the metabolisable energy
available for production, ME, MJ/d. The regression is PR = a + b.ME,. Two different
models were fitted to the data of Quiniou et al. (1996), for three pig genotypes (cPPx,
bPPx and cLW). Model I, used by Quiniou et al. (1996), fitted a common intercept but
allowed different slopes for each genotype. Model II used a common slope that
allowed different intercepts for each genotype. The differences in the siopes (M 1),

and intercepts (M II) compared to cPPx are shown.

Ml dff RSS' RMS' b (SE) a (SE)

I 141 48125 341 cpPx 3.81(0.38) 85.5 (6.05)
(cPPx — bPPx) 1.61(0.24)
(cPPx — cLW) —1.07(0.22)

II 141 48030 341 4.06 (0.38) cPPx 80.90(6.83)
(cPPx — bPPx) 24.36(3.80)
(cPPx —cLW) —17.67(3.80)

' df = residual degrees of freedom, RSS = residual sums of squares, RMS = residual

mean square.

However, in the regressions of Quiniou ef al. (1996) of PR on MEp the intercept was
fixed by the authors at 64 g/d for all three genotypes. Here a model with a common
slope that allowed different intercepts for the three genotypes was also tested. It is
not possible to distinguish between the two models from a formal statistical point of
view as is shown in Table 2. The variation seen in this data set may partly be
attributed to different foods being used for each genotype. When considering the data
where PR is plotted against ME,, it is difficult to decide whether a particular point

belongs to a positive response or to the plateau. This problem is present in the data of



Quiniou et al. (1996) and J. van Milgen (personal communication). The data for the

individual Pietrain castrates are in Figure 6, in which the linear regression is shown.

The value of the regression co-efficient, estimated assuming that there was no
plateau, was 4.223 (SE 0.648). Using the method described below the same data were
used to estimate the values of the parameters of the linear plateau model that is also
shown in Figure 6. The linear plateau model gave a better fit, but not significantly so.
The value of the linear coefficient was 4.815 (SE 0.862), which was 1.14 times as

great as the estimate where no plateau was allowed.
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Figure 6 The response in protein retention (PR g/d) to metabolisable energy intake
above maintenance (MEp, MJ/d) for the individual Pietrain castrate pigs (Quiniou ef
al. 1996 and personal communication). The linear regression ( — =) and the linear

plateau model (= ) are both shown.

2.4.2.3 Effects of temperature
Neither the model of Black ef al. (1986) nor that of Wellock ef al. (20034), who
consider the effects of temperature, assume that temperature has any effect on the

marginal response in protein retention to energy intake on protein adequate foods.
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Hdwever, NRC (1998) states that the marginal response to energy intake on protein
adequate foods, falls as temperature increases (Equation 3). The argument follows
from the experiment of Close et al. (1978). There are two problems. The first is that
the food used was probably limiting in protein (R = 86.6 MJ ME/kg DCP). The
second is that, even when interpreted as an energy experiment, the data are far from
persuasive that the response varied with temperature (Figure 7).
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Figure 7 The response in protein retention (PR kakgO'?S.d) to metabolisable energy
intake (MEI kJ/kg"".d) for pigs given different allowances of the same food at five
different temperatures from Close et al. (1978); 10°C (e) 15°C (©) 20°C (V) 25°C
(V) 30°C ( m). The regression line for all the data is PR = 0.147 (0.0062).MET —
44.07 (7.58).

There appears to be no experiment where ME/ has been varied at different
temperatures, using energy limiting foods (R < R¥). In the absence of any evidence to
the contrary it is provisionally concluded that there are no effects of temperature on
the marginal response in protein retention to energy limiting foods. An experiment to

test this conclusion is warranted.

The testing performed here supports the view that there are general partitioning rules

where the marginal response in protein retention to protein or energy limiting foods



is independent of live weight, genotype and temperature. The questions that remain
from the testing are considered in the discussion. Attempts are now made to

determine the values of the key partitioning parameters.

2.5 The estimation of the values of the parameters ¢,*, k and R*

The general rule e, = kR requires two of its three partitioning parameters to be
determined, from which the third can be calculated. The statistical methodology for
determining R* and e¢,* is first described, after which the parameter estimates are

given.

2.5.1 Statistical methodology

Two kinds of regression were performed. Where the response in protein or amino
acid retention to protein or amino acid, intake was linear, as judged by eye and below
any visible plateau set either by energetic or genetic limits, a standard linear
regression was performed. The other regression used was for a continuous linear
plateau model. This was used to describe the relationship between e, and R (Equation

8).

A linear plateau model for ¢, has a constant derivative for ¢, < ¢,* and 0 for ¢, > ¢,*.
Fitting such a function in a statistical software package is not straightforward.
However, the important parameter R* needs determining with estimates of its error.
For this reason the derivative of the plateau model was approximated by the

continuous function:
A (ey) = 0.5 k(1 + tanh.Jw.(R - R¥)]) (7)

For large values of w, 4 (e,) converges to k for R < R* and to 0 for R > R*. This
equation can be integrated to yield Equation 8, which is a good approximation of the

linear plateau model.

ey = e,* + 0.5 k.R — 0.5/w.k.(n(cosh(w.R*)) + In(cosh(w.(R-R*)))) (8)
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The continuous approximation of a linear plateau model (Equation 8) was fitted in
the statistical software Sigmaplot version 7.0 (SPSS Inc, Chicago, Illinois, USA).
This permitted estimation of the values of the slope (k), the break point (R*) and the
maximum marginal efficiency (e,*) with their errors. Sigmaplot uses the Marquardt-
Levenberg algorithm for least squares estimation of the parameters (Marquardt,
1963). The parameters are assigned initial estimates from which the best estimates
are determined by the least squares method from 100 iterations. The larger the value
of w the more abrupt the transition between the linear part and the plateau part of the
relationship. This approach is preferred to an alternative approach, piece-wise, linear
regression, where again the slope of the second phase is constrained to zero (Hudson,

1966).

2.5.2 Parameter values

The determination of the value for ¢,* in some experiments has relied by necessity
on assumptions about digestibility, protein quality and protein requirements for
maintenance. The approach to determine e,* with a minimum amount of assumptions
is done by regressing determined ileal digestible amino acid intake on determined
amino acid retention when R > R* This assumes that the ileal digestibility is

representative of the ‘truly’ available amino acid.

Surprisingly few experiments were found in pigs that considered the response in ileal
digestible amino acid intake to a large range of amino acid supplies, where above
mentioned dimensions were measured. The experiments that are used here to
estimate the value of e,* are those of Batterham et al. (1990), Bikker et al. (1994b)
and Chung & Baker (1992). The response of Chung & Baker (1992) was at three
levels of methionine intake, while Batterham et al. (1990) used eight levels of lysine
and Bikker et al. (1994b) used 15 levels of lysine. The results of the regressions of

amino acid retention on ileal digestible amino acid intake are presented in Table 3.

The determined values for e,* in Table 3 are overall lower than that proposed for e, *
by Kyriazakis & Emmans (1992¢,b) of 0.814. The slightly lower value for
methionine may be because Chung & Baker (1992) took the ileal digestibility of

methionine to equal unity from a companion experiment and the authors did not give
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any estimate of error of the parameter estimates. The residual of Bikker et al.

(1994b) is much higher than that of Batterham et al. (1990).

Table 3 The regression of amino acid retention (g/d) on ileal digestible
amino acid supply (g/d) from three sources. All diets had more than 83
MJ metabolisable energy per kg digestible CP.

Source' slope (s.e) Intercept (s.e) res sd (g/d)
A 0.763 (0.0130) -0.950 (0.0850) 0.121
B 0.699 (0.0384) 2.536 (6.438) 3.55
C 0.717 -41 NA

' A is Batterham ef al. (1990) for lysine, B is Bikker et al. (1994a) for
lysine and C is for Chung & Baker (1992) for methionine.

The estimate of Batterham et al. (1990) is taken as the best with a value of ¢,* of
0.763 (SE 0.0130). The lower estimate of Bikker et al. (1994b) of 0.699 (0.0384) was
not as well estimated and is not significantly different. The experiments of de Lange
et al. (2001) considering threonine (e,*, 0.73 SE 0.011) and Mohn ef al. (2000)
considering lysine (e,*, 0.75) are in support of this estimate. In addition, the value
for e,* determined by the continuous linear-plateau regression for the combined data
of Kyriazakis & Emmans (19924,b) and Kyriazakis et al. (1994) for two genotypes
and two sexes was 0.783 (SE 0.0112), not significantly different to the value of
Batterham et al. (1990). The values of £, R* and e, * for these experiments are shown

in Table 4.

The value of R* from the continuous linear plateau regression of the combined data
(Table 4) is similar to the above values and was equal to 67.9 (SE 1.65). Then, taking
the best estimate of ¢,* from the experiment of Batterham ez al. (1990), permits
calculation of the slope k as 0.763/67.9 = 0.0112. Therefore, the best parameter
estimates are: ¢,* = 0.763 (SE 0.0130) and R* = 67.9 (SE 1.65) with the subsidiary
parameter k estimated as 0.0112. These estimates are seen as applying across live

weight, genotype, including sex and temperature. Partitioning rules, which permit
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loss of lipid, require another parameter that sets the lower limit to the pigs lipid

content.

Table 4 The response in the efficiency of retaining ideal protein, e,, to the ratio of
metabolisable energy to digestible CP (R, MJ ME / kg DCP) in the food, estimated

by the continuous linear plateau model (see text).

Source Genotype n R k (s.e)' et R* res sd
(s.f:)1 (s.e)’

Kyriazakis & Large White 40, 44 43 — 0.0138 0.795 67.8 0.0566

Emmans x Landrace 125 (0.0015) (0.0151) (2.10)

(1992a, b)

Kyriazakis et Large White 23 33- 0.0103 0.709 64.8 0.0452

al. (1994) x Landrace 119 (0.0014) (0.0185) (3.30)

Kyriazakis et Chinese 25 33— 0.0145 0.822 70.2 0.0443

al. (1994) Meishan 119 (0.0013)  (0.0168) (2.65)

All Both 132 33— 0.0131 0.783 67.9 0.0582

125 (0.0009)  (0.0112) (1.65)

" Regression co-efficient of ¢, on R * Plateau value for e, ° The value of R at which e,

reaches e, *

2.6 The lower limit to body fatness in pigs

It is a necessary condition for a partitioning rule that permits loss of lipid when
protein retention is positive to have some lower limit, for the amount of lipid, that
can be lost (Sandberg ef al. 2005a). Whittemore (1995) stated that “there may be
postulated a value for (Lt:Pt),.n, a crisis value below which the metabolic system
may experience trauma”. A value for (Lt:Pt),i, of 0.5 was proposed. However, it was
recognised that the value could be lower (Whittemore, 1995). Green & Whittemore
(2003) state that the value of (Lt:Pt), is likely to be dependent on genotype, but did
not give the values. Green & Whittemore (2003) also have an absolute minimum
fatness defined as 0.05W. Wellock et al. (2003«) stated “that an animal cannot lose
lipid that is not present, and must have some minimum lipid content (L) necessary

for survival”. They proposed that the minimum value was 0.1P, where P is the
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protein mass in the body, which is conceptually equivalent to 0.05/ as proposed by
Green & Whittemore (2003).

The lower limit to a pig’s lipid content, of relevance to a partitioning rule, is the ratio
of lipid to protein at which the pig reduces its rate of protein retention to maintain its
lipid content. This may be due to the limit for the biological structures of the pig
(Wellock ef al. 2003a: 0.1.P) or some higher limit (Whittemore, 1995: 0.5.P). It is
not clear whether these ratios differ with either live weight or genotype.
Experimental data where the rates of retention of protein and lipid were measured at
low body lipid to protein ratios would help to decide this point. The food would need

to be sufficient in protein to ensure that the animal was only limited in energy.

Campbell & Dunkin (1983a) performed a similar experiment to that preferred. Pigs
between 1.8 — 6.5 kg were given four allowances of a food that contained 359 g CP /
kg DM and 25.4 MJ GE. At the lowest allowance of food, the pigs were retaining 24
g/d of protein, and the marginal response was linear in relation to the protein supply.
The ratio of lipid to protein in the body was 0.29P. This suggests that the estimate of
Whittemore (1995) to be too high as an estimate of the minimum ratio of lipid to

protein in the body.

Close & Stanier (1984) determined that newborn pigs (1.34 kg) had a ratio of 0.23P
and stated that these pigs grew normally up to weaning. It is therefore not possible to
reject the ratio of 0.1P proposed by Wellock et al. (2003a). The above values suggest
that the minimum ratio may be less than 0.23P to 0.29P. The question that remains is

whether this ratio is different for genotype and/or live weight.

2.7 Discussion

The rules of partitioning proposed by Black er al. (1986), Kyriazakis & Emmans
(19924, b) and Whittemore (1995) withstood the qualitative criticisms in the previous
chapter (Chapter 1; Sandberg et al. 2005a). The problem raised is the marginal
response in protein retention to limiting protein or energy supplies for different
genotypes at different live weights (Black er al. 1986; Kyriazakis & Emmans,

19924,b). In models which predict lipid loss coupled with protein gain it is necessary
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to define the ratio of lipid to protein in the body at which the pig reduce its rate of

protein retention to maintain the lipid content (Whittemore, 1995).

It has been discussed here and elsewhere that b, the slope of PR on ME], is equal to
k.v, given that R < R*. The distinction between the approach where e, = k.R and the
approach where PR = b.MEI, is made by R*. This was not recognised by van Milgen
& Noblet (2003) who stated in relation to e, = k.R “...as this function intersects the
origin, the approach is essentially similar to a linear-plateau function between energy
intake and PD”. The view that there is considerable real variation in the value of b
(e.g. de Greef & Verstegen, 1995; van Milgen & Noblet, 1999; Schinckel & de
Lange, 1996) can be explained, at least in part, by the variation in the energy to
protein ratios of the food. In addition, some of the variation in » may be attributed to
variation in calculating v from variation in amino acid compositions of food and pig
proteins, which may either actually exist, or, may arise from differences in analytical

methods (Moughan, 2003).

There is a significant amount of evidence suggesting that live weight does not have
an effect on the marginal response in protein retention to protein or energy limiting
foods. The evidence for no effect of genotype was not as abundant. The data
reviewed here suggest that it is safe to assume that different genotypes have the same
marginal responses to protein and energy limiting foods. Temperature does not
appear to affect the marginal responses in protein retention to protein limiting foods.
In the absence of evidence no conclusions could be drawn for energy limiting foods.
The questions that remain unresolved and some possible experiments that could

address these questions are considered below.

The overall conclusion of the analysis done here is that the rule of Black et al. (1986)
and its modified form (NRC, 1998) does not agree as well with literature data as the
general rule of Kyriazakis & Emmans (19924,b). The parameters of the rule were
determined as e, * (0.763 SE 0.013), R* (67.9 SE 1.65) and & (0.0112). For modelling
purposes and future experiments, it is useful to identify general rules. The
partitioning rule in this case is general as its parameters are independent of genotype,

live weight and temperature, which increases the flexibility of using a rule within
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larger models. In addition, as the rule is seen as general it may be useful for
investigating the partitioning of scarce resources during times of disease and/or

social stress (as discussed below).

It may be useful to consider experimentally the marginal responses of different
genotypes, at both very low and high live weights, to help to solve the problem raised
by one set of data (Campbell & Dunkin, 1983a) on very small pigs. To determine the
effect of live weight on the maximum efficiency of protein retention, the energy to
protein ratio of the food would need to be greater than 67.9 MJ ME/kg DCP and it
would be necessary to ensure that PR<PR,,,, on all treatments. To asses the effects of
live weight on R* and & a range of energy to protein ratios above and below 67.9 MJ

ME/kg DCP would be needed.

There may be effects of temperature on the partitioning rule used by pigs for energy
limiting foods. This could not be assessed here, as suitable data were not identified.
The effect of temperature should be assessed for pigs kept in environments that are
cold, thermoneutral or hot for a pig of a particular genotype and state (Wellock et al.
2003a). The estimation of e,*, R* and k, and quantification of the parameters of the
energy system used, would strengthen the test of any partitioning rule in such a

situation.

The value of the maximum material efficiency of protein (amino acid) utilisation is a
debated area (Whittemore et al. 2001). The assumption that has been made here is
for the same value to be used for the material efficiency of using all amino acids that
constitute ‘ideal’ protein. There appears to be a lack of evidence of sufficient detail
(such as Batterham et al. 1990) for the estimation of e,* for different amino acids in
pigs. A large range of values for the maximum material efficiency of protein (amino
acid) utilisation has been proposed for pigs ranging from 0.55 Susenbeth (1995) to
0.94 Leibholz (1985). However, in both of these cases e,* was calculated using a
number of assumptions. The experimental data from the poultry literature are in
support of a much narrower range. Baker (1991) concluded from poultry and murine
literature that different amino acids are used with different efficiencies. However, he

also concluded that “utilisation efficiency of individual dietary amino acids varies
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around the 76% figure [taken from Velu et al. (1971)], with slow-turnover amino
acids such as lysine being used more efficiently (80%) than fast-turnover amino

acids such as isoleucine (61%)”.

Recent experimental data in poultry suggest smaller differences. The values for e, *
were lysine (0.76) Edwards et al. (1999), valine (0.73) Baker ez al. (1996), threonine
(0.82) Edwards et al. (1997) and methionine (0.68) Edwards & Baker (1999). The
methodology used was similar to that of Batterham et al. (1991), although the true
digestibility of the crystalline amino acids used was assumed as 100% from another
experiment. The mean of the above estimates is 0.75, which is not different from our
proposed best estimate, 0.763, and the central value of 0.76 proposed by Baker
(1991).

There is not complete agreement for the estimates of e,* for the different amino acids
from the pig and poultry literature. In pigs the estimate for threonine of 0.734 (de
Lange ef al. 2001) is very similar to that for methionine of 0.717 (Chung & Baker,
1992). In poultry the estimate for threonine of 0.82 (Edwards ef al. 1997) was very
much greater than that of 0.68 for methionine (Edwards & Baker 1999). Rather than
the difference between amino acids truly varying between species it is likely that all
of these four estimates do not differ from each other. Their mean does not differ from
of 0.763 taken here for e,* It may be useful to experimentally determine the
maximum efficiency of amino acid utilisation in pigs (and poultry) using a
standardised procedure. The standardised procedure would include attempts to
minimise the variation of amino acid analysis (Moughan, 2003), ensure that R > R*
and to implement a range of amino acid supplies that is similar to that of Batterham

et al. (1990).

It is necessary for the chosen partitioning rule to have a complementary constraint to
the loss of lipid to maintain positive protein retention. Wellock et al. (2003a)
proposed a value of 0.1P calculated on biological grounds of what the lowest amount
of lipid in a biological structure may be. This is taken forward, but it is possible that
this would be to low an estimate. The selection for lean genotypes at higher weights

may have reduced the “desired ratio” of lipid to protein in the body at a protein



weight (Emmans & Kyriazakis 2000). This may increase the likelihood that pigs of
an improved genotype will meet the minimum ratio at a faster rate than those of an
unimproved genotype. Experiments may be warranted to explore the value of the

minimum ratio across different genotypes.

The general rule of Kyriazakis & Emmans (19924,b) which considers both available
protein and energy supplies is preferred to other rules of partitioning considered here
and in Chapter 1. The partitioning of scare resources is of current interest in relation
to stressors such as disease (Lochmiller & Deerenberg, 2000; Coop & Kyriazakis,
2001; Houdijk et al. 2001; Powanda & Beisel, 2003) and social stress (Wellock et al.
2003b). It is useful to have a general rule as a starting point to consider any effects of
disease or social stress. The values of the key parameters ¢,* and R* may be
explored experimentally in relation to such stressors to further explore scarce
resource partitioning. The particularly relevant stressor is that of pathogen challenges
as there is a current lack of such information. Therefore, it may be useful to
determine the value of e,* as done by Batterham ef al. (1990) and R* in relation to
the exposure of pigs to different pathogens to further our understanding of resource
partitioning in such circumstances. The pathogens considered should include
bacteria, viruses and parasites of a range of challenge doses to permit comparisons to
be made of these. Challenge with pathogens may increase body temperature,
stimulate the immune response and require resources to be directed towards the
repair of damaged tissues. In addition, challenge with a pathogen may reduce the

voluntary food intake (Kyriazakis et al. 1998).

The purpose of this and the previous chapter (Chapter 1; Sandberg et a/. 2005a) was
to describe the partitioning problem, identify solutions and then criticise these
qualitatively and quantitatively. It has been possible to conclude for a general rule
which when combined with an energy system, permits prediction of protein and lipid
retention from protein and energy supplies. General rules are useful for models of
growth as they permit for models to expand and consider new areas of research. The

work done here will contribute to future considerations of scarce resource
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partitioning and growth modelling in the pig. Future work will include quantitative

descriptions of the infectious environment on scarce resource partitioning.
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Chapter 3

A model for predicting feed intake of growing animals

during exposure to pathogens.
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3.1 Abstract

A general model is proposed for predicting effects of sub-clinical pathogen challenges of
different doses and virulence on the relative feed intake (RFI) of animals. The RFI is
defined as the feed intake of the animal challenged by a pathogen divided by its feed
intake, FI, in the same state had it not been challenged. Actual FI can be predicted from
the RFI and animal state. The RFI was assumed to be affected only when animals were
naive to a particular pathogen (i.e. had no prior experience of it), and when the challenge
dose was above a predetermined threshold. The model is for the period from recognition
of a pathogen through to acquisition and subsequent expression of immunity. The way in
which RFI changes with time is described by 5 main parameters and is based on data for
RFI during different pathogen challenges of a range of hosts. Lag time (L d) is the delay
from a pathogen challenge until any effects on RFI are seen. Reduction time (R d)
describes the time it takes for the lowest value of RFI (A) to be achieved. The duration
time (D d) describes the time that A is maintained for and p /d describes the rate of
recovery of RFI until RFI = 1. There is no compensatory intake and RFI is always < 1.
The effects of host resistance on the values of model parameters are proposed. Attempts
were made to parameterize the model; when data were scarce, initial parameter values
were derived on conceptual grounds. Predictions of the effects of pathogen dose,
virulence and host resistance are described and discussed. It is crucial to define the
pathogen challenge (in terms of dose and virulence) and the degree of resistance of
different hosts, when comparing the responses in RFI for different genotypes. Possible
interactions between dose, virulence and resistance were explored. Feed intake of healthy
and challenged animals, at a time, may be different once the challenged animal has
recovered (RFI = 1). The issue of reductions in FI during pathogen challenges is
important for nutritionist and animal breeders. The large variation that has been observed
for reductions in FI during pathogen challenges may be a viable point of selection. The
points highlighted will aid selection strategies by quantifying effects of pathogen dose
and virulence, and time, on the FI of challenged animals. The proposed model may be
integrated with other models of growth to predict animal performance during exposure to

pathogens.

57



3.2 Introduction

The desired feed intake is defined as the amount of a given feed that an animal of a given
genotype and state needs to attain its potential growth (Emmans and Fisher, 1986). The
actual feed intake (FI kg/d) may differ from the desired due to feed composition or
constraints in the physical, social (Wellock et al. 2003a,b) or infectious environments
(Black et al. 1999). An understanding of how these constraints affect intake will allow

management, feeding, and genetic selection strategies to be better informed.

Pathogen challenges that overcome the innate immune defenses may cause an acquired
immune response and can lead to disease that is either sub-clinical, with no visible
symptoms, or clinical. Pathogen challenges leading to sub-clinical disease cause a
reduction in FI of immunologically naive animals (Steel ez al. 1980, 1982; Kyriazakis et
al. 1996). A greater reduction in intake is seen during clinical disease (Crompton, 1984;

Kyriazakis ef al. 1998; Black ef al. 1999).

Reduced performance during sub-clinical and clinical infections has been reviewed
extensively (Parkins & Holmes, 1989; van Houtert & Sykes, 1996; Coop & Kyriazakis,
1999, 2001), but no general quantitative framework exists for predicting feed intake and
performance during infection. Kyriazakis ef al. (1998) described a qualitative
relationship between feed intake and the size (dose) of a pathogen challenge, and that
model is developed further here. The quantitative effects of exposure to a pathogen that
leads to sub-clinical disease on intake of animals with no prior experience of it are
considered. The model proposed is integrated with an existing model of growth (Wellock
et al. 2003a) to allow prediction of the FI of animals (pigs are used as an example)

exposed to infectious stressors.

3.1 Materials and Methods

3.1.1 Feed Intake and Growth in Healthy Animals

The desired feed intake (DFI kg/d) in healthy animals is predicted using a previously
published model of growth of pigs (Wellock ez al. 2003a). Related models exist for
poultry (Emmans, 1989), sheep (Jones et al. 2004) and cattle (Amer & Emmans, 1998).
An animal is predicted to have requirements for energy (ERQ MJ/d) and protein (PRQ
kg/d) for potential growth (ADG,, kg/d) which is a function only of animal genotype and

state, to be attained. The DFI that an animal requires for achieving its ADG; is then an
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outcome of requirements and the contents of energy (EC MJ/kg) and protein (IPC kg/kg)
of the feed. The requirements and contents need to be described on consistent scales. In
the model of Wellock et al. (2003a) the scales used are effective energy (Emmans, 1994)
and ideal digestible CP (Moughan, 2003).

DFI; = ERQ/EC ke/d (1)
DFIp = PRQ/IPC ke/d )

The DFI is the greater of DFIg and DFIp, i.e. the animal eats for the more limiting of
energy or protein. Constraints on intake in the model include feed bulk and those arising
from the environment. The predicted FI of the healthy animal, once the climatic
environment and feed composition have been taken into account, is the starting point for

predicting FI during exposure to pathogens.

3.1.2 Feed Intake and Growth during Pathogen Challenges
Sub-clinical disease is the consequence of a pathogen challenge that leads to no visible
symptoms, but where there are measurable reductions in performance (Kyriazakis ef al.

1998; Henryon ef al. 2001; Vercruysse & Claerebout, 2001).

The model may be able to be extended to deal with reductions in FI due to clinical disease

by changing the values of its parameters, but this is not done here.

L R D

Time from pathogen exposure, d

0

Figure 1a The response in relative feed intake (RFI) to time of pathogen exposure,
through five parameters: lag time (L, d), reduction time (R, d), reduction in relative feed

intake (1), duration of the reduction (D, d) and the rate of recovery of relative feed intake

(p, RFV/d).

59



Feed intake is initially expressed as the intake relative to that of a similar animal at the
same weight when not challenged by a pathogen, termed relative feed intake, RFI. The
general pattern of RFI during a pathogen challenge can be summarized by the main

parameters of the proposed model, shown in Figure 1a.

The lag time (L d) is the delay from the pathogen challenging the host until RFI falls
below unity where 0 < L < Ly,.c. The RFI then falls over the reduction time (R d) where 0
<R, to a level L. The lowest intake, 0 <A < 1, is maintained for the duration time (D d)
where D = 0. It is assumed that for a given case there is no further reduction in RFI,

which then starts to recover at a rate (p /d), where 0 < p, until RFI = 1.

Data from an experiment with sheep that were sub-clinically challenged with the
gastrointestinal parasite Trichostrongylus colubriformis (Kyriazakis et al. 1996) are used
to illustrate the model in Figure 1b. This data set is particularly useful as it covers the
period of 160 d from the beginning of the daily challenge with the pathogen to full

recovery, when RFI = 1.

RFI

0.6

04 -

0.2 4

0-0 T T T 1
0 50 100 150 200

Time from pathogen challenge, d

Figure 1b Proposed model for RFI shown with data (e) from (Kyriazakis et al., 1996)

with the model parameterised for these data.

Responses in RFI as described in Figure la have been seen in experiments with different

pathogens: gastrointestinal macroparasites (Ostertagia circumcincta, Coop et al. 1982;
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Haemonchus contortus, Knox & Steel, 1999); other parasites (Plasmodium vivax, Fern et
al. 1985); bacteria (Salmonella typhimurium, Balaji et al. 2000; Turner et al. 2002a, b;
Escherichia coli, Houdijk et al. 2005; Actinobacillus pleuropneumoniae, Balaji et al.
2002; Kerr et al. 2003); viruses (influenza virus, Conn et al. 1995; PRRS virus, Greiner et
al. 2000; Sialodacryoadenitis virus, Sato et al. 2001). On the basis of such evidence, it is

proposed that the model in Figure 1a is general across pathogens and hosts.

Actual growth (ADG kg/d) is predicted from the actual feed intake and a partitioning rule,
when reductions in FI make resources scarce. The partitioning rule used here is that
proposed for healthy pigs by Kyriazakis & Emmans (1992a,b), which has been supported
by Sandberg et al. (2005a,b). It is recognized that pathogen challenges leading to sub-
clinical disease may affect maintenance requirements (Black ez al. 1999; Houdijk et al.
2001), or the efficiency with which resources are used (Steel et al. 1980, 1982), or both.
In this model, for simplicity, this evidence is initially ignored and it is assumed that FI
can be predicted relative to that of a healthy animal, and that there are no additional

requirements associated with the pathogen challenge and subsequent immune responses.

3.1.2.1 Assumptions

Relative feed intake will be affected only when animals have had no prior experience of a
pathogen. Experiments with ‘trickle’ infections, where animals are challenged by small
daily doses of pathogens, have shown that once animals have acquired immunity to a
pathogen RFI recovers even under a continuous challenge (Steel ef al. 1980; Wagland,
1982, 1984; Kyriazakis et al. 1996). A loss of acquired immunity may occur over time
(Barger, 1988) and by implication, an animal may again become naive to a given
pathogen. Experiments in sheep suggest that on secondary pathogen challenges, there are
no reductions in FI (Anderson et al. 1976; Greer ef al. 2005), but the times between re-
infections were short. The effects of a secondary challenge of the same pathogen on the

FI of animals, is not considered.

Production traits, in combination with descriptions of disease symptoms have been used
as an indication of the ‘level’ of disease (Kyriazakis et al. 1998; Henryon et al. 2001;
Vercruysse & Claerebout, 2001). Kyriazakis et al. (1998) proposed a qualitative model,
which related FI to pathogen challenge, while making a distinction between sub-clinical
and clinical reductions in FI. The lower threshold (T4 n/d) may indicate either the amount

of pathogen that the innate immune system can cope with, or doses for which the
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pathogen is not recognized, and therefore the host does not develop an acquired immune
response (Symons ef al. 1981; Windon et al. 1984). The upper dose (T, n/d) is the amount
of pathogen challenge above which clinical disease and severe depressions in FI occurs
(Black et al. 1999). The model of Kyriazakis et al. (1998) has been modified as it appears
that A, the greatest reduction in RFI, is affected by different levels of pathogen challenges

that are sub-clinical, as is shown in Figure 2.

1.0 @e e
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A K,
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e
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0.6 e Symons etal. (1981)
=7 a Coopetal. (1982)
o Steel et al. (1982)
v  Coop et al. (1986)
0.5 T T T 1
0 5000 10000 15000 20000

Challenge dose, n/d

Figure 2 Calculations of the lowest value of RFI (A) for different sub-clinical challenge
doses from data of RFI from Coop et al. (1982, 1986), Symons et al. (1981) and Steel et
al. (1982) for sheep challenged with different doses of the gastrointestinal parasite

Ostertagia circumcincta.

Initial estimates of T4 and T, are made for parasitic and bacterial pathogens, and initial
suggestions for a viral pathogen. The model predicts FI of growing animals during sub-
clinical disease. It is necessary to recognise and hence quantify pathogen doses that lead

to clinical disease.

The model input is the number of pathogens challenging the animal per day (PC n/d)
chosen due to constraints of available data. The rate is assumed applicable to different

kinds of pathogen challenge. Challenges may occur as a single or as a cumulative event.
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Either the host copes by innate immune responses with no effects on RFI, or an acquired
immune response occurs with subsequent effects on RFI. The model is applicable for
trickle infections given the value of the parameter T, that defines doses at which the host
becomes clinically diseased for a given set of circumstances of genotype, feed quality and

environment.

There may be circumstances where small doses (PC < T,) lead to reductions in RFI due to
pathogens being recognized, when ‘normal’ physical barriers, such as skin or the gut wall
are damaged, by other factors affecting the host. In this model, it is assumed that no such

event occurs.

3.1.2.2 Effects of Pathogen, Dose and Virulence on the Values of Model Parameters

The relationship between PC and the values of the model parameters L, R, D, p (Figure
la) are not entirely clear due to the lack of experiments where sub-clinical challenge
doses have been used and FI has been measured. This was particularly the case for
bacterial and viral pathogen challenges. The concepts proposed are an initial attempt to
relate pathogen challenges to the time course and extent of reductions in RFI. Some of the
relationships were necessarily developed on conceptual grounds rather than being
determined from experimental data. Pathogen virulence is defined as the effect that a
given dose of pathogen causes to a host. Some information used to develop the model

came from experiments where challenge doses were near or actually clinical.

3.1.2.2.1 Lag Time. The lag time parameter (L d) describes the time it takes for a
pathogen challenge dose to affect RFI. The value of L is specific to the kind of pathogen.
Bacterial and viral challenges can have a lag time of a few hours (Greiner ef al. 2000;
Balaji et al. 2002) while parasites may take several weeks (Kyriazakis ef al. 1994, 1996)
to have an effect. A possible explanation may be that greater amounts of antigen are
presented from bacterial and viral pathogens, due to greater rates of proliferation, than are
presented by non-proliferating parasites accumulating in the host at a slower rate (May &
Nowak, 1995). On the other hand, it may be due to recognition being different by
parasites avoiding detection. The value of the parameter L is proposed to depend on PC,
with larger doses having a greater effect on L because a larger dose of pathogen is more
likely to overcome innate immune responses and for the pathogen to become recognized

by the host more quickly. The relationship between L and PC is:
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L = (Luax - (exp® T TaM) + 1 3)

Lmax is the maximum lag time, achieved when PC > Ty; o (d/n) describes the rate of
change in L with increasing PC. The relationship between L and PC is shown in Figure 3.
A more virulent pathogen is expected to have a greater value of ¢ and a lower threshold
Ty with lower lag times, as it may be more able to overcome the immune defenses

(Beveridge et al. 1989; Lipsitch ef al. 1995).

3.1.2.2.2 The Lowest Relative Feed Intake. The value of the parameter A describes
the lowest relative FI during a pathogen challenge. It is seen as pathogen independent, but
as affected by PC (Symons et al. 1981; Coop ef al. 1982; Houdijk ef al. 2005). The value

of A is proposed to reduce gradually as PC increases until it reaches its lowest value for

5

max T

L€l

0

0T, PC, n/d

Figure 3 The proposed relationship between lag time (L d) and the level of pathogen
challenge (PC n/d).

sub-clinical pathogen challenges (As.). The value of A is then dose independent and equal

to As while PC < T.. The relationship between PC and A, when A > A is proposed to be:

A = (Amax - (exp®®C - TaM) +1 4)
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The chosen form is based on how an animal’s immune system may be responding during
different levels of exposure to a pathogen (Schwartz, 2002). The value of Ay is always
equal to unity and ¢, describes the rate of change in A with increasing PC, when A > L.
The parameter ¢ may represent the level of communication from the immune system that
the host perceives from the presence of pathogens (Schwartz, 2002), which reaches
saturation at a certain level of dose and then A = A as is shown in Figure 4. A more
virulent pathogen would not affect the values of ¢ and A, except through its possible

effects on Ty.

3.1.2.2.3 Reduction Time. The parameter (R d) describes the time it takes for A to
be achieved. The value of R depends on the type of pathogen and is independent of PC.
The reduction is of much longer duration with gastrointestinal parasites (Steel et al. 1980,
1982), than with bacteria (Balaji et a/. 2000) or viruses (Conn ef al. 1995; Greiner et al.
2000). The value of R is independent of PC.

/

of [0 RPE inid 1

Figure 4 The proposed relationship between the lowest relative reduction in feed intake,
) and the level of pathogen challenge (PC n/d) with Ay being the lowest possible value of
M, affected while PC is greater than the threshold, Tg4, and, while the animal is sub-clinical

(Ta<PC < To).
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While the value of A decreases slightly with increasing dose the rate of reduction
in RFI also increases so that R remains constant (Valles et al. 2000). It is possible that
that the value of R will be lower for a more virulent pathogen, as the host may have
evolved to respond at a faster rate to such a pathogen (Lipsitch et al. 1995). There may be

instances when R = 0.

3.1.2.2.4 Duration Time. Duration time (D d) may reflect the time taken by the
immune system to start controlling and subsequently expelling the pathogens. It is thus a
reflection of the rate of acquisition of immunity and needs to be seen specific to the type
of pathogen challenge. There is a degree of overlap between the phase of acquisition of
immunity and the expression of immunity (Bachmann & Kopf, 2002; Tuma & Pamer,
2002). It is assumed that the value of D is independent of PC, as is suggested by both
bacterial and parasitic challenges (Steel et al. 1980; Sykes ef al. 1980; Houdijk et al
2005). Duration time can be very short (e.g., Salmonella typhimurium (Tumner et al.
2002a,b and PRRS (Greiner ef al. 2000)). On the other hand, it can take several days for
gastrointestinal parasite challenges (Steel et al. 1980; Coop et al. 1982). It may not be
affected by the virulence of a pathogen, as virulence would not affect the rate of

acquisition of immunity.

3.1.2.2.5 Rate of Recovery. The value of the parameter p /d describes the rate at
which RFI increases once D has been completed, and the expression of immunity results
in the expulsion of pathogens from the host. Kyriazakis et al. (1996) found that the RFI
recovered within a few days in sheep trickle challenged with gastrointestinal parasites that
were treated with an anthelminthic. Untreated sheep took several weeks to recover their
RFI.. The recovery reflects the reduction of pathogen load in the host once immunity has
been acquired and starts to become expressed (van Houtert ez al. 1995). The value of p is
proposed to be pathogen specific as the recovery is much faster for bacterial (Balaji ef al.
2000) and viral (Greiner ef al. 2000) than for parasitic (Steel et al. 1980; Kyriazakis et al.
1996) challenges. This may reflect the rate of expression of immunity, once acquired,
with the removal of worms being slower than the removal of bacteria and viruses
(Wakelin, 2000). The value of p is proposed to be independent of PC: parasitic (Coop et
al. 1982) and bacterial (Houdijk et al. 2005) pathogen challenges. A more virulent

pathogen may be more difficult for the host to expel and may result in a lower value of p.
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The model does not permit compensatory FI: the animal is said to have recovered once
RFI = 1 and RFI is always < 1. Therefore, the RFI of the animal continues to recover at
the rate p until it has reached the FI appropriate to its state when RFI = 1. Experimental
supports for this assumption are the findings of Chapman et al. (1982) and Kyriazakis et

al. (1996).

3.1.2.3 Effect of Host Genotype and Feed Composition on the Values of Model
Parameters

The values of some of the model parameters were proposed to be affected by pathogen
virulence and may be affected by host genotype and feed composition, through possible
differences in rates of pathogen recognition, acquisition and subsequent expression of
immunity. A genetically resistant genotype is defined as one that is more able to cope
with a pathogen challenge than a genotype that is susceptible. The values of the model
parameters as affected by pathogen virulence, host genotype or feed composition could
not be well assessed from literature data. Effects of virulence, host resistance and feed

composition on the values of model parameters are described.

A genotype that is genetically more resistant may have a higher threshold dose, as the
innate immune system may be more capable of dealing with a pathogen challenge
(Wakelin, 2000). The value of Ly, is the maximum lag time achieved when PC > Tg. Its
value is unaffected by genotype. In a more resistant genotype, the value of o may be
greater, reflecting a greater ability to recognise and respond to pathogens. The main effect
on the predicted value of L is likely to be through an increase in the value of Ty, and
consequently, a more ‘resistant’ genotype would have a longer lag time. The value of L
and its associated parameters are proposed to be unaffected by feed composition

(Brailsford & Mapes, 1987; Kyriazakis et al. 1994, 1996).

The value of R may be less for a more resistant genotype as it recognises and starts to
acquire immunity at a faster rate, but it is proposed to be unaffected by feed composition
(Kyriazakis ef al. 1996; van Dam et al. 1997, 1998). The values of ¢ and A are
unaffected by host resistance. The values of the parameter A and Ay are assumed to be
independent of the kind of feed (Brailsford & Mapes, 1987; Kyriazakis et al. 1996, 1994;
van Dam ef al. 1998).
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The value of the parameter D depends on genotype (Coop & Kyriazakis, 2001). Resistant
genotypes would be likely to have a shorter duration by acquiring immunity at a greater
rate. Analysis of FI data for individual sheep exposed to a sub-clinical Trichostrongylus
colubriformis challenge from Kyriazakis et al. (1996) suggest that the feed protein
content significantly affected D. It was not possible to propose a general relationship
between D and the feed protein content, and as such, it is not included in the current

model, but experiments to determine such effects are warranted.

The parameter p is linked with the expression of immunity. Similarly, as for the
arguments of the other model parameters, a resistant genotype would be able to express
immunity at a greater rate and expel the pathogens resulting in greater rates of recovery in
RFI. It would be expected that p would be affected by the composition of the feed, as
expression of immunity has been found to be affected by additional supplies of
metabolizable protein (van Houtert ef al. 1995; Coop & Kyriazakis, 1999) during this
phase of immunity. An analysis of FI data from Kyriazakis ef al. (1996, unpublished) is in
support. Sheep challenged with Trichostrongylus colubriformis and given a poorer quality
feed recovered more slowly (0.0063 RFI/d) than sheep given the same challenge and a
better quality feed (0.0094 RFI/d). As with the duration parameter, it was not possible to
propose a relationship between p and the feed composition, and as such, it was not

included in the current model.

The proposed effects of genotype on the values of model parameters may be correlated.
For example, a resistant genotype that is proposed to have a shorter reduction time,
shorter duration and a faster recovery may be described by a small number of additional
parameters. Similarly, such correlation may also exist for the effects of virulence on
parameter values. Initial relationships between the degree of resistance and the degree of
virulence are proposed here, to provide a starting point for modelling RFI, e.g. Henken et
al. (1994a,b), Wellock et al. (2003b). The proposed relationships between resistance,
virulence and parameter values are summarized in Table 1. The values of model
parameters as affected by host resistance and pathogen virulence were calculated as the
proposed values of model parameters (see below) multiplied by the respective scaling

multipliers shown in Table 1.
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Table 1 The proposed relationships between scaling multipliers and model parameters as
affected by the degree of host resistance (R) and the degree of pathogen virulence (V)
with a hypothetical scale of R and V of 0 to 0.5.

Parameter Proposed relationship
Ty RVyg=1+(R-V)
o RVe=1+(R+V)
R RVr=1-(R+Y)
D Rp=1-R

RV,=1+(R-V)

o

The proposed relationships between degree of resistance and virulence and the scaling
multipliers assume that over a certain amount of change in resistance and virulence the
effect would be linear. The correlation for the change in the values of model parameters
was assumed to equal 1, as this model describes the response of a single animal, rather
than a population of animals. The scale of resistance and virulence used in predictions

was set from 0 to 0.5.

3.1.2.4 Parameter Values

The model requires the values of 9 parameters to be determined to predict changes in RFI
with the time course of different pathogen challenges of different doses and initial
estimates are summarized in Table 2. Estimating the values of the parameters in Table 2
is made difficult because of sparse experimental data. Attempts are made here to assign
values to model parameters whenever possible from experimental data. Where
experimental data were not available, initial estimates are suggested on conceptual

grounds.

Table 2 A summary of the parameters that are used to predict relative feed intake (RFI)

during exposure to pathogen challenges.

Parameter Description Proposed Effect of  Effect of Effect of

constants genotype” virulence’® FPC™"

Ta Dose for an effect - < \ X

on RFI to occur
T Dose for clinical - N \ \

reductions in RFI
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Lag time for an
effect on RFI to
start
RFI at the end of
the reduction
Time for A RFI to
be reached
The duration of
RFI =2
Rate of recovery
of RFI from A to
1.0

Limax, © \J

Asc, ¢ X

“Effects of feed protein content (FPC) are described, but were not included in this model

b\ = Effect, X =

No effect

3.1.2.4.1 Thresholds of Sub-clinical and Clinical Reductions in Relative Feed

Intake. To predict the effects of sub-clinical pathogen challenges on RFI it is necessary to

define pathogen challenge doses that lead to sub-clinical and clinical disease. Initial

estimates of threshold pathogen doses for sub-clinical, Ty, and clinical, T, disease were

determined for a range of pathogens (antigen) challenges and these are presented in Table

3

Table 3 Estimation of the threshold pathogen challenge doses for sub-clinical (Tg) or

clinical (T.) responses in relative feed intake as described by the model of Kyriazakis et

al. (1998).

Pathogen | Host Ty, n/d T, n/d Source
T.colubriformis Sheep 1000 — 3000 ~ 5000 Coop et al. (1976)
(larvae)®
T.colubriformis Sheep ~ 2000 <30000 Steel et al. (1977)
(larvae)*

F.hepatica Sheep <3 > 14 Sykes et al. (1980)

(metacercariae)

a

70



O. circumcincta Sheep 1000 — 2000 > 5000 Coop et al. (1982)

(larvae)®

E.coli Pigs <1x10° ~1x10° Houdijk e al
(cfit’s)® (2005)

S.dentatus Pigs <72 > 850 Hale &  Marti
(larvae)* (1983)
Lipopolysaccharide Pigs <0.5 >5<30 Sakumoto et al.
(1g LPS/kg W)° (2003)
Lipopolysaccharide Chickens <0.5 20 Sell ef al. (2003)
(mg LPS/kg W)

Lipopolysaccharide Mice <0.1 =~3.0 Swiergiel et al
(ug LPS/kg W)° (1997)

“Continuous challenge °Single challenge, cfu = coliforming unit

Experiments suitable for estimating Ty and making suggestions for T, are those of Steel et
al. (1980, 1982), Symons et al. (1981) and Coop et al. (1982). The pathogens used were
the gastrointestinal parasites Ostertagia circumcincta and Trichostrongylus colubriformis.
The value of Ty for Ostertagia circumcincta was found to be within the range of 1,000 to
2,000 n/d (Figure 2) and for Trichostrongylus colubriformis, the range was found to be
430 to 1,500 n/d (Steel et al. 1980). T, may be greater than 17,000 (Symons et al. 1981)
for Ostertagia circumcincta and less than 4,300 for Trichostrongylus colubriformis (Steel
et al. 1980). Data from the experiments of Houdijk ef al. (2005) using pathogen
challenges with Escherichia coli were used to estimate the threshold values for a bacterial
pathogen challenge. T4 for a bacterial pathogen was estimated as < 1x10° with T being

estimated as ~ 1x10°.

Experiments where FI has been measured appear to rarely focus on the range of doses
that lead to sub-clinical disease; this range may be very narrow for viruses and bacteria.
Therefore, the proposed values for a viral challenge are suggestions, based on the kind of
doses that have been used in experiments (Greiner ef al. 2000). However, these initial
estimates provide a starting point for defining the kind of challenge doses that lead to sub-

clinical and clinical disease with subsequent reductions in RFI.
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3.1.2.4.2 Lag Time and Associated Parameters. The value of L has been found to
vary from <0.01 d in the case of some bacterial (Houdijk ef al. 2005) and viral (Greiner et
al. 2000) pathogen challenges to 32 d for a parasitic challenge (7 colubriformis;
Kyriazakis et al. 1996). In the case of another gastrointestinal parasite, Ostertagia
circumcincta, L appeared shorter at approximately 21 d (Coop ef al. 1982). The lag for a
protozoan pathogen was estimated as 7 d (Verstegen e/ a/ 1991) and found to be
consistently around this value for other challenges with this kind of pathogen (Zwart ef al.
1991; van Dam et al. 1997, 1998). The value of o could not be determined from literature
data as no experiment was found that included a sufficient range of challenge doses.
Therefore, values of o were calculated to reproduce lag times consistent with experiments
(Steel et al. 1980; Kyriazakis et al. 1996) and the proposed estimate of L. The value of
Lnax 18 proposed for model bacterial and viral pathogens to be 5 d and for the model
parasite challenges to be 40 d. Consequently, the values of o for parasitic, bacterial and
viral pathogens were calculated as 1.4x107, 3.1x10™ and 3.4x107, respectively, which for
an initial attempt of modelling RFI during pathogen challenges may be acceptable (see

Henken et al. 1994a,b).

3.1.2.4.3 Reduction Time. The value of R has been estimated to be 1 to 2 d for
bacterial and viral pathogen challenges (Greiner ef al. 2000; Houdijk et al. 2005). For a
parasite challenge, the value of R was estimated as 40 d from the experiment of

Kyriazakis et al. (1996).

3.1.2.4.4 The Lowest Value of RFI and Associated Parameters. The value of dnax
is always equal to unity. The value of ¢ for a parasitic pathogen challenge was estimated
as 4.5x10” from experiments with Ostertagia circumcincta, with As. being estimated as
0.72 (Symons et al. 1981; Coop et al. 1982; Steel et al. 1982). The estimate of A is
assumed to be general. The values of ¢ for a bacterial (2.5x107) and viral (5.0x107)
pathogen challenges were calculated on conceptual grounds to agree with their respective

pathogen dose scales.

3.1.2.4.5 Duration Time. The value of D was estimated as 1 d for the model
bacterial (Houdijk et al. 2005) and viral (Greiner et al. 2000) pathogen challenges. These
are the lowest values that a model with a time step of 1 d can include. Literature data

suggest that the onsets of sub-clinical reductions in FI be very fast for viral and bacterial
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pathogens. The value of D for a parasitic pathogen was estimated as 50 d from

(Kyriazakis et al. 1996).

3.1.2.4.6 Rate of Recovery. The value of the recovery parameter, p, was
determined as 0.0046 (SE 0.0006) from Symons et al. (1981) for a pathogen challenge
with Ostertagia circumcincta. The value of p was determined as 0.0022 (SE 0.0004) from
Kyriazakis ef al. (1996) for a pathogen challenge with Trichostrongylus colubriformis,
demonstrating different rates of recovery for these two pathogens. The rate of recovery
for bacterial challenges was estimated as 0.3 from Balaji et al. (2000, 20002) and Turner
etal. (2002a,b). This value of 0.3 is also used for other host replicating pathogens such as
the viral pathogen challenges. Parameter values that are used in the model are

summarized in Table 4 for three different pathogens.

Table 4 Initial estimates of parameters for a parasite (based on Coop et al 1976;
Kyriazakis et al. 1996), a bacteria (based on the experiments of Houdijk ef al. 2005) and a

virus (based on the experiment of Greiner et al. 2000 and estimates for a bacterial

pathogen)®.
Parameter Parasite Bacterium Virus
(T.colubriformis) (E.coli) (PRRS)
T 1x10° I1x10° Ix10°
j 4 5% 10° 1x10° 1x10°
Lias 40 5 5
o 1.4x10° 3.1x10™ 3.4x10°
Asc 0.72 0.72 0.72
o 5.0x10°7 2.5x107 5.0x10°7
R 40 2 2
D 50 1 1
P 0.004 0.3 0.3

“Due to the lack of data for viral challenge estimates are made the same as another host

replicating pathogen (bacteria), parameter values that were created on conceptual grounds

are in italics.
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3.2 Results

The model was used to predict the effects of host resistance, pathogen dose and virulence
on RFI, and hence relative or actual feed lost. The default model inputs (described in
Appendix A) were used, unless stated otherwise. The total feed lost (FL kg) due to
pathogen challenge was calculated as the difference between the cumulative feed intake
of the unchallenged less that of the challenged animal. The total relative feed intake lost,
RFL was calculated as the sum of the daily differences (1 - RFI) during the period when
RFI < 1.

3.2.1 Predicting the Sensitivity of the Values of Model Parameters on Total Feed Lost

The model was used to predict the effects of varying the values of model parameters on
the predicted FL for a model parasitic pathogen. The value of parameter L was not
included in the sensitivity analysis, as it does not affect FL. It is worth noting, however,
that in instances where L was predicted to be greater than the experimental (simulation)
period the overall FLL was underestimated. The base values of model parameters are in
Table 4. For each set of predictions, the value of one parameter was varied at 0.1 intervals
between 0.5 to 1.5 times the base value, while keeping the other parameters at their base
values. The change in FL predicted for each alteration of the parameter values was
determined as a percentage of the FL when all parameters were at their base values. The

pathogen challenge dose was set to 2,000 macro parasites and the results are in Table 5.

The model parameters whose change in value affected FL during a pathogen challenge to
the greatest extent were found to be Tq, ¢, and D. The FL changed in an essentially linear
manner over this range of parameter values. The value of the parameter p did not have a
large effect on FL, within the range of values considered. The value of FL was not
linearly related to p, and as its value becomes small, the effects on FL were predicted to
be much greater. The reduction in FL caused by increasing the threshold Ty was due to its
proposed effects on A the lowest value of RFI. The large increase in FL that was observed
when increasing the value of ¢ was also through its effect on the predicted value of A. The
large effect of D on FL was through the time it maintains the lowest reduction in RFI, A.
The value of A and the parameters leading to it (Tq, ¢), and the value of D are identified as

the key parameters of the model.
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Table 5 The effect of changing the values of model parameters on predictions of the total

amount of feed intake lost (FL kg) relative to that for base parameters values (Table 4).

FL relative to base parameter values

Change in Ta R ) D p
parameter”
0.5 157.0 82.5 47.1 64.5 109.2
0.6 145.3 86.0 57.2 7iks) 106.1
0.7 133.9 89.5 67.5 78.7 104.0
0.8 122.9 63.0 78.1 85.7 102.3
0.9 111.6 96.5 89.0 93.2 101.2
1 100 100 100 100 100
1.1 89.3 103.2 111.6 107.2 09.2
1.2 78.7 106.9 122.9 114.2 98.5
1.3 67.9 110.3 134.8 121.6 979
1.4 57.6 113.6 146.9 128.8 97.4
1.5 47.4 116.9 159.2 136.0 96.9

*The value of each parameter was changed by X*base value

3.2.2 Predicting the Effects of Pathogen Dose on Feed Intake at Either a Weight or
Age

The model was used to predict the actual FI of a pig (initial BW 10kg). The feed was
balanced in terms of the ratio of energy to protein at the beginning of the simulation. The
predicted FI prior, during and after the pathogen challenge was considered in relation to
body protein weight, BW and age. The pig genotype was defined in the model as a typical
fast growing genotype (Knap, 2000), and comparisons were made between a healthy and
pathogen challenged animal. The effect of a bacterial challenge on the FI of a 10-kg pig

in relation to its healthy control is shown in Figure 5.

The intake of the challenged pig did not recover to the same level as that of the healthy
control, when the effects of the pathogen were over. At the same body protein weight,
however, there was no difference in intake between the healthy and challenged animals,
when the effects of the pathogen were over (data not shown). In this model, the level of
dose affects the extent of the reduction in FI and therefore the extent of the difference in

protein weight at a time.
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Figure 5 The predicted feed intake of a 10 kg pig challenged with a bacterial pathogen in

relation to a healthy control.

3.2.3 Predicting the Effects of Host Resistance and Pathogen Dose on RFI and RFL

The model was used to predict RFI and RFL of a host that was resistant (R) to different
extents on a hypothetical scale, during a parasitic pathogen challenge of different doses.
Predictions of RFI for a genotype that was made ‘susceptible’ having base parameter
values, and for a genotype that was resistant and assigned a value of 0.3 for resistance are

shown in Figure 6.

The ‘resistant’ genotype performed better. However, the predictions in Figure 6 show
differences in the time scale of the reductions in RFI. The resistant animal may already
have achieved its lowest reduction in RFI, while the susceptible animal was still reducing
its RFI. This may lead to unsuitable comparisons of RFI, at a time, for different
genotypes. The resistant genotype that was challenged with the medium dose of 3,500
parasites was predicted to have achieved the lowest reduction in RFI, while the

susceptible counterpart was still reducing its RFL
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Figure 6 Predictions of the relative feed intake (RFI) of two genotypes with different

degrees of resistance (R) that were challenged with three doses of a parasitic pathogen.

Simulations for relative feed intake lost (RFL) were performed for four different
genotypes with degrees of resistance on a hypothetical scale of 0 to 0.4 and for 7 different
challenge doses of a parasitic pathogen, Figure 7. The predictions show that a more
resistant genotype always performed better by having lower amounts of RFL. However,
the absolute difference between the different genotypes in RFL was more pronounced at
larger doses. This effect was observed due to the proposed effects of resistance on the
threshold T4 and the duration D of the lowest reduction in RFI. Predicted effects of
resistance and pathogen dose demonstrated that by using an insufficient or unsuitable
range of pathogen doses, or an in-sufficient time scale, could lead to misperceptions of

the effects of genotype on RFI and RFL.
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Figure 7 The total relative feed intake (RFI) lost during pathogen challenges of different
doses of a parasitic pathogen for different host genotypes that had different degrees of

resistance (R) expressed as a hypothetical scale of 0 — 0.5.

3.2.4 Predicting the Effects of Pathogen Dose and Virulence on RFI and RFL

The model was run for a range of pathogen dose and virulence. The predictions of RFI
against time are shown in Figure 8 for a pathogen of ‘normal’ virulence (0) and a
pathogen with medium level of virulence (0.3). Pathogen virulence was predicted to have
large effects on RFI, with the animal exposed to the more virulent pathogen having
greater reductions in RFI. However, as was the case for resistance, the effect of virulence
on the overall time scale of reductions in RFI through to full recovery of RFI showed
quite large differences for the different doses. In particular, as virulence was proposed to
both reduce the threshold T4 and increase the value of o, the lag time was predicted to be
much shorter for the largest dose used. The model was also used to predict the responses
in RFL for 7 pathogen doses at 4 levels of virulence. The effect of virulence on absolute
RFL was also more pronounced at greater pathogen doses. Pathogens that were more

virulent caused greater RFL to be predicted at all doses.
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Figure 8 Predictions of the relative feed intake (RFI) of two kinds of a parasitic pathogen
with different degrees of virulence (V) as a hypothetical scale from 0 to 0.5 that were

challenged with three doses of a parasitic pathogen.

3.2.5 Predicting the Effects of Host Resistance, Pathogen Dose and Virulence on RFL

Predictions were made of the RFL for different combinations of host resistance, pathogen
dose and virulence. The results of predictions of RFL, at a dose, for different amounts of
resistance and virulence are shown in Figure 9. At higher resistance, virulence was not
predicted to have a large effect on RFL. However, at low resistance the effect of
increasing virulence was more pronounced. At a high virulence, it was predicted that RFL
would be affected to a smaller extent as resistance was reduced from 0.5 to 0.3. A larger
increase in RFL was predicted at a high virulence when resistance changed from 0.3 to 0.
The interactions arose from the relative effects that resistance and virulence were
proposed to have on the values of the key parameters of the model (Tq and D). The
balance between effects of host resistance, pathogen dose and virulence seems to be a key
component when considering reductions of RFI and RFL during pathogen challenges of

different host genotypes.
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Figure 9 The relationship between the total amount of relative feed intake lost (RFL) and
degree of pathogen virulence and host resistance that were both on a hypothetical scale

from 0 to 0.5 at a pathogen dose of 2,000 parasites.

3.3 Discussion

Although the effects of sub-clinical pathogen challenges on FI have long been
recognized, no general model has been proposed. That proposed here is a starting point
for predicting the relative and actual FI of animals challenged by pathogens. The model is
a more general and comprehensive than previously published attempts (Henken et al
1994a, b; Kyriazakis ef al. 1998; Black ef al. 1999). The phenomenon of reduced FI
during challenge has been considered explicitly, and generally, for different kinds of
pathogens. The model may also contribute to our understanding of the mechanisms by
which different kinds of pathogen challenges (species, dose, and virulence) affect the FI

of hosts that have different levels of genetic resistance.

An assumption is that only animals that are naive to a particular pathogen show a reduced
FI. For animals that are continuously exposed to a pathogen this assumption would seem

to hold (Kyriazakis et al. 1996; Greer et al. 2005). Feed intake appears not to be reduced
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in animals that have acquired immunity, and recovered from the initial challenge, even
during continuous exposure to the pathogen (Kyriazakis e al. 1996; Greer et al. 2005). It
was further assumed that an animal fully recovers from a challenge, in terms of RFI. The
model could be modified to account for partial recovery through a reduction in the

animals genetic potential for growth.

Animals may lose some of their acquired immunity when their exposure to pathogens is
discontinued (Barger, 1988; Jackson ef al. 2004). The question raised is whether a loss of
acquired immunity would lead to reductions in FI during re-infection. Greer et al. (2005)
challenged immune ewes 2 wk after drenching and removal of pathogen exposure; they
observed no reductions in FI. Hence, the rate of loss of the expression of acquired

immunity may be slow, and its value in relation to reductions in FI needs determining.

The mechanism underlying the reduction in FI during pathogen challenges is not clear
(Kyriazakis et al. 1998; Black ef al. 1999; Kyriazakis, 2003; Schinckel ef al. 2003). A
pathogen challenge may directly affect FI and consequently growth (Kyriazakis et al
1998). Alternatively the potential for growth may be reduced, which leads to reduced
requirements and consequently a reduced FI (Schinckel ef al. 2003). Some authors argue
that both mechanisms act simultaneously (Black et al. 1999; Broussard et al. 2001). The
experiments of Bown ef al. (1991) and Kyriazakis et al. (1994) are in support of a direct
effect of a pathogen challenge on FI. Bown et al. (1991) challenged sheep with
Trichostrongylus colubriformis that were given a basal feed with or without an abomasal
infusion of either energy or protein. Extra protein, but not energy produced a rate of N
retention equal to that of the uninfected controls. Treatment did not affect FI. These
results suggest that the reduced performance was due to a direct effect on appetite, rather

than to the potential for growth being reduced.

Kyriazakis ef al. (1994) showed that sheep challenged by pathogens and given a choice of
feeds with different crude protein contents favoured the high protein feed. This would be
expected if the animals had a reduction in FI, but not if the animals had a reduction in
their potential for growth. The reduction in protein requirements due to a reduced
potential would likely be greater than the increased requirements for protein associated

with parasitism.
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On the other hand, Williams ef al. (1997a,b,c) fed pigs feeds of different protein contents
in environments intended to have either high or low effects on the immune system (IS).
Williams ef al. (1997a) found that intake in the high IS environment was 0.919 of that in
the low IS environment, but this effect was not formally significant. In further
experiments (Williams et al. 1997b,c) the reduction in FI in the high IS environment was
similar in magnitude and in some cases formally significant. There was no significant
interaction of the level of immune system activation and the feed crude protein content in
any of the above three experiments. The upper limit to protein retention of pigs kept in
the high IS environment was estimated as 0.74 of those in the low IS environment
(Williams et al. 1997a,b,c). These findings as a whole support a direct effect on appetite,
and suggest in addition an effect on the upper limit for protein retention, in agreement
with the results of Webel et al. (1998a,b). Black ez al. (1999) have also proposed this dual

effect.

Reductions in FI in naive animals acquiring immunity may be beneficial for the animal
(Kyriazakis et al. 1998; Bazar et al. 2005). Reductions in FI may also occur due to the
pathogen manipulating the host. Greer et «l. (2005), however, found that
immunosuppression prevented immunologically naive sheep challenged with a
gastrointestinal parasite developing any reductions in FI. This would suggest that a
reduction in FI during pathogen challenges is a host response, rather than being caused by

the pathogen manipulating the host.

Several factors have been proposed as the specific cause of the reduction in FI during
pathogen challenges (see reviews by Johnson, 1998; Broussard ef al. 2001). These
include members of the cytokine family (Langhans, 2000) and leptin (Grunfeld et al.
1996). Faggioni ef al. (1997) using mice that were genetically unable to produce leptin
found that a challenge with LPS still produced anorexia. Cytokines have multiple effects
on the host (Miyajima ef al. 1992; Sanchez-Cuenca ef al. 1999). Therefore, such kinds of
evidence would unlikely provide an answer to whether either of the above two

mechanisms causes reductions in FI during pathogen challenges.

The model presented is for a host that is challenged by one pathogen at a time; it is
possible that the challenge is by more than one pathogen. The assumptions made in such
an event are that the effects on the host will either be additive or multiplicative (Sykes &

Greer, 2003). Taylor et al. (1989) and Parkins et al. (1990) challenged calves with two
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pathogens (Ostertagia ostertagia and Cooperia oncophora) either singly or in
combination. The combined challenge caused a reduction in FI that was no greater than
that caused by the single challenge that gave the greater effect. Effects of multiple
challenges may also be expected to depend on the dose at which an animal becomes

clinically diseased (Sykes & Greer, 2003).

The proposed model can be developed further to account for the effects of pathogen
challenges on energy and protein requirements as affected by pathogen kind and dose.
This may include the effects of fever on energy requirements (Akinbamijo et al. 1997;
Escobar et al. 2004) and the effects of acquired and innate immune functions on resource
requirements (van Houtert & Sykes, 1996; Coop & Kyriazakis, 1999, 2001). The
extended model will need to account for apparent differences, or not as might be the case,
of resource partitioning during disease. It is important that the description of the ‘level of
challenge’ that a particular animal is exposed to is sufficient. In the current model, as was
dictated by literature data, no scaling rule was used for the pathogen challenge doses. A
scaling rule needs to predict the dose that would be equivalent for animals of different

mature and current sizes (Greer et al. 2005).

Even after recovery an animal that had been challenged was predicted by the model to
have reduced FI at a time compared to its healthy counterparts. Pathogen challenges may
affect only a proportion of animals in a group (Yu et al. 2000), and to different extents
depending on the level of challenge, resulting in the variation in FI at a time to increase.
Predictions of RFI of hosts that were made to have different resistance and challenged by
different levels of pathogen showed that it is very important to consider the entire time
course of reductions in RFI. Otherwise, the effects of a pathogen challenge may be

greatly misinterpreted.

Parameterization by using the average RFI of animals challenged by pathogens, when
averaged over a period of time, may lead to an underestimation of one of the essential
parameters of the model: the lowest possible value of RFI during sub-clinical disease, s
In the model the lowest value of RFI that is allowed during sub-clinical pathogen
challenges was 0.72. Yu et al. (2000), when discussing sheep challenged by
Trichostrongylus colubriformis, stated that ‘daily intakes were reduced by up to 30%
during wk 5 to 7 of dosing and up to 50% during wk 11 to 13 of dosing in individual

animals, yet some did not experience any inappetence.’ This large variation in reductions
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in FI has also been observed when analysing data of individual sheep from the experiment
of Kyriazakis et al. (1996). The proposed value of Ag (0.72) that is used in the model may
therefore be an underestimate. It may be better to determine the values of the model
parameters from the RFI of individual animals, from which average values of parameter
values could be obtained. Animals that do not show reductions in RFI should not be
included as it can not be certain that they have exceeded their threshold for reductions in
FI to occur. The parameterization of the model, in this way, may become very important

when considering different host genotypes.

An animal that copes better in terms of FI at a given pathogen load is by definition more
resistant. This definition of resistance has been used by Akinbamijo et al. (1997) for the
case of trypanosomes and by Bishop & Stear (2003) for other pathogens. This definition
is useful for production animals exposed to a variety of pathogens. A description of host
resistance requires more information as input to the model. A simplifying assumption
would be that resistance is a general property of the host that had similar proportional

effects on the value of all of the parameters of the model.

The issue of predicting reductions in FI during pathogen challenges is important not only
for nutritionist, but also for breeders. The large variation that has been observed for
reductions in FI during pathogen challenges could be a viable point of selection. The
points highlighted in this paper may need to be taken into account during genetic
selection: the effects of dose and time on the FI of animals challenged by pathogens,

during and after their FI having been affected.
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Chapter 4
The effects of pathogen challenges on the performance
of naive and immune animals: The problem of

prediction.
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4.1 Abstract

Predictive frameworks for performance under both physical and social stressors are
available, but yet no general framework exists for predicting the performance of animals
exposed to pathogens. The aim of this paper was to identify the key problems that would
need to be solved to achieve this. Challenges of a range of hosts by a range of pathogens
were reviewed to consider reductions in growth beyond those associated with reductions
in voluntary food intake, VFI. Pair-feeding and marginal response studies identified the
extent, and mechanisms of how further reductions in growth occur beyond those caused
by reduced VFI. Further reductions in growth were pathogen, host, dose and time
dependent; in some instances reductions in FVFTJ fully explained reductions in growth.
Marginal response experiments showed increased maintenance requirements during
exposure to pathogens, but these were different for specific amino acids, with no clear
effects on marginal efficiency. Innate immune functions, repair of damaged tissue and
expression of acquired immunity caused significant but variable increases in protein
(amino acid) requirements. More resistant genotypes had greater requirements for
mounting immune responses. The partitioning of protein (amino acids) was found to be
different during pathogen challenges. Prediction of the requirements and partitioning of
amino acids between growth and immune functions appears to be a crucial problem to
solve when predicting performance during pathogen challenges of different kinds and
doses. The problems of accounting for reductions in performance during pathogen
challenges that are described here may provide a useful starting point for future modelling

and experimental solutions.

4.2 Introduction

Predicting the effects of physical (Black er al. 1986; Wellock ef al. 2003a), social
(Wellock et al. 2003b) and infectious (Black et al. 1999) stressors on performance is
important for guiding future management, genetic selection and experimental strategies.
No general model exists that predicts growth and performance of different host genotypes,
when given access to different kinds of foods and challenged by pathogens. The aim of
this paper was to characterize reductions in growth during exposure to different kinds and
amounts of pathogen that were not caused by a reduction in voluntary food intake
(Sandberg ef al. 2006). This allowed for the main consequences of pathogen challenges

that would need addressing in a predictive framework of growth to be identified.
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There is no general agreement on the overall problems that need solving in order to predict
growth during pathogen challenges (Black ef al. 1999: Coop & Kyriazakis, 1999;
Powanda & Beisel, 2003). A general but comprehensive model may provide a clearer
background for the design of future experiments, and help improve our current
understanding of pathogen challenge — host — nutrition interactions. To achieve this, three
kinds of problems were considered in this review. The extent of reductions in growth
independent of those caused by reduced voluntary food intake was assessed using pair-
feeding and marginal response experiments. Data that permitted further characterisation of
changes in requirements during pathogen challenges were then considered. The final part
problem considered was the partitioning of scarce protein and energy between

maintenance, growth and immune functions.

Sandberg ef al. (2005a,b) described solutions to the partitioning of scarce resources in
healthy animals. A solution which predicted the marginal response in protein retention, PR
g/d, to ideal protein intake from the energy to protein ratio of the food (Kyriazakis &
Emmans, 1992ab) agreed well with literature data. This solution coupled with protein
(Moughan, 2003) and an energy (Emmans, 1994) system allows the prediction of actual
growth as rates of PR and lipid retention, LR g/d. To predict growth during health, sub-
clinical and clinical disease it is necessary to test for consistency with the components of
the above framework, and identify any additional components, which apply during

pathogen challenges.

Previous reviewers have considered one or several effects of pathogen challenges on
voluntary food intake, resource requirements or partitioning in relation to the ability of an
animal to cope with a challenge. Reviews have been from the perspectives of animal
production (van Houtert & Sykes, 1996; Coop & Kyriazakis, 1999, 2001; Koutsos &
Klasing, 2001), human medicine (Powanda, 1977; Powanda & Beisel, 2003) and
evolutionary ecology (Sheldon & Verhulst, 1996; Lochmiller & Deerenberg, 2000). The
overall problem considered in all of these fields was how pathogen challenges (kind, dose
and virulence) affect the level of disease and rate of growth of an animal, when given a
certain kind of food. The approach taken here is different, in that it considers the
consequences of pathogen challenges that need including in a predictive framework. The
requirements and partitioning of both protein (amino acids) and energy were considered

for different pathogens and hosts. The critical analysis of literature evidence combines to
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provide a description of the overall problem of reduced performance during pathogen

challenges, and may provide a starting point for predictive and experimental solutions.

4.3 Accounting for reductions in growth during pathogen challenges
The following conceptual equation (e.g. Parks 1982) provides a starting point for
accounting for reductions in rates of growth, dW/dt, during different pathogen challenges,

which is the problem considered here:

dW/dt = ey, (VEI—m. W) (1)

where e, is the net efficiency of using a food for live weight gain, VFI is the voluntary
food intake and m represents the multiplier of live weight, W, to determine requirements
for maintenance. Reductions in VFI (Sandberg ef al. 2006) or efficiency of resource use
(Sykes, 2000), or, increased maintenance requirements (Black et al. 1999; Houdijk et al.
2001) could lead to reductions of dW/dt. Reductions in growth could also occur due to a
combination of these factors. Further ‘marginal response’ relationships have also been
proposed, which relate to specific resources such as protein or energy intakes to PR and
LR e.g. Kyriazakis & Emmans (1992ab) and Black ef al. (1986). The problem was to
identify which components of these relationships may be affected during pathogen

challenges.

To assess the effect of pathogen challenges on components other than FF7 in Equation 1
(and equivalent parameters for other marginal responses) data from pair feeding and
marginal response experiments were first considered. The aim was fo identify the extent,
and the mechanism(s), by which growth was reduced during pathogen challenges. When
considering marginal response experiments it seemed necessary to consider also the
effects of pathogen challenges on resource digestibility and protein quality (biological
value). Other kinds of evidence for quantifying the causes of reductions in growth beyond
those caused by a reduction in food intake such as repair of damage, cost of mounting an

immune response and fever were then considered.

4.3.1 The characteristics of reductions in growth during pathogen challenges
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4.3.1.1 Responses in growth during pair-feeding

To compare rates of growth of an uninfected and a challenged animal a pair-feeding
method can be used to eliminate differences in growth due to differences in VFI. One of
the main effects of exposure to pathogens is a reduction in VFI (pathogen induced
anorexia, Kyriazakis ef al. 1998). The healthy control is given the same amount of food as
the challenged animal, at a time, but for practical reasons often with at least one day’s
delay. In principle, their rates of growth can then be compared to quantify reductions in
growth that are not associated with reduced VI i.e. changes in digestibility or biological

value, requirements or partitioning.

4.3.1.1.1 Parasitic challenges. Experiments with abomasal parasites such as Teladorsagia
(Ostertagia) circumcincta and Ostertagia ostertagi have shown that challenged animals
grew slower than their pair fed controls (Sykes & Coop, 1977; Fox et al. 1989). The
average live weight gains of sheep challenged with 7eladorsagia circumcincta were 0.79
of their pair fed controls (Sykes & Coop, 1977). Nitrogen balances performed at wks 2-3,
7-8 and 12-13 post infection demonstrated time dependent effects on the nitrogen balance:
live weight gains for the challenged sheep for weeks 2-8 were 0.66 of the pair-fed
controls. Reductions in growth in naive hosts are related to the time course of an infection,

and may reflect the acquisition and expression of immunity (Coop & Kyriazakis, 1999).

Mansour et al. (1991, 1992) challenged calves with either a single, or a trickle dose of the
abomasal parasite Ostertagia ostertagi and found no difference in average growth rate
between challenged calves and their pair-fed controls. The observation may have been due
to the size of the challenge doses: the single dose was 609 larvae/kg BW and the trickle
dose was 7 larvae/kg BW/d. Fox et al. (1989) using the same type of parasite, but a larger
trickle dose (98 larvae/kg BW/d) found differences in growth rate between challenged
calves and pair-fed controls. The effects of abomasal parasites on growth, beyond effects

on VFI, depended on both the level of challenge and the stage of infection.

The immunological state of an animal i.e. whether it is naive to a pathogen, or whether it
has acquired immunity needs to be accounted for when comparing rates of growth of
challenged and healthy animals. Takhar & Farrell (1979b) found no differences in growth
rate between immune chicks (data indicated increased F7) and healthy pair-fed controls
when re-challenged with Eimeria acervulina or Eimeria tenella. There were, however,

clear differences in growth between pair-fed controls and immunologically naive chicks.
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Immune animals may cope with larger challenge doses compared to immunologically

naive animals before effects on growth occur.

Kimambo et al. (1988) challenged sheep with Trichostrongylus colubriformis (a parasite
of the proximal small intestine) and found the average diW/dt of the challenged sheep to be
0.11 and 0.83 of the pair-fed controls between weeks 6-13 and 13-20, respectively. As
indicated by faecal egg counts and blood eosinophil counts the sheep were starting to
express immunity somewhere during weeks 6-13. During weeks 13-20 the sheep were
fully immune with faecal egg counts reduced to zero, but as this was a continuous
challenge (2500 larvae per day) blood eosinophil remained elevated. The 17% reduction in
growth (wks 13-20) suggested a cost of expressing immunity. The findings of MacRae et
al. (1979) are in quantitative agreement, and those of Symons & Jones (1975), Poppi et al.
(1986) and Datta et al. (1998) agree qualitatively.

Pair-feeding experiments with parasites other than those affecting the stomach and small
intestine have also shown reductions in growth beyond those caused by reductions in food
intake. The liver parasite Fasciola hepatica given at a low dose (3 metacercariae per host)
did not cause any significant differences in the rate of growth or body composition
between parasitised sheep and their pair-fed controls (Sykes et al. 1980). At higher doses
(8 and 14 metacercariae), the challenge did have effects on growth compared to pair-fed
controls. These findings are in support of those for abomasal parasites where reductions in

growth, when compared to pair-fed controls, depended on the level of challenge.

Akinbamijo et al. (1997) found that calves of two breeds (N’Dama and Gobra zebu bulls)
challenged with a blood borne parasite (7rypanosoma congolense) grew slower than their
pair-fed controls, but the two breeds were not affected to the same extent. Abbott ef al.
(1985) also found effects of genotype (Finn Dorset vs Scottish Blackface sheep) and
nutrition (high or low protein) on differences in growth rate between sheep challenged
with Haemonchus contortus and their pair-fed controls. In the case of the effect of
nutrition, the lower reduction in growth seen for the higher protein diet would have been
associated with the extent of damage. The effect of host genotype is more difficult to
explain. It may be the outcome of greater genetic resistance, an outcome of damage
affecting a genotype to a lesser extent than others, or the outcome of genotypes used

(growth potential and resistance) and the level of nutrition. A framework of growth during
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pathogen challenges would need to distinguish between these factors causing reductions in

growth.

4.3.1.1.2 Bacterial challenges. Experiments with intravenously administered bacteria
(Ruot et al. 2000; Papet et al. 2002), lipopolysaccharide, LPS, (Steiger et al. 1999), and
local (nasal or oral) bacterial (Wannemacher et al. 1971; Powanda et al. 1971:
Wannemacher et al. 1974), or, bacterial antigen challenges (Klasing ef al. 1987; Arnold et
al. 1989) have shown reductions in growth that were not associated with reduced VFI.
Challenges with LPS, while not a ‘true’ bacterial challenge, stimulate a similar kind of
response, but of smaller and shorter magnitude, to that of bacterial challenges. As for
macro-parasites these effects were dose dependent since Hunter & Grimble (1997) and
IRaina et al. (2001) failed to demonstrate any reductions in growth that were not associated

with reduced VFI in LPS challenged rats.

Klasing et al. (1987) challenged growing chicks with non-pathogenic antigens (sheep red
blood cells or sephadex), bacterial antigens (Escherichia coli or Salmonella typhimurium
LPS) or heat killed Staphylococcus aureus. Pair feeding was done four times per day to
account for rapid effects of bacterial antigens on FFI. The relative growth rates
(challenged growth rate/control growth rate) of chicks challenged with non-pathogenic
antigens (0.90) and pathogenic antigens (0.83) were different. This may suggest that a host
may respond in relation to the kind of pathogen challenging it (for a review see Baxter &
Hodgkin, 2002). The more virulent pathogen may have stimulated a greater immune
response, rather than causing more damage to the host and through a larger resource
requirement of the greater immune responses had greater reductions in growth (see

below).

4.3.1.1.3 Viral challenges. A smaller number of experiments were identified that
considered the effects of viral challenges on growth in pair-fed animals compared with
parasitic and bacterial models. Zijlstra et al. (1997) found that pigs (starting weight =
1.5kg) infected with rotavirus grew slower than their pair-fed controls. The findings of
Koyama et al. (1997) agree as rats challenged with adenovirus also grew slower than their
pair-fed controls. Roberts & Almond (2003) found no difference between pigs challenged
with porcine respiratory reproductive syndrome (PRRS) virus and Mycoplasma
hyopneumoniae and their pair fed controls. This may have been due to the pathogen or

dose used, or due to the nature in which the data was analyzed (average growth rate
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calculated over several weeks). Several experiments have shown that reductions in growth
beyond those caused by reduced VFI were variable over the time course of pathogen

challenges.

The experiments considered here included a variety of pathogens and hosts. Naive and
immune animals responded differently, with little or no reductions in growth in immune
animals. The extent of unaccounted reductions in growth in immunologically naive
animals during pathogen challenges were, as expected, both pathogen (kind and dose) and
time dependent. The literature data suggested, however, that over a certain range of doses,
reductions in VFT fully explained reductions in growth. Effects on growth, beyond reduced
VFI, depended on both host genotype and nutrition. To assign mechanisms for these

effects on growth, marginal responses are now considered.

4.3.1.2 Responses in growth to resource intake

Marginal response experiments determine the amount of food (or resource) that is required
for an animal to maintain component weight; thereafter rates of growth increase along the
margin until a maximum response is achieved. In Equation 1 weight gain is made a
function of VFI. It may be better to consider the response to a specific resource (either
protein or energy), as it may allow for a better accounting of the effects of pathogen
challenges. The relationship between protein retention, PR g/d, and ideal protein intake, /P
kg/d is a typical example of a marginal response. IP is the product of VFI, the crude
protein content of the food CPC (kg/kg), its true ileal digestibility, dcp, and the biological

value of the protein (see below), v:

PR = e, (VFI.CPC.dcpv)—MP) (2)

where ¢, is the marginal response of PR to IP, above maintenance, MP kg/d, and the
relationship applies when PR < PR, g/d, the animals’ maximum genetic potential for
PR. Both energy supplies in relation to protein intakes (reviewed by Sandberg et al.
2005b) and stressors (Wellock et al. 2003b) may prevent the attainment of PRy To try
to identify how reductions in growth occur during pathogen challenges, food digestibility,
biological value and marginal responses (including PRyq., MP and e,) are now considered

in turn.
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4.3.1.2.1 The digestibility of food during pathogen challenges. The amount of protein or
energy that is available to an animal is the outcome of the amount of organic matter
entering the gastrointestinal tract and its true digestibility. A pathogen challenge may
affect the ability of a host to break down and absorb organic matter causing a reduction in
available protein and energy (Turk, 1972). The literature is not consistent, however, on
whether there are effects on true or apparent digestibility (Sykes & Greer, 2002). For this
purpose it is important to consider the main site of infection of a particular pathogen. A
pathogen that causes damage to the gastrointestinal tract could affect the ability of the host
to digest organic matter components of a food. On the other hand, pathogens, which do
not affect the gastrointestinal tract, would not be expected to affect either digestion or

absorption (Klasing & Barnes, 1988).

The apparent digestibility of protein was reduced during pathogen challenges with
parasitic worms of the stomach, small and large intestine in pigs (Hale, 1986). The
reduction in apparent digestibility was smaller for pathogens that affected mainly the
stomach, compared to parasites of the small and large intestine (Hale, 1986). The
additional nitrogen excreted in the faeces, however, may have been associated with
nitrogen leakage due to tissue damage and other endogenous nitrogen containing
secretions e.g. mucin or plasma, and not due to a reduction of organic matter digestibility.
Pathogen challenges affecting the small intestine or parts further down of the
gastrointestinal tract may result in damaged (or leaked) tissue not being digested and
reabsorbed, while endogenous nitrogen leaving the stomach may be fully or partly re-
absorbed in the small intestine. The observation that parasites of the small intestine
(Trichostrongylus colubriformis: Kimambo et al. 1988) causing greater effects on growth,
beyond those associated with reduced VF7 when compared with parasites of the stomach

(Teladorsagia circumcincta: Sykes & Coop, 1977) is in support of this.

The true digestibility of organic matter during pathogen challenges has also been
estimated. Symons & Jones (1970) estimated the true digestibility of protein using
radioactively labelled protein in monogastrics (mouse and rat) and ruminants (sheep).
They found no effect of large single doses with either one of three different
gastrointestinal nematodes (Nematospiroides dubius, Nippostrongylus brasiliensis and
Trichostrongylus colubriformis) on the true digestibility of protein. Poppi et al. (1986)
using duodenal and ileal cannulas in sheep continuously infected with a sub-clinical

trickle dose of Trichostrongylus colubriformis found a reduction in apparent digestibility,
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but no effect on the true digestibility of nitrogen. Sykes & Greer (2003) considering

further evidence for sheep are in agreement.

At low to moderate level challenges of the gastrointestinal tract, it appears that the true
digestibility of food resources is not affected. It is likely that any effects on the ability of
the host to digest organic matter will depend on the extent of damage caused by the
pathogen. Damage incurred by a host increases with increasing levels (doses) of a
challenge (Symons et al. 1981) and the virulence (Turk, 1972) of a pathogen. It may be
necessary to identify the doses and virulence at which true digestibility and absorption
could be affected. This would allow the important distinction to be made between
pathogen challenges that cause either only damage, or, damage and reductions in true

organic matter digestibility.

4.3.1.2.2 The ideal amino acid composition of food protein during pathogen challenges.
Once reductions in VF7 and any effects on the digestibility of food resources have been
taken into account, the biological value (or idealness) is the final measure of protein
(amino acid) supply. The biological value (denoted by v in Equation 2) is calculated from
the ratio of the first limiting amino acid (44) in the food to that in a reference protein e.g.
pigs whole body protein. The aim of this section was to determine how immune proteins
differed in their amino acid contents, A4C gAA/kg CP, to that of a ‘reference protein’
used for healthy animals, as v is an important measure of protein supply. The ratio of
essential to non-essential A4 ’s, becomes particularly relevant for low protein foods
(Deschepper & de Groote, 1995), as the total amount of non-essential 44 s may become

limiting.

Animals may produce significant amounts of certain nitrogenous compounds such as
cytokines, antibodies, acute phase proteins or specific immune cells during pathogen
challenges. Beisel (1977) and Wannemacher (1977), amongst others, have proposed that
such immune responses lead to specific requirements for certain amino acids. Immune
proteins and cells have been found to contain high proportions of certain 44 s (Reeds et
al. 1996). Immune cells may also have high requirements for certain essential e.g. sulphur
AA (Grimble & Grimble, 1998) and non-essential e.g. glutamine and arginine
(Newsholme, 2001; Field ef al. 2002) AA’s. Table 1 summarises the A4C of acute phase
proteins (Reeds er al. 1996), other immune proteins (Houdijk & Athanasiadou, 2003),
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colostrum and milk (Csapo’-Kiss ef al. 1995) and a reference protein (whole body protein

of pigs; Kyriazakis et al. 1993).

The comparison of colostrum and milk is included as colostrum contains a large
proportion of maternal antibodies. There are some marked differences between the
different kinds of proteins in terms of their 44C. The proteins considered in Table 1
included proteins part of the innate immune responses (acute phase proteins) and proteins

normally associated with expression of acquired immunity (immunoglobulins).
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The AAC of acute phase proteins, APP's, was calculated as the average of 6 acute phase
proteins (C-reactive protein, fibrinogen, alpha-1-glycoprotein, alpha-1-antitrypsin,
haptoglobin and Amyloid A) and compared to the reference protein. Large differences
were noted (44C of APP’s vs AAC reference protein) for phenylalanine (72 vs 38g aa/kg
CP), tyrosine (57 vs 25g aa/kgCP), tryptophan (32 vs 8g aa/kgCP) and threonine (57 vs
38g aa/kgCP). The largest differences between the average of the two immunoglobulins
and the reference protein were tryptophan (23 vs 8g aa/kgCP), valine (88 vs 47g
aa/kgCP), cysteine (34 vs 10g aa/kgCP) and threonine (89 vs 38g aa/kgCP). Serine, a non-
essential 44, was present at greater concentrations in both kinds of immune proteins, and
especially in immunoglobulins (115 vs 40g aa/kgCP), and McRae (1993) has discussed its

potential importance during pathogen challenges.

There were very large differences for the amino acid contents of immune proteins to that
taken to be the normal reference amino acid content. The important issue, however, is
whether the total requirement for ‘ideal protein’ for potential growth, PR,./ep, and that
for making immune proteins, /MP/e, g/d, and their amino contents lead to a continuously
changing reference protein in challenged animals. It is assumed that PR, is the animal’s
genetic maximum for protein retention and that /MP is the amount of immune protein
produced at a particular point in time. It is also assumed that e, is the same for both
challenged and healthy animals. During health, v is taken as a constant for a given kind of
food and reference protein. As the value of IMP changes over the time course of an
infection, it may be necessary to calculate v by weighting the requirements and AAC of

the protein requirements for growth and immune responses:
V= (((PRmar/ep). AACoronm) + (IMP/ley). AACin)) / ((PRmax + IMP)/ep) / A4ACo0a 3)

where A4 Cgowu 1s the normal reference protein, A4C;, is the AAC of the immune proteins
and the content of the food protein is 44Cj,0. The potential protein retention (PRpay) 18
used in Equation 3 as it is necessary to estimate v from potential protein requirements
before predicting the partitioning of ideal protein towards actual PR. As PRyq, (due to

host state) and JMP (due to stage of infection and level of challenge) change over time it



would be necessary to perform the above calculation on a time step basis. Modelling
simulations would provide a more robust test of whether the ideal protein concept needs
replacing (or revising) during pathogen challenges by taking into account changes in

requirements for individual amino acids for both growth and immune functions.

4.3.1.2.3 Effects of pathogen challenges on the upper limit for growth. It is reasonable to
assume that an animal has an upper limit for growth, which is defined by its genotype and
state e.g. Emmans & Fisher (1986). In marginal response experiments, it is assumed that
this limit is achieved when no further response is observed to additional levels of resource
intake: the linear-plateau concept. During pathogen challenges it would appear that
challenged animals have not achieved the same upper limit for growth as their healthy
controls (Willis & Baker, 1981a,b; Williams et al. 1997a,b,c; Webel et al. 1998a). The

authors’ conclusion was that the “potential upper limit” for growth was reduced.

Webel et al. (1998a) found a lower plateau (maximum) for PR for LPS challenged chicks
than their healthy controls, while Willis & Baker (1981ab) found that chicks challenged
with Eimeria acervulina had a lower plateau for average daily body weight gain. The
reduction in PR, was estimated roughly to be 25% from Williams et al. (1997a,b,c) for
pigs in a high immune stimulation environment, while Webel et al. (1998a,6) found a
reduction of 11% for the response to lysine, but not for threonine or arginine in chicks. A
plateau, however, may also arise due to insufficient amounts of energy in relation to
protein, or due to exposure to a non-infectious stressor (Kyriazakis & Emmans, 1992b;

Wellock et al. 20035b).

Kyriazakis & Emmans (1992b) showed that a reduction in the marginal efficiency for
growth produces a plateau response, and that the marginal efficiency depended on the
energy to protein ratio of the food. Williams et al. (1997a,b,c) used foods with different
energy to protein ratios, and the highest level of protein, which was the only level that
yielded a plateau response, had an energy to protein ratio close to the critical value for a
reduction in efficiency to occur (Sandberg et al. 2005b). The findings of Webel et al.

(1998a,b) and Williams et al. (1997abc) do not, as some authors have assumed e.g.
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Escobar et al. (2004), necessarily show that an animal’s upper limit for growth is reduced

during pathogen challenges.

A reduction in appetite (anorexia) could also result in the kind of responses that have been

observed for marginal responses. The experiments of Willis & Baker (1981a,b), Williams

et al. (1997a,b,c) and Webel ef al. (1998a) were performed over a defined time, rather

than weight range. Effects of pathogen challenges on growth are often transient, with an

initial drop in growth rate, after which the animals recover as shown in the example from

Hein (1968) in Figure 1.
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Figure 1 The effect of different single challenge doses of Eimeria acervulina on the live

weight, LW g, of chicks over the time course of an experiment, including the acute- and

post-infection phase (Hein, 1968).

The transient drop (2 — 3 days long) in growth rate shown in Figure 1 dictated the extent

to which the healthy and challenged animals differed in size after they had overcome the
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infection (post-infection). The extent of the difference depended on the dose of oocysts of
Eimeria acervulina. As the challenged animals were smaller post infection they would
also have a smaller upper limit for growth at a time, compared with healthy controls. In
the marginal response experiments that were mentioned earlier, calculations of average
growth rates included post-infection growth rates. This would bias the average growth rate
of challenged animals downwards, but the difference would be detectable at only higher

protein intakes.

Bown ef al. (1991) found that sheep given abomasal infusions with nitrogen, while
challenged with a gastrointestinal parasite achieved the same level of nitrogen retention as
their healthy controls; thus their data do not support a reduced upper limit for growth. It is
difficult to design an experiment that would allow the two mechanisms (reduced potential
versus reduced appetite) to be distinguished. A possible solution could be to combine the
experimental methodologies of pair feeding and marginal response experiments where
challenged animals and healthy (pair fed) controls are given foods with different protein
contents. On the other hand, it could be possible to use an infusion approach with different
levels of nutrient infusion and where nitrogen balance is measured over the entire period
of an infection. Future modelling attempts, using either mechanism, may contribute

towards our understanding of how growth is reduced during pathogen challenges.

4.3.1.2.4 Effects of pathogen challenges on maintenance. Marginal response experiments
to address this were identified for five different kinds of ‘pathogen challenges’. A ‘high
immune system activation’ treatment of pigs (Williams et al. 1997a,b,c), a bacterial
antigen challenge of chicks (LPS, Webel ef al. 1998), challenges with gastrointestinal
parasites of chicks (Eimeria acervulina, Willis & Baker 1981a,b) and sheep
(Trichostrongylus colubriformis, Poppi et al. 1986, Datta et al. 1998) and a challenge of
pigs with blood borne parasites (Trypanosoma vivax, Fagbemi et al. 1990; Otesile et al.

1991). Data were analyzed using either linear or continuous linear plateau regressions.

The experiments of Williams et al. (1997a,b,c) and Webel et al. (1998a,b) were the only

experiments found in the literature, which have measured PR in relation to different levels
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of protein or amino acid intake during a ‘challenge’. In the experiments of Williams et al.
(1997a,b,c), foods with different crude protein contents were used (designed with lysine
as the first limiting amino acid). Webel er al. (19984,b) formulated diets to provide
different levels of lysine, threonine or arginine. The response in PR to lysine intake is
shown in Figure 2, for chicks challenged with LPS, with a continuous linear plateau

model (described in Sandberg et al. 2005b) fitted to the data.
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Figure 2 The response in protein retention (g/d) to digestible lysine intake (g/d) of chicks
challenged with LPS on every second day over an 11 day period, in relation to their
unchallenged controls (data from Webel er al. 1998a). A continuous-linear-plateau model

(described in Sandberg et al. 2005b) was fitted to the data.

The marginal response in Figure 2 was not different, while maintenance increased
slightly, and the challenged animals did not achieve the same maximum rate of PR, as
discussed earlier. The response varied with different amino acids ranging from a 1 to 1.3
times increase of healthy maintenance. Webel et al. (1998a,b) found that chicks

supplemented with lysine had an increased maintenance, while those with threonine
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tended towards an increase, with no effect for arginine. Different effects on maintenance
may suggest that amino acid requirements were affected to different extents. LPS
stimulates an acute phase response, including the production of acute phase proteins,
which have different amino acid contents to body protein retained in the healthy animal
(see Table 1). The experiments of Webel et al. (19984,b) also suggest that it may be
necessary to consider the requirements of individual amino acids to fully account for

reductions in growth during pathogen challenges.

The experiments of Williams et al. (1997a,b,¢) agree with those of Webel ez al. (1998a,b),
but with greater increases in maintenance in two cases (2.9 and 1.6 times their controls).
In both sets of experiments, however, the challenges used would be expected to have a
small to moderate effect on the host, compared to actual bacterial, viral or parasitic
challenges. To describe the effects of a particular pathogen on requirements for
maintenance it is necessary to perform experiments that account for the entire time course
of an infection. Marginal responses that are measured over the entire time course of
defined pathogen challenges, and in particular during the acute phase (as shown in Figure

1) of an infection, at different doses would allow this.

Marginal response experiments with limiting energy have shown increased maintenance
requirements as determined by regressions of energy retention against energy intake,
Figure 3. West African Dwarf goats challenged by Trypanosoma vivax (van Dam, 1996)

had approximately 1.2 times greater maintenance requirements than their healthy

counterparts.

Experiments with pigs are in further support of an increase in maintenance requirements
for energy (Fagbemi ef al. 1990; Otesile ef al. 1991). In these experiments the pigs were
challenged with the same dose of Trypanosoma brucei at two different live weights. The
10kg pigs (Fagbemi ef al 1991) had a greater increase in energy maintenance
requirements (2.2 times healthy controls) than 100kg pigs (Otesile ef al. 1991), which had

maintenance requirements 1.7 times of healthy controls. This suggests that animals of
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different sizes may have different changes in requirements at a challenge dose, but the

issue that remains is how to relate pathogen challenges to size.
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Figure 3 The marginal response in energy retention (ER) to metabolisable energy intake
(ME) for West African Dwarf goats challenged with Trypanosoma vivax; figure
reproduced from van Dam (1996) with permission. Regressions fitted with a common
slope; open symbols are the non-infected, and closed symbols are the infected goats: the
circles and triangles make the distinction between two different quality (low and high

resource content) foods.

The effects of different challenge doses on hosts of different sizes need to be accounted
for in both predictive frameworks and in the design of experiments. The issue is in two
parts: 1) what is the relevant measure of animal size when quantifying the effects of
pathogen challenges; 2) is it necessary to take into account, not only animal size, but also
an animal’s degree of maturity (or age) through some scaling rule? No clear data exists
which allows for a choice to be made between body weight, protein weight and protein

weight combined with a measure of fatness, as a measure of size. The second issue is even
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more difficult, and experiments that provide sufficient data to test it are needed.
Satisfactory quantification of a pathogen challenge becomes crucial when considering
interactions between dose, genotype and nutrition on the outcome of pathogen challenges.
This has not been considered in a large number of experiments that address these

interactions.

4.3.1.2.5 Effects of pathogen challenges on the marginal response. Pathogen challenges
have been found to have different effects on the marginal response in growth for different
pathogen challenges. Williams et al. (1997a,b,c) and Webel et al. (1998a,b) found no
effect of high immune system activation and LPS, respectively, on the marginal response
in PR to either protein or amino acid intake. Willis & Baker (1981a,b), using a specific
pathogen challenge (Eimeria acervulina) at different doses on chicks found a slight effect
on the marginal responses in live weight gain to amino acid intake at a larger dose. The
slope for chicks challenged with 2x1075 oocytes was reduced numerically by 10%, while
with a challenge of 1x1076 oocytes the slope was reduced significantly by 22%. Taken
together, however, marginal response experiments in monogastrics may suggest little

effect on the marginal material efficiency of growth.

Experiments with sheep where either live weight gain or nitrogen retention was regressed
against FI suggested an effect on the marginal response (Poppi et al. 1986; Datta et al.
1998). The marginal response of the sheep was not affected during the initial weeks of a
continuous challenge. Around the time when the sheep likely had the greatest worm
burdens (pathogen load) and just prior to starting to express immunity, the slope was
reduced and the intercept displaced, indicating a reduced marginal response and an
increase in maintenance. The marginal response was no different to that of their controls
once the animals had acquired immunity, and, overcame the challenge (Poppi et al. 1986;

Datta ef al. 1998).
The time dependent effect on the slope as suggested by Poppi et al. (1986) appears to

coincide with the accumulation of the worm burden for that pathogen e.g. van Houtert ez

al. (1995). These time (pathogen load) dependent effects on the marginal response may
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explain why Webel et al. (1998a,b) and Williams et al. (1997a,b,¢) did not find any
effects on the slope. LPS challenges have short-term effects, and Williams et al.
(1997a,b,c) used an undefined ‘high immune system activation’. To predict the effects of
pathogen challenges on marginal responses in growth to resource intake it may be
necessary to account for the kind and dose of pathogen together with the development of a
challenge over time. The effect of pathogen challenges on the marginal response in

growth, however, would appear to be small in magnitude.

4.3.2 The causes of increased requirements during pathogen challenges

Pathogen challenges cause increased requirements for both protein and energy, and these
appear to be variable for different kinds and doses of pathogens. In addition to marginal
response studies, it may be possible to quantify the increased requirements by considering
other kinds of evidence. Such evidence provides estimates of the protein and energy costs
of specific consequences of pathogen challenges. The quantitatively more important
consequences of pathogen challenges include mounting an immune response, repairing
damaged tissues and replacing lost fluids, and mounting a fever. In principle, such
evidence may be combined With~ that considered in earlier sections to provide a clearer

description of the nutritional costs that are associated with pathogen challenges.

4.3.2.1 The protein cost of an immune response

Attempts have been made to quantify the specific protein cost of mounting an immune
response either by trying to sum up the masses of immune proteins (Klasing & Calvert,
1999; Houdijk et al. 2001), or through direct experimentation (Pilorz et al. 2005). It is
difficult to derive such a cost, as the immune response consists of several different
components, many of which are expressed differently over the time course of a pathogen
challenge. Hosts may respond with innate or acquired immunity, or a combination of
these, dépending on the level of challenge and the stage of a particular infection (Heegard
et al. 1998; Klasing, 1998; Taylor-Robinson, 2000). An approximation of the protein cost
of mounting an immune response, however, could provide an initial estimate that could be
included in a predictive framework of resource requirements and partitioning during

pathogen challenges.
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Klasing & Calvert (1999) attempted to sum up the amounts of different immune proteins
of innate and acquired immune functions to estimate the cost (in terms of lysine) of
mounting an immune response. The lysine cost for the immune response was equivalent
to a reduction in growth of 0.031g ADG/kgBW/d: this would approximate to 0.0015g of
protein (0.031*0.3*0.16) for a 0.3kg chick. Klasing et al. (1987) challenged chicks with
LPS and found a difference in body growth rate of 31.5 — 25.8 g/chick/d = 5.7 g/d
compared to pair-fed controls. In part, some of this reduction in growth rate would have
been associated with the cost of mounting a fever as reported by the authors. Their finding
does suggest a larger cost for producing immune proteins (0.16%5.7 = 0.9 g/d) than that
predicted by Klasing & Calvert (1999). The kind of host examined may also be important.
Kreukniet & van der Zijpp (1989) found that chicks selected for a higher peak antibody
response to sheep red blood cells also produced greater amounts of antibody at any dose

compared to non selected chicks.

The marginal response experiment of Webel ef al. (1998ab) suggested that chicks
challenged by LPS had an increase in maintenance requirements for certain amino acids.
Their challenge would have mainly stimulated an innate immune response e.g. the
production of acute phase proteins. LPS challenges would not result in a cost of damage to
the host, as may be the case for ‘real’ bacterial challenges (Wannemacher et al. 1971,
Powanda et al. 1971; Wannemacher ef al. 1974). Thus, the increase of 1.3 times the
maintenance requirement of the healthy animal (Webel et al. 1998b) is indicative of the
cost of an innate immune response. The ideal protein requirement for maintenance, MP
g/d, for a healthy 0.3kg chick could be estimated as 0.26 g/d from the equations of
Emmans & Fisher (1986). A 1.3 times increase in maintenance would then lead to the
average cost for mounting an innate immune response to be estimated as 0.08 g/d of ideal
protein (or 0.27g ideal protein/kg BW), assuming an efficiency of 1. This cost is
sufficiently large to warrant inclusion in a framework of protein (amino acid)

requirements and partitioning.
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Houdijk et al. (2001) attempted to estimate the metabolisable protein cost for sheep
expressing immunity to a gastrointestinal parasite. The sum of increased cell flow in
lymph, flow of IgA, production of mucosal mast cells and sheep mast cell proteases was
52.8 mg/kgBW"7%/d: this would be 0.02 g of metabolisable protein for a 0.3kg animal, or
0.07gMP/kg. Scrimshaw (1991) based on nitrogen balance experiments of humans
proposed much greater requirements for protein which included all consequences of a
pathogen challenge. An average estimate for infections ranging in severity was proposed
as 0.57CP/kg/d, which could rise to 1.2gCP/kg/d for more severe infections. The approach
taken by Houdijk et al. (2001) and Klasing & Calvert (1999) were restricted by it
effectively being impossible to sum up the production of all immune proteins during a
pathogen challenge. The underestimation may occur by not accounting for all immune
proteins, not accounting for greater requirements for certain amino acids than others,

through an effect on protein (amino acid) partitioning, or a combination of these.

There is other evidence in favour of significant requirements for mounting an immune
response. A series of experiments were performed at the United States Army Medical
Research Institute of Infectious diseases e.g. Powanda et al. (1972), Thompson et al.
(1973), Wannemacher et al. (1971, 1974) and Berendt et al. (1977) using a rodent model.
In all of their experiments, which mainly included bacterial challenges, large increases
occurred in the uptake of certain radioactively labelled amino acids by the liver; this lead
to a reduced uptake of amino acids by muscle. Assuming that the increased uptake is due
to the production of immune proteins, Thompson et al. (1973) estimated that the amino
acid uptake of the liver had increased by 385/258 = 1.38 times that of pair-fed controls.
The increases coincided with drops of certain free amino acids in blood, which also
appeared to coincide with the growth and decay of the pathogen load in the host
(Klebsiella pneumoniae, Berendt et al. 1977). In further support of a host mounting an
immune response that is proportional to its pathogen load is the experiment by Taylor-

Robinson (2000) for Plasmodium vivax.

Experiments are warranted where the marginal response is measured using a suitable

methodology (Batterham et al. 1990; Chung & Baker, 1992) at different time points of a
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pathogen challenge for different amino acids. Such experiments may enhance our current
estimates of the amino acid requirements during expression of both innate and acquired
immune responses. It would also be necessary to measure the development of the
pathogen challenge in the host, together with indicators of immune responses. While such
experiments are complex and expensive, they may significantly contribute to the lacking

evidence base for amino acid requirements during pathogen challenges.

4.3.2.2 Repair and replacement of damaged tissues and body fluids

Pathogens may cause damage to a host’s tissues (e.g. gut wall) or specific cells (e.g. red
blood cells) and cause body fluids to leave their natural compartments such as plasma
leaking into the gastrointestinal tract (Abbott ez al. 1985; Yu et al. 2000). The animal
would need to repair such damage or replace lost fluids to maintain normal function,
which is thus a direct cost to the animal (Berendt et al. 1977). It would be expected that
such costs are larger than those associated with expression of immunity. The factors that
may need describing fully to account for this cost include the type of pathogen, level of

challenge and ability of the host to withstand a particular challenge.

Parasitic worms used in the experiments summarised by Hale (1985) affected the
stomach (Hyostrongylus rubidus), small intestine (Strongyloides ransomi), large intestine
(Oesophagostomum. spp and Trichuris suis) and the kidneys (Stephanus dentatus). In a
number of cases, the reduction in nitrogen retention was explained by reduced nitrogen
intake (due to anorexia) combined with increased nitrogen in the faeces. The additional
nitrogen in the faeces would likely be associated with damaged tissues and endogenous
secretions. These effects were noted to the greatest extent for challenges of the small and
large intestine. The kidney parasite, at the dose used, caused a reduction in nitrogen
retention that was only associated with the reduction in FI. Findings for gastrointestinal
parasites in sheep (Sykes & Coop, 1977; Kimambo et al. 1988) agree that level of cost

associated with damage depends on the location of the gut that is affected.

Literature data shows that the extent of the costs associated with damage is not only

dependent on the pathogen species but also on level of challenge. Le Jambre (1995)
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considered the relationship between blood loss and estimated worm numbers (pathogen
load) of Haemonchus contortus in the abomasum of sheep. The pathogen causes blood
loss by direct sucking of blood and from a short period of leaking once the parasite has
detached. Le Jambre (1995) found that the relationship between blood loss and worm
numbers was of an exponential relationship. This may indicate that a host which has
already suffered a certain amount of damage may be less capable to deal with the
pathogen challenge. Beer er al. (1974) also found that erythrocyte losses into the
gastrointestinal tract of pigs challenged by three different levels of Trichuris suis were

directly related to the level of challenge.

Powanda et al. (1975) measured the pathogen load of Francisella tularensis and the
extent of liver damage in rats: the form of the relationship was the same as that found for
Haemonchus contortus by Le Jambre (1995). Thus, the relationship between damage and
pathogen load may be general for different pathogens, but quantitatively different. A
challenge with Actinobacillus pleuropneumoniae, which causes lesions of the lungs, has
also shown that during the early stages of infections lesions develop and once the animals
reach slaughter these are much less abundant or absent (Magnusson et al. 1997; Black et

al. 1999).

The extent of plasma loss has been estimated in a number of experiments over the time
course of challenges of sheep with different doses of gastrointestinal parasites. Data of
plasma loss from Steel ef al. (1980) were used to estimate protein requirements associated
with plasma loss for different doses of Trichostrongylus colubriformis. It was assumed
that plasma contains 75g protein/litre (Houdijk et al. 2001). The protein requirement due
to plasma loss was also directly related to the level of challenge, and the form of the
response appears to be similar to how the pathogen load (or worm burden) develops in the
host. Symons et al. (1981) estimated the plasma loss due to a challenge of sheep with
Teladorsagia circumcincta was an approximation, as it is difficult to the estimate the
extent to which plasma is reabsorbed. While the relationship between the different doses
were not as clear as those observed for Trichostrongylus colubriformis by Steel et al.

(1980), the total quantity of protein lost was quite similar. The average protein
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requirement due to plasma loss was calculated as 9.6, 12.4 and 10.4 g protein/d for
challenge doses of 12000, 37500 and 120000 of Teladorsagia circumcincta larvae,

respectively. These are very significant costs to the animal.

Data from challenges with gastrointestinal parasites and bacteria show that the repair and
replacement of damaged tissues and lost fluids may be a significant cost to the animal.
Pathogen induced damage appears to be of a general kind for different kinds of pathogens,
but clearly the extent of the damage, at a pathogen load, would depend on pathogen
species and virulence (Willis & Baker, 1981a). Therefore, to predict the extent of damage
it would be necessary to account for pathogen kind, dose and virulence. The ability of the
host to overcome the infection and prevent damage to be caused would also need to be
considered. The interactions between pathogen kind, host genetic resistance and nutrition

(see below) on the extent of damage could then be explored.

4.3.2.3 Requirements for energy during pathogen challenges

It has been proposed that a pathogen challenge may cause increased requirements for
energy due to the production of immune proteins (Demas et al. 1997), additional nitrogen
processing (Sykes & Coop, 1977) and especially expression of fever (Baracos ef al.
1984). In the framework considered here any energy costs associated with the production
of immune proteins could be incorporated within the overall cost of protein production,
while other costs would need accounting separately. The current quantitative evidence of

these costs is now considered.

4.3.2.3.1 Non-pathogenic antigen challenges. 1t is difficult to estimate the energy cost
that is associated with the production of only immune proteins. The model used by several
authors e.g. Demas et al. (1997), Mashaly et al. (2000), Pilorz et al. (2005) is challenges
with non-pathogenic antigens such as sheep red blood cells or keyhole limpet hemocyanin
(an immune stimulant glucoprotein). In principle, any effects on energy metabolism
would be the consequence of the expression of immune proteins and not due to repair of

damage or fever.
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Several experiments were identified in which total energy expenditure was measured in-
directly through measurements of respiration (oxygen consumption rate) during
challenges with non-pathogenic antigens. Any difference in energy expenditure is then
estimated roughly from the rate of oxygen consumption (20.1 kJ/litre O,; Eraud et al.

2005) between challenged and non-challenged animals, which are shown in Table 2.

Table 2 The relative change in energy expenditure (RCE, challenged/controls) and
energetic cost (Eantibody, challenged energy expenditure — control energy expenditure) due
to antibody production, as measured by changes in oxygen consumption of mammals and

birds challenged with non-pathogenic antigens.

Host Body RCE Earitibody RCE proportional Source
weight (kJ/kgBW/d) to antibody
(8) production
Mice' 36.0 135 230 Yes Demas et al. (1997)
Blue tits 10.0°  1.10 205 Yes Svensson et al.
(1998)
Great tits  18.6 1.09 148 - Ots et al. (2001)
House 28.4 1:29 148 - Martin et al. (2002)
Sparrows
Collared 130 1.09 36 Yes Eraud et al. (2005)
doves

' The antigen used was keyhole limpet hemocyanin (an immune stimulant glucoprotein)

in all other cases it was sheep red blood cells. *Estimated from age.

The data in Table 2 show that a significant energy requirement is associated with the

production of immune proteins, given that any changes in energy expenditure are due to
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antibody production. The relative changes in energy expenditure appear to be within a

similar range, except of that of Demas et al. (1997): this may be explained by the use of a
different antigen, which induced an increase (>1°C) in colonic temperature. Demas et al.

(1997), Svensson et al. (1998) and Eraud et al. (2005) all found that the largest increase in
energy expenditure coincided with peak antibody production. It would appear, therefore,
that the energy cost of mounting an immune response is strongly related to the level of the
immune response. This in turn may explain why some authors have not found any effects

on overall energy expenditure or growth (Henken & Brandsma, 1982; Pilorz et al. 2005).

Difficulties may also arise from other components of an animal’s energy budget being
affected. Even a non-pathogenic antigen challenge (such as sheep red blood cells) may
reduce the energy expenditure associated with activity (Henken & Brandsma, 1982) as has
been observed for pathogenic challenges (van Diemen ef al 1995; van Dam, 1996).
Energy requirements due to production of immune proteins may therefore be partially
‘hidden’ within the overall energy budget of the animal. Experiments that have tried to
consider the individual components of an animal’s energy budget are now considered to

further characterise the effects of pathogen challenges on energy requirements.

4.3.2.3.2 Energy balances, marginal responses and fever. Experiments with both
pathogenic antigen challenges and challenges with live pathogens have shown increases in
maintenance requirements that ranged from 1.05 — 1.35. There appears to be highly
specific pathogen differences, with the greatest energetic cost occurring for pathogen or
antigen challenges that lead to a fever e.g. Verstegen ef al. (1991), Zwart ef al. (1991) and
Demas et al. (1997). Local pathogen challenges may cause less of an effect as was
demonstrated by van Diemen et al. (1995) who considered the effect of atrophic rhinitis

on heat production in pigs.

Gastrointestinal parasites may cause an increase in energy requirements through the repair
of damaged tissues in the gut, or through the reprocessing of nitrogen leaked into the
gastrointestinal tract that appears to later be partly reabsorbed (Poppi et al. 1986). MacRae

et al. (1979) performed both energy and nitrogen balances of sheep, at different time
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points of a challenge with 7richostrongylus colubriformis. No differences were observed
prior to week 4 between challenged sheep and their pair-fed controls, after which the
metabolisability (ME/GE) was reduced compared with pair-fed controls, as is shown in

Figure 4 together with their faecal egg counts.
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Figure 4 The relationship between food metabolizability (ME/GE), fecal egg counts
(FEC) and time of a sub-clinical trickle infection of sheep with Trichostrongylus

colubriformis (McRae et al. 1982)

This suggests a significant increase in excretion of energy either in the urine or faeces,
which is associated with the peak of the pathogen challenge; as in later balance periods
there was no difference in metabolisability. As was the case for the nitrogen cost of
damage, it appears necessary to predict the energetic cost of repairing damaged tissues,

which appears to be related to the level of challenge of the host.
A significant body of evidence exists from experiments with 7rypanosoma vivax infection

in West African goats (Verstegen ef al. 1991; Zwart et al. 1991; van Dam et al. 1996,

1997, 1998) on both energy and nitrogen requirements. 7rypanosoma vivax in these
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experiments caused an increase in body temperature (consistently + 0.8 to 1°C) and
damage to red blood cells (van Dam, 1996). The total increase in energy requirements for
maintenance was 1.21 (van Dam ef al. 1996), 1.27 (van Dam et al. 1997), 1.15 (Verstegen
et al. 1991) and 1.16 (Zwart ef al. 1991) times healthy control animals. The findings of
van Dam et al. (1996, 1997) are also shown in Figure 3.

The above changes in energy expenditure are likely to be underestimates as F/ was
reduced in all cases and the goats showed behavioural coping responses (van Dam et al.
1996), which may have further masked the energetic cost. The cost due to fever has been
shown to differ for goats that were either standing or lying (van Dam ef al. 1996). The
most crucial finding, however, is that of Zwart ef al. (1991) who found that an increase in
heat production due to fever is different, when measured during either day or night. van
Diemen et al. (1995) also found time dependent effects on heat production in pigs
challenged by Pasteurella multocida. This is important for future experiments that attempt
to quantify the energetic cost of pathogen challenges. If heat production is measured over
a sample period during the day (as is the common practice) then the cost due to fever will
be underestimated. Marginal response experiments with pigs are in support with 1.7 and
2.2 times greater maintenance requirements in pigs challenged with a 7rypanosome

(Fagbemi et al. 1991; Otesile et al. 1991).

Experiments with other pathogens appear consistent with those using the Dwarf goat-
Trypanosoma vivax model in terms of the energetic cost of fever. Baracos et al. (1984)
reviewed the energy requirements caused by fever and concluded that a 1°C increase in
body temperature due to fever, increased energy requirements on average by 1.1. It was
discussed, however, that the effect of fever on metabolic rate was time dependent, which
is likely explained by its close relationship to the pathogen load in a host. Different types
of antigens (either LPS or heat killed Staphylococcus areus), however, may cause
different energy requirements (Benson et al. 1993), as chicks challenged with LPS grew
much less lipid than controls or chickens challenged with heat killed S. aureus. A
predictive framework would need to consider the relationship between fever and pathogen

challenge (kind, dose and virulence) and have clear definitions of how to include other
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energetic costs such as production of immune proteins or repair of damage within the

overall energy budget of a host.

4.3.3 Partitioning of scarce protein and energy resources during pathogen challenges

The food intake of an animal may be less than its desired intake (which would permit
maximal growth) due to the nature of the food, the environment (i.e. the animal is hot) or
pathogen induced anorexia. They key to predicting growth in such circumstances is to
have a suitable partitioning rule. Sandberg et al. (2005ab) argued that e, (the marginal
material efficiency of protein retention) is central to the overall system of (protein and
energy) partitioning as once protein retention has been predicted, lipid retention can
accounted for on energy grounds e.g. Emmans (1994). The problem is whether pathogen
challenges lead to a different overall system of partitioning. This has been considered
qualitatively by Beisel (1966), van Houtert & Sykes (1996), Coop & Kyriazakis (1999),
Klasing & Calvert (1999) and Lochmiller & Deerenberg (2001) amongst others. The
focus here is to bring together suitable quantitative evidence of both protein (amino acid)
and energy partitioning to assess the largely qualitative partitioning rules that have been

proposed during disease.

4.3.3.1 Rules of partitioning during pathogen challenges

Partitioning rules that have been proposed during pathogen challenges have either
considered resource supply in terms of protein (Coop & Kyriazakis, 1999), amino acids
(Koutsos & Klasing 2001; Le Floc’h, 2004) or energy (Schrama et al. 1997). With the
exception of Coop & Kyriazakis (1999) partitioning of resources between different arms
(innate or acquired) of immune responses has not been considered. It may be necessary, or
not, to distinguish between different immune responses: the most attractive solution
would be where all consequences of a pathogen challenge could be considered as one
source for allocation. Two types of partitioning rules are considered here. The classical
view is where requirements for maintenance are first met (including costs associated with
pathogen challenges), after which resources are partitioned to growth (Klasing e al. 1991;
Schrama et al. 1997; Elsasser et al. 2000; Lochmiller & Deerenberg, 2001; Colditz 2002).

Alternatively it has been suggested that there is a degree of competition between growth



and immune functions once the requirements for maintenance (which may still include
some consequences of disease) have been met (Coop & Kyriazakis, 1999), when nutrient

and energy resources are scarce.

The consequence of classical partitioning is that for above maintenance intakes no further
improvements in immune responses would be observed. There are several experiments to
contradict this, including those of Bhargava et al. (1970), Datta et al. (1998) and Lee et al.
(2002). Some authors propose that pathogen challenges always lead to a release of amino
acids from body protein stores such as muscle e.g. Klasing et al. (1991) and Elsasser et al.
(2000). This would be likely to be the case for sub-maintenance intakes, (i.e. the animal
could still maintain some small degree of immunity). It is unlikely, however, that an
animal would preferentially utilise body protein when dietary resources are available. This
would lead to a fitness penalty in the long term (Coop & Kyriazakis, 1999). Thus, it is
necessary to consider the quantitative evidence of partial protein (amino acid) partitioning

between growth, consequences of pathogen challenges and immune functions.

During pathogen challenges, energy requirements for maintenance are increased, with no
further effect on energy partitioning e.g. Benson et al. (1993) and van Dam (1996). It has
been observed that during pathogen challenges heat production of an animal was
increased, while food intake and energy retention were reduced e.g. Verstegen et al.
(1991) and Zwart et al. (1991). This effect, however, appears to be both pathogen and
dose specific. Takhar & Farrell (1979a) found that a challenge with Eimeria acervulina
did not affect the heat production of chicks, compared to their pair-fed controls. In a
predictive framework energy requirements during pathogen challenges could therefore be
accounted for as part of maintenance and the cost of protein retention, and any shortfalls
would be met by using energy stores in the form of lipid. This would have the
consequence that only protein partitioning during health would need to be revised in a
predictive framework of growth during disease. In support are the several experiments
that show no improvement in immune responses when additional levels of energy are
supplied e.g. van Heugten et al. (1996) and Spurlock ez al. (1997). Therefore, only protein

(amino acid) partitioning during pathogen challenges are now considered.



4.3.3.2 Quantitative assessment of protein partitioning during pathogen challenges

The experiments of Williams et al. (1997a,b,c) and Webel et al. (1998a,b), described
earlier, found no effect on the marginal responses in protein retention of growing pigs and
chicks, respectively, to protein and amino acid supplies. A possible interpretation is that
as marginal response in protein (amino acid) retention to protein (amino acid supplies)
was not different, this leads to the rejection of partial prioritisation of protein between
growth and immune responses. Another interpretation is that the partitioning of protein
between growth and immune responses could not be detected in these experiments when
measuring overall protein retention. Protein that is partitioned towards growth and
immune responses are both retained in the body. Any net benefit that is observed in terms
of overall growth rate, may only be due to an alleviation of damage caused by the
pathogen e.g. Abbott ef al. (1985) and in particular Datta et al. (1998). The relationships
between level of nutrition, innate or acquired immune responses and damage are now

considered.

4.3.3.2.1 Innate immune responses. The immune proteins that are produced during the
acute phase of an infection, such as the acute phase proteins and complement are here
defined as innate immune proteins e.g. Murata et al. (2004). It is recognised that the acute
phase proteins have multiple functions, which include supporting the acquired arm of the
immune response and assisting in the repair of damaged tissue (Murata et al. 2004). The
question is whether these immune functions are affected by protein (amino acid)

availability, in animals that are growing.

Dritz et al. (1996) did not find any effect of three different foods on the expression of the
acute phase protein haptoglobin (P = 0.17) in pigs that were gaining weight. Sakamoto ef
al. (1998) reviewed evidence of how nutrition may affect another set of innate immune
proteins (complement) and did not find any effects of nutrition in ‘normal’ animals. In
malnourished animals, however, it would appear that an additional supply of resources
may affect the expression of the complement system, but this was only the case for

severely malnourished humans. Fleck (1989) stated that “Prolonged protein-energy



depletion in man sufficient to yield a decrease in body weight of 25% led to only a 7%
decrease in concentration of albumin...When the increase in plasma volume is taken into
account there was no change in the amount of albumin in the circulation”. It would
appear, therefore, that costs relating to innate immune responses may need including as
part of the requirements for maintenance. The marginal response studies of Webel et al.
(1998a,b) are in support as they used LPS as an antigen, which largely stimulates an acute

phase response.

4.3.3.2.2 Acquired immunity. Coop & Kyriazakis (1999, 2001) reviewed information in
the literature on the effects of protein supplementation on immune responses and growth
in sheep challenged with gastrointestinal parasites. They concluded that the expression of
immunity was affected by nutrition from experiments with sheep (Bown et al. 1991b;
Kambara et al. 1993; Coop et al. 1995), cattle (Mansour et al. 1991, 1992) and goats
(Singh et al. 1995). There is also similar evidence in pigs (van Heugten et al. 1995;
Johansen et al. 1997) and mice e.g. Ing et al. (2000). Other kinds of pathogen challenges
were considered here to determine whether the improvement of the expression of acquired

immunity is a general response across different types of pathogens.

Tsiagbe et al. (1987) found that growth and immune responses (antibody expression) of
chicks were increased with increasing levels of methionine supplementation. Antibody
expression was only improved once a plateau had been achieved in growth rate, thus their
data suggest that growth was prioritised over immune responses. Bhargava ef al. (1970b),
on the other hand, found that chicks challenged with the Newcastle virus had improved
growth rates and geometric mean antibody production when given foods that had
increasing proportions of L-threonine. This suggests a partial prioritisation of amino acid
between growth and immune responses, shown in Figure 5. Their data suggest that as the
animals reached a plateau in growth there was no distinct improvement in antibody titer,
which would not be expected if protein was being partitioned between these two

functions.
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Figure 5 The live weight at 18 days (LW) and geometric mean antibody titers (AT) for
chicks challenged with a Newcastle virus and given foods that had different contents of
L-threonine from Bhargava et al. (1970b). Linear plateau response was approximated as a
linear function of threonine content for live weight gain (LWG = 364.T — 64.4) until the
plateau of 141.1 was reached. The linear regression of antibody titer against valine

content was equal to AT = 23.63T — 0.143.

Bhargava et al. (1970a), however, found a different response for chicks challenged with
Newecastle virus and given food of different amino acid (valine) contents, shown in Figure
6. In this case, the response in antibody titer did further increase when the animal reached
a plateau in terms of growth, and thus providing strong evidence that valine was being
partitioned between growth and immune functions. The data in Figure 6 are in support of
a partial prioritisation of additional levels of amino acid supply between growth and
immune responses. Furthermore, these two experiments indicate that the requirements of
specific amino acids and their partitioning need accounting for predicting growth and
immune responses. The level of challenge may affect the extent to which protein (amino
acid) is partitioned between growing ‘body’ protein and immune proteins (Wannemacher

et al. 1974).



180 -~ - &0
160 A
® 2 40
2 $ p
- 140 4 b i
© / =
i 2] =3
® 120 A Lidg. R
E # =
D e c
@) o’ <
i 100 - A0
= 7 20
= {
80 l
® Actual LW L 10
60 - Fitted line (LW)
O Actual titer
= — = Fitted line (antibody titer)
40 ] T T ] T D
0.4 0.6 0.8 1.0 1:2 1.4 16

Valine content of food (%)

Figure 6 The responses in live weight over 18 days (LW) and antibody titers (AT) to
increasing valine contents (V) of a food for chicks challenged with a Newcastle virus
from Bhargava et al. (1970a). Linear plateau response was approximated as a linear
function of valine content (LW = 217.V — 58.2) until the plateau of 153.6 was reached.
The linear regressions of antibody titer against valine content until maximum LW was
reached was AT = 16.37.V — 0.6325 whereas for the subsequent phase was AT =41.35.V
—23.04.

There are several publications in favour of additional levels of protein (amino acid)
supplementation having a beneficial effect on the host coping with several different kinds
of pathogen challenges. Lee er al (2002), for example, found that arginine
supplementation (a limiting amino acid in birds) improved immune responses in chicks
challenged with the infectious bronchitis virus. Low et al. (2003) found that mice given a
whey protein based diet, which is rich in certain amino acids found in large amounts in

immune proteins, had increased antibody responses to several bacterial and viral antigens.



The likely explanation why hosts cope better with pathogen challenges when provided
with sufficient amounts of protein (amino acid) is the control and elimination of the
pathogen from the host (van Houtert ef al. 1995). The level of pathogen load (in particular
the maximum pathogen load) is directly related with survival e.g. Powanda ef al. (1975)
and Berendt ef al. (1977). Suzuki et al. (1993) found increased survival in mice
challenged with Staphylococcus aureus when given glutamine supplementation.
Unfortunately, the change in pathogen load and performance over time for different
bacterial and viral pathogens has not been measured extensively, ﬁvhilst nutrition has been
manipulated. Sheep challenged with gastrointestinal parasites show reductions in
pathogen load (worm burden) when given additional levels of protein (van Houtert et al.
1995; Donaldson ef al. 2001) or amino acid (methionine: Miller et al. 2000) supply. In
most of these cases relatively low levels of protein supply (compared to those required for
maximal growth) were required to achieve such responses. The quantitative relationship
between degree of resource scarcity and rate of pathogen removal is thus central to

predicting performance during pathogen challenges.

The problem of predicting resource partitioning during pathogen challenges appears to
consist of three sub-problems. Firstly, it would be necessary to predict the partitioning of
amino acids between growing ‘body’ and immune proteins during exposure to different
levels and kinds of pathogens. Secondly, it would be necessary to be able to account for
the net benefit an animal would gain from investing in an immune response. Finally, a
predictive framework would need to adequately describe how different genotypes
partition their resources between growth and immune functions. This would allow
consequences of genetic selection strategies (i.e. increased potential for growth or
resistance to pathogens) to be explored, and for management (nutrition) strategies to be

better informed.

4.4 Discussion
Improving current predictive growth models will help genetic selection and management
strategies intended to combat the effects of disease on animal performance and improve

their health and welfare. This has become increasingly important, as pathogens have
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evolved resistance to pharmaceutical interventions (Waller 1999), antimicrobial growth
promoters have been banned (EC Regulations 1831/2003, 1834/2003) and animal welfare
(including health) has become more central to animal production (Kanis ez al. 2005). No
comprehensive attempt has been made to model the effects of disease on growth and
performance. Black ez al. (1999) when discussing the inclusion of disease in the AUSPIG
model (Black ef al. 1986) suggested that “...increasing maintenance energy requirements
by up to 1.3 times the normal predictive value, decreasing the rate of protein deposition by
0.9 times normal and decreasing feed intake down to zero depending on the severity and
duration of the disease” would achieve this. This quasi-quantitative suggestion might be a
good first step. The aim here was to extend the description of the problem of predicting
growth during pathogen challenges; issues that have not yet been considered are now

discussed.

It appears from literature evidence that energy partitioning during pathogen challenges
might remain the same as that during health, with any effects of pathogen challenges on
energy requirements being included as part of maintenance. During bacterial, viral and
some parasitic pathogen challenges it is common for an animal to mount a fever (Hart
1988; Blatteis, 2003). A febrile response (within a certain range) may be seen as a
beneficial host reaction, rather than being a detrimental and unavoidable consequence of
pathogen challenges e.g. Hart 1988, Mackowiak et al. (1997), Blatteis (2003).
Consequences of pathogen challenges such as fever, anorexia and other acute phase
responses have been viewed as part of an overall coping mechanism by hosts challenged
by pathogens (Hart 1988; Kyriazakis et al. 1998). Fever may be beneficial to the host as
bacterial and viral growth rates are sensitive to changes in their ambient temperature, or,
through the increased body temperature having positive effect on the host immune
responses. Jiang et al. (2000) demonstrated that the latter of these two routes was the most
significant, and Blatteis (2003) have reviewed further evidence in favour of fever having a

beneficial effect on host immune responses during exposure to certain kinds of pathogens.

It is, therefore, important to try and relate the ability of an animal to mount fever to the

effectiveness of its immune response. Furthermore, Bradley & Kauffman (1988) found



that protein malnutrition may reduce the extent of fever. This provides a further link
between the immune response, which amongst other things depends on resources, and
fever. Future experiments are warranted for investigating any interactions between protein
partitioning, fever and the ability of an animal to cope with infection. This would be
crucial for prediction by models that attempt to incorporate the effects of the physical (i.e.

thermal) environment alongside those of the infectious environment on performance.

Existing rules of protein partitioning during disease were found to be qualitative, and
testing their qualitative predictions against literature data showed that there is a
competition for amino acids between growth and immune functions. This is contrary to
the prevailing view that immune responses are prioritised over other body functions, when
food resources are scarce (Klasing et al. 1991; Schrama ef al. 1997; Lochmiller &
Deerenberg, 2001). This competition for resources (and its fitness benefits) raises some
interesting questions in terms of how an animal has evolved to cope with infection
(Sheldon & Verhulst, 1996; Rauw ef al 1998). Pathogen challenges clearly have a
significant fitness cost on a host as it can lead to mortality or severe morbidity (Rigby et
al. 2002). In some cases, however, the consequences of a pathogen challenge may be
rather small (Coop ef al. 1985). This could have lead to animals being able to mount an
immune response and partition resources for this that is proportional to the extent of a
challenge, including pathogen virulence. It is likely that natural selection in nature would
have occurred during high levels of infection and when resources were scarce. A more
resistant genotype is here seen as more able to deal with a pathogen challenge with lower
pathogen loads and a lesser consequence on food intake (Sandberg ef al. 2006). The
remaining issue is how genetic selection for growth and/or resistance has affected the

ability of animals to cope with pathogen challenges.

Attempts have been made to select animals that cope better with disease by different
approaches in pigs (Wilkie ef al. 1998), chickens (Siegel & Gross 1980) and sheep (Bisset
et al. 1996; Douch et al. 1996) amongst others. In relation to the framework discussed
here the important issues include the relationship between degree of resistance (when

defined in a particular way) and (i) reductions in food intake, (ii) changes to requirements



for mounting an immune response and (iii) the extent of partitioning towards either
growth or immune functions by the host. Different methods have been used to attempt to
select for more resistant genotypes. Wilkie et al. (1998) selected for high and low
responder pigs in terms of general immunity by using an index for several immune traits
when challenged by several different types of antigen. Siegel & Gross (1980) and Yunis et
al. (2000) selected chickens for a single immune trait (either high or low antibody
responses to sheep red blood cells). Genetic selection in sheep against gastrointestinal
parasitism uses a proxy measure of the level of challenge (faecal egg counts), which has
been found to have a strong relationship with reduced worm burdens (Bisset ef al. 1996).
Unfortunately, there is an absence of evidence of controlled challenge trials of strains of
different resistance, where food intake, performance and measures of immunity have been
recorded. This may have allowed for the consequences of genetic selection for resistance

to be better understood.

Wilkie et al. (1998) selected for responses in both cellular and humoral immune
components to a range of antigens in attempt to achieve general resistance (Magnusson et
al. 1997, 1998 & 1999; Reddy et al. 2000). Magnusson et al. (1997) showed that pigs
selected for high immune responses were more responsive to vaccination (indicating a
greater ability to recognize antigens) and LPS challenge. Antibody responses were greater,
and peak (maximum antibody level) responses occurred faster than in pigs selected for
low immune responses. This would suggest that more resistant animals would have a
higher requirement for immune proteins at lower pathogen loads. The high response lines,
however, achieved 90kg over a shorter time than the low response lines (Wilkie ef al.
1998) when challenged by other pathogens. This may suggest that while more resistant
genotypes invest more resources in immune responses, there is also a net benefit on
growth. Gross et al. (2002) also found that chickens selected for resistance as by the
method of Siegel & Gross (1980) had less damage (air sac lesions) when challenged with

Mycoplasma gallisepticum.

Selection for high immune responses may not always be beneficial as in a challenge

experiment with Mycoplasma hyorhinis in pigs the high response lines had a greater

129



incidence of arthritis (Magnusson et al. 1998), attributed to higher activation of the
immune response. An inevitable consequence of immune system activation is a non-
specific immunopathology that does not confer any obvious advantage to the host, except
for the overall positive outcome of a challenge. An improved general understanding of
resistance and its effects on growth and performance is needed as different pathogens are
dealt with by immune responses with different relative influences of innate, cellular and
humoral immune responses and higher immune responses may not always necessarily
lead (or indicate) to improved resistance (Adamo, 2004). There is some weak evidence in
the literature, which suggests that animals selected for faster growth were affected to a
greater extent when challenged by pathogens (Praharaj et al. 1995; Yunis et al. 2000;
Huff et al. 2005). This has been attributed to the prioritisation of resources towards
growth rather than immune functions (Rauw et al. 1998). It is essential, therefore, for
future experiments to consider well defined genotypes (differing both in terms of genetic

growth potential and resistance) when challenged by pathogens.

In future work we will present some possible quantitative solutions to the problems that
have been raised in this review. It will be necessary to have an adequate scaling rule for
describing pathogen challenges, which accounts for how animals of different sizes and
degrees of maturity respond to a pathogen challenge. Suitable functional forms need to be
chosen that relate the level of a pathogen challenge to amino acid and energy partitioning
and requirements. The effects of host resistance on the parameters of these functional
forms would also need to be taken into account to be able to predict the performance of
hosts with different levels of resistance. The model could then be used to assess how
different genotypes (both growth potential and degree of resistance) cope during pathogen
challenges when given access to different kinds of food. The model, and its future
parameterisation and testing through relevant experiments may improve our
understanding of the relationship between host performance, and pathogen exposure in

different environments.

130



Chapter 5
Predicting the effects of pathogen challenges on the

performance of naive and immune animals: towards a

possible solution
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5.2 Introduction

Pathogen challenges can lead to significant reductions in animal performance and have
large economic consequences (Coop et al. 1982; Black et al. 1999; Nieuwhof & Bishop
2005). Animal health and welfare have also become increasingly important criteria in
animal production, and the removal of antibiotic growth promoters has added pressure on
production systems (Kanis et al. 2005). No general framework has been proposed for
predicting the effects of pathogen challenges on growth and performance of different host
genotypes (different genetic potential for growth and disease resistance) when given
access to different kinds of food. Previous attempts have either been to simplistic (Black
et al. 1999) or lacking in the scope of their predictions of growth (Henken ef al. 1994b).
In this chapter, an initial attempt is made to develop a framework, which in principle
could be used to predict the effect of pathogen challenges on growth and performance of
different genotypes of farm animals, and such a framework may have both a heuristic and

predictive value.

In the previous chapter, literature evidence on growth and performance during pathogen
challenges was reviewed, with the aim of identifying how pathogen challenges affect
resource (energy and amino acid) requirements and partitioning. The key problems to
solve were the relationships between level and kind of challenge, and requirements for
amino acids and energy to mount an immune response (including production of immune
proteins and fever) and repairing damaged tissues (Wannemacher ef al. 1971; Powanda et
al. 1971; Wannemacher ef al. 1974; Abbott et al. 1985; Poppi et al. 1986; Reeds et al.
1994; Klasing & Calvert 1999; Taylor-Robinson 2000). Literature evidence in Chapter 4
showed that different kinds and levels of sub-clinical pathogen challenges lead to
reductions in growth to different extents (Steel et al. 1980; Coop et al. 1982). In this
initial attempt, it was therefore necessary to choose a model pathogen (a replicating
micro-parasite) to develop the framework and attempt parameterisation. The proposed
framework may be applicable to different kinds of pathogen challenges (parasites,

bacteria and viruses), but further evidence would be needed.
The framework considers the transition between an animal being immunologically naive

to a particular pathogen (i.e. having had no prior experience of it) and becoming immune.

The model predicts the balance between pathogen growth and host elimination of the
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pathogen, leading to the actual pathogen load in the host. The traditional ‘turn over’
period of deterministic growth models has been a day (Emmans 1981; Black et al. 1986;
Wellock et al. 2003a). In the instance of pathogen replicating in the host it may be
insufficient to use a day as a time step as it introduces unacceptably large steps in for
example pathogen load, and as a result non-sensical predictions of performance may be
made. The model that is presented here uses an hour as its time step to overcome this

issue.

The proposed solutions were solved dynamically, allowing for predictions of voluntary
food intake, growth, and protein and lipid retention prior to, during, and after a pathogen
challenge. This allows for interactions between level of pathogen challenge, nutrition,
host genetic resistance and potential for growth to be explored over a range of
combinations. Model parameterisation has identified several areas where data needs to be
obtained by suitable experiments. The proposed framework may be integrated with other
general models of growth to predict the effects of pathogen challenges on growth and

performance.

5.3 Model description

The model proposed here builds on the concepts for predicting growth and performance
as developed by Emmans (1981), Emmans & Fisher (1986) and Wellock et al. (2003a).
The main components during health, and any modifications or additions for times of
pathogen challenge, are described here. Parameter values were derived where possible
from literature data that came from experiments with controlled pathogen challenges.
Where this was not possible, as was the case for several model parameters, their values
were derived on conceptual grounds. As an initial attempt, this may be acceptable to
allow quasi-quantitative predictions of the model to be explored. The underlying
framework for the healthy animal is described first, and thereafter, alterations and
enrichments of the framework to include the effects of pathogen challenges are

developed.

5.3.1 Predicting food intake and growth during health
Emmans (1981) and Emmans & Fisher (1986) proposed a framework where food intake
is predicted from the requirements for potential growth for protein and energy and the

composition of a particular food. In the case where constraints limit the intake of an
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animal, effects on growth can be predicted using a rule(s) for partitioning protein and

energy to protein, PR kg/hr, and lipid, LR kg/hr, retention.

5.3.1.1 Potential growth and intake

The chemical composition of the animal at the start of the simulation period can be
calculated from the initial body weight, assuming that the animal has its desired chemical
composition. The lipid (L, kg), ash (4, kg), water (Wa, kg) weights are calculated from
protein weight P (kg) using allometric equations (Emmans and Fisher, 1986; Emmans
and Kyriazakis, 1997). Once having calculated the initial chemical composition of the
body it is possible to predict the potential growth rates of protein, PR, (kg/hr), ash,
AR,ar (kg/hr), and water, WR,,,. (kg/hr):

PRmax =PB foge(Pm/P) kg/h_[‘ (])
ARpax = Q. PRyax kg)'rl']_l' (2)
WRmax = PRuas. (W Pr).W.(P/Py)""! kg/hr (3)

B (/d) is the Gompertz rate parameter, which in this model is dependent only on animal
genotype. The value of B is in the model converted to a rate /hr. The desired lipid
retention, LRyes (kg/hr), may be related to the animals’ desired fatness at a given degree of
maturity, which is predicted from the animals potential protein retention and mature lipid

to protein mass ratio (Wellock er al. 2003a).

In this chapter, it is not the requirement for ideal protein that is considered, but the
requirement for the individual essential amino acids and the amount of nitrogen required
in the form of non-essential amino acids. From the value of PR, and an estimate of its
amino acid composition, it is possible to predict the amount of each essential amino acid,
Eaa; g/hr, and the remainder as the sum of the non-essential amino acids, NEaa g/hr that
is retained in potential growth. The subscript aa; refers to an equation being representative
of each of the essential amino acids and Neaa (g/hr) refers to the sum of the non-essential

amino acids:

Eaa,— = PR,”M.AA;CB gfd (4)
Neaa = PR, - 2 Eaa; g/d (5)
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Where A44,Cp (g/kg P) is the essential amino acid content of the whole body of a pig,
which is assumed constant over different degrees of maturity. The findings of Mahan &
Shields (1998) who measured the whole body amino acid content of pigs are in support of
this assumption. Their range in live weights was between 1.5 to 146 kg live weight, which
corresponds to a range in protein weight of 0.16 to 18.7 kg protein. The requirement for
non-essential amino acids may be calculated from the difference of total protein minus
the total requirement for essential amino acids, as the proportions of Eaa; and NEaa in the
whole body protein of pigs have been found to consistently be around 0.43: 0.57
(Kyriazakis ef al. 1993; Mahan & Shields, 1998).

The model uses the effective energy system of Emmans (1994) to calculate how energy
from the food is used by the animal, through taking into account losses of energy in urine,
faeces and as heat for a given food. Estimating the effective energy content of a food (see
below) allows the effective energy requirements of the animal to be put on the same scale
as energy supply with the constant efficiencies of using effective energy for growth and
maintenance. The requirements for maintenance of effective energy, £, MJ EE/hr, and
protein, MP kg/hr, are predicted in relation to the scaled protein weight following Taylor
(1981) and Emmans & Fisher (1986):

En =M. (P/P,?) MJ/hr (6)
MP = M, (P/P,"?) kg/hr (7)

The values of M, (1.63) and M, (0.004) are assumed constants which are in units of MJ/d
and kg/d, and are in the model converted to MJ/hr and kg/hr.

It is necessary to have an estimate of the amino acid composition of protein required for
maintenance to estimate the amino acid requirements for maintenance. Wang & Fuller
(1989) and Fuller ef al. (1989) estimated the amino acid composition that is required for
maintenance in pigs. The estimate of Fuller ez al. (1989) of the amino acid content of
protein required for maintenance and growth are shown in Table 1 together with an
average amino acid content of pig whole body protein from Sandberg et al. (2005b,
Chapter 2). The amino acid content of maintenance protein is taken as that of Fuller e? al.
(1989) and the amino acid content of protein retained is taken to be that calculated by

Sandberg et al. (2005b).



Table 1 The amino acid contents of protein required for growth and maintenance.

Amino acid content (g aa / kg P)

Amino acid Maintenance' Growth' Growth”
Histidine - - 28
Isoleucine 10 43 32
Leucine 16 78 70
Lysine S 23 68 64
Methionine 7 19 20
Methionine + Cysteine 33 36 32
Phenylalanine 14 41 3,
Phenylalanine + Tyrosine 28 84 62
Threonine 32 47 37
Tryptophan 7 12 9
Valine 12 53 <4
Total 182 481 435

'Fuller et al. (1989) who determined these values using nitrogen balance
2Sandberg et al. (2005b) who calculated an average amino content of whole body

pig protein from several amino acid analyses.

The requirement for individual essential (MPEaa; g/hr) and the sum of non-essential
(MPNEaa g/hr) amino acids for maintenance, assuming a material efficiency of using

amino acids for maintenance of 1 (Fuller ef al. 1989) are predicted as:

MPEaa; = MP.AACp g/hr (8)
MPNEaa = MP - ) MPEaa; g/hr (9)

To predict the requirement for essential Eaq;RQG (g/d) and non-essential NEaaRQOG (g/d)
amino acids for growth it is necessary to predict the marginal material efficiency, e,, with
which amino acids are used for growth. This is done here using the rule of Kyriazakis &
Emmans (1992ab), which has recently been supported by Sandberg et al. (2005b). Their
rule makes ¢, a function of the energy to protein ratio of the food only, which allows the

important distinction to be made between energy and protein limiting foods:

ep=k (MEC/DCPC) (10)



Where £ (0.0112) is a constant (Sandberg er al. 2005b) and MEC (Ml/kg) is the
metabolisable energy content (corrected for the crude protein content of the food) and
DCPC (kg/kg) is the digestible crude protein content of the food. The value of e, reaches
a maximum value (e,* = 0.76) when the ratio of energy to protein in the food reaches
67.9 MJ ME/kg DCPC (Sandberg et al. 2005b). The value of e,* is assumed constant for
different amino acids, genotypes and degrees of maturity (Sandberg et al. 2005b). Thus,
for a food with a given energy to protein ratio it is possible to predict the amino acid
requirements for growth, and together with requirements for maintenance, the total

individual essential amino acid requirements, 7Eaa;RQ (g/hr):

Eaa;RQG = Eaa; /e, g/hr (11)
NEaaRQG = NEaa /e, g/hr (12)
TEaa;RQ = MPEaa; + Eaa;ROG g/hr (13)

Once having predicted the requirements for essential amino acids and non-essential
amino acid nitrogen it is necessary to predict requirements of energy for growth. The
energy system of Emmans (1994) is used here as it allows for constant efficiencies of
using effective energy for positive protein and lipid retention to be used, once losses
associated with eating and processing a particular kind of food have been taken into

account. The requirement for effective energy for growth, EERQ MJ EE/hr, is therefore:

EERQ = by PRyay + b1 LR jos MJ/hr (14)

The values of b, (50 MJ EE/kg PR) and b; (56 MJ EE/kg LR) are constants from the
effective energy system of Emmans (1994). In the case where lipid retention is negative,
its heat of combustion is used to calculate the amount of lipid that is required to satisfy
any energetic deficit. Negative energy retention is permitted in the model until the
minimum lipid to protein ratio in the body (0.1P) is reached. In the case where the
minimum lipid to protein ratio is reached, protein retention is reduced to maintain the

necessary minimum amount of lipid in the body.

By relating the above requirements with the effective energy content, EEC MJ EE/kg, and

essential amino acid contents, Faa;C (g/kg CP) of food protein it is possible to predict the
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animals desired food intake, DFI kg/hr, as by energy, DFI; kg/hr, or each essential amino
acid, DFI,,; kg/hr:

DFI; = (E,, + EERQ)/EEC ke/hr (15)
DFI,.; = (MPEaa; + EaaRQG;)/Faa;C.DCPC ke/hr (16)

The actual DFT of the animal is the largest out of DFIzand DFI,,;. The model is not set up
to deal with situations where total nitrogen required as non-essential amino acids become
first limiting, and in the instance where this happens the model stops. There is evidence in
both rodents (Hrupka et al. 1997, 1999; Markison et al. 1999) and pigs (Owen et al.
1994) that animals are capable of eating for either energy or protein, and for a balanced
amino acid composition (Summers et al. 1992) or individual amino acids. It may
therefore be reasonable to predict a desired food intake as by the first limiting resource

for growth, including individual amino acids.

5.3.1.2 Actual growth and intake

When no infectious stressors are operating, there are only two constraints to intake and
performance that may apply: the capacity for bulk and the ability to lose the heat
produced. The animals capacity for bulk is predicted using equations from Whittemore et
al. (2003), which relate the water holding capacity of a food, WHC (kg water / kg dry
food), with an animals ability for water holding capacity Cysc kg/d, which is a function

of its live weight, W (kg):

Cwac=a.W—-bW kg/d (17)

The value of a (0.192) and b (0.000299) are assumed to be constants. From the estimate
of Cwrc and the WHC of the food, it is possible to predict the amount of food that an
animal is able to eat according to bulk converted to a rate per hour VFIg (kg DM/hr):

VFIs= Cyuc / WHC kg/hr (18)

The value of VFIp is compared to DFI to determine whether bulk constrains the animals

voluntary food intake (VFI kg/hr), and hence growth (see below).
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Pomar et al. (2003) proposed that for a thermoneutral environment, the capacity of an
animal to lose heat on an unbalanced food is set to that predicted for a balanced food. A
balanced food was stated to contain “12.6 MJ EE / kg, a protein: energy ratio that meets
requirement and a protein balance and chemical composition similar to the one suggested
by NRC (1998) for 20 — 50kg pigs”. This constraint reproduces the findings that on low
protein foods pigs do not retain very large amounts of lipid with greatly increased levels
of heat production e.g. Emmans & Kyriazakis (1992b). In this model, the energy value of
12.6 MJ EE /kg is used for a balanced food, while the balanced amino acid composition is

that predicted for potential requirements for growth and maintenance.

To predict the heat production for a balanced food it is necessary to predict the balanced
ideal crude protein content, BICPC kg /kg, calculated from the ratio of total protein

requirement and energy requirement:

BICPC = 12.6.(MP + PRya/e,)/(Em + EERQ)) kg/kg (19)

Having predicted the BICPC it is possible to estimate the digestible energy content, DEC

MJ /kg, of the food, using constants from the effective energy system (Emmans 1994):

DEC = EEC + (hiom. IOM.) + ((Nue + hnex). BICPC) — (DF,.z.DF;) MJ/kg (20)

Where Ao (3.8, MJ/kg) and Ayer (4.67, MJ/kg) are the heat productions associated with
inorganic matter (JOM,, 0.12 kg/kg) and protein excretion, respectively. The energy
contained in nitrogenous compounds in the urine is N, (5.63 MJ/kg). It was assumed that
0.9 of digestible fat content, DF, (0.03 kg/kg) can be retained in the pigs body as lipid
(DF,, and z (12) is an adjustment to account for the difference in heat increment of
forming lipid from lipid and non-lipid dietary sources (Emmans, 1994). The
metabolisable energy content corrected for zero nitrogen retention, MEC, MJ /kg, can

then be estimated:

MEC, = DEC — (N,.. BICPC) MJ/kg @1)

The maximum amount of heat an animal can produce and hence lose, HL,q., MJ/d, is
calculated from the energy balance of an animal growing at its potential and eating a

perfectly balanced food:
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Hme‘ = (I/FIMECN) i ((]Tp = Ma(:)-PRmax) — (hI-LRdes) MI/hr (22)

The parameters /, (23.8 MJ /kg) and A; (39.6 MJ /kg) are the heats of combustion of
retained protein and lipid, respectively. Actual heat production, HP MJ/d, is calculated as
the sum of maintenance heat, heat associated with food intake (heat increment of feeding,
wr MJ/kg, times food intake) and heat production associated with actual positive protein

(wp, 36.5, MJ/kg) and lipid (w; 16.4, MI/kg) retention:
HP = E, + hp VFI + (Wp- Nye) PR + wi.LR MlJ/hr (23)

The model compares HP with HL,qx and where HP > HL,,,, VFI is reduced in 0.1% steps
and actual protein retention is re-calculated in relation to each of the essential amino

acids, PRaa;:
PRaa; = (e,.(Faa;,C.d. DCPC.VFI - MPEaa;))/ A4,Cg kg/hr (24)

The parameter d represents the standardised ileal digestibility of amino acids in food. The
model re-calculates energy balance, predicting revised values of PR and LR until the

revised HP is equal to L, 4.

The protein, lipid, water and ash retained are added to the previous days P, L, Wa and 4

weights from which live weight is predicted assuming 5% gut fill:
Wii1=105((P; + PR) + (L; + LR) + (Wa; + WR) + (4; + AR)) kg (25)

The model continues to predict the above system on a daily basis until the pre-defined
growth period has ended. Model predictions during health were explored and tested

throughout its development.

5.3.2 Predicting food intake and growth during pathogen challenges
The above framework is now modified to allow for the prediction of growth and
performance during both health and disease. The framework is proposed for a pig that is

initially immunologically naive to a pathogen and follows it through the progression of
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acquiring and expressing immunity. Sandberg et al. (2006) described a model for
predicting the relative food intake, RFI, of a naive host challenged by pathogens. This
model is integrated here with solutions to the problems of predicting resource partitioning
and requirements as discussed in Chapter 4. The model that is proposed here focuses on

sub-clinical disease, as did that of Sandberg et al. (2006) in Chapter 3.

5.3.2.1 Predicting the development of a disease

The model uses both the challenge dose of a pathogen, PC n/d, and the pathogen load, PL
(number of pathogens, n), of the host to describe a challenge. Sandberg et al. (2006)
predicted the effect of PC on RFI, and this description is maintained here for predicting
the lowest reduction in RFI. The remainder of the model is driven by how PL changes in
the host over time. How well a host recovers from an infection is reflected by the degree
of expression of immunity leading to the elimination of the pathogen load. The PL
(described as number of pathogens, n) in a host is the outcome of the challenge dose, the
growth of the pathogen population and the rate of killing and removal of pathogens by the

host’s immune functions (Austin & Anderson 1996; Hoshen et al. 2000):

PLyj=r.PL, — PLR, n (26)

Where PL,; is the pathogen load (number of pathogens in a host) in relation to its
previous pathogen load PL, and » ( /hr) describes pathogen replication. The initial PL
(PLgy) is equal to PC when PC is above a certain threshold. In the model, r is set
arbitrarily to an hourly replication rate of 1.03, which is in approximate agreement with
proposed doubling rates for replicating micro-parasitic bacteria (Lin-Chao & Bremer,
1986). The value of PLR, (n/hr) describes the rate at which the immune system disables
and removes pathogens from the host. The value of PLR, depends on the degree of
expression of immunity of the host, which in turn depends on the extent to which the host
has acquired immunity, its level of nutrition and its genotype (degree of resistance). The
prediction of protein (amino acid) and energy requirements during pathogen challenges
are then described, followed by a solution to predicting growth during pathogen
challenges when resources are scarce. Parameter estimates and the effects of host

genotype (degree of genetic resistance) on their values are discussed.
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5.3.2.2 Predicting the requirements for amino acids during pathogen challenges

Amino acid requirements during pathogen challenges appear to be dependent on three
main consequences of pathogen challenges including innate immune responses, repair
and replacement of damage and the cost of expressing acquired immunity. Solutions to

predicting these consequences of a pathogen challenge are now described.

5.3.2.2.1 Amino acid cost of innate immunity

The innate immune system is a first line of defence to pathogen challenges and it plays
important roles in both recognising and actively protecting a host from pathogens
(Beutler, 2004). The innate immune system represents physical barriers such as skin and
cilia, and chemical barriers such as lysozyme, complement and acute phase proteins.
Cellular components of the innate immune system include white blood cells such as
phagocytes (including neutrophils, monocytes and macrophages) and natural killer cells.
Several of the aforementioned components of the innate immune system may contain
large amounts of protein, and their production may contribute towards an additional
requirement for protein during pathogen challenges of different kinds and doses. It is
clear from literature data that the increases in maintenance due to innate immune

functions are related directly to the host’s pathogen load e.g. Taylor-Robinson (2000).

Marginal response experiments have suggested 1-3 fold increases in maintenance, but
these estimates are from average marginal responses, and may underestimate the
maximum requirement. The protein cost of innate immunity is as an initial attempt
predicted as a multiple of the maintenance requirement of the healthy animal, which
thereby relates it to the size of the animal. The amino acid content of the protein required
for the innate immune responses, aa;/IC (g/kgP), was taken as the average of six acute
phase proteins (Reeds er al. 1998). This allows the amino acid requirement for innate
immunity, [Jaa; g/hr, to be predicted as a multiple of requirements for maintenance during

health through the value of @ and @ > 1, which is a function of PL through:

a=1+ (R ay).exp.(-exp(-(PL — (PLy/R))/®)) (27)
Ilaa; = (((a.MP) — MP)/ep). aalIC g/hr (28)

At low doses, there is little effect on o while the dose is still less than that required to

cause a reduction in RFI (Sandberg ef al. 2006). Thereafter the requirement increases, at a
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rate, & /n which is always > 0, with increasing pathogen loads towards the genetic
maximum, Gy The value of PL, (n) describes the inflection point of the curve. This
relationship is preferred to a broken stick function because of the economy of parameters:
as it is a continuous function, it may better reflect the underlying biology. The form of the
relationship is seen as specific to the degree of resistance (R) of the host and the value of
R has a hypothetical range of 0.1 — 0.5, to coincide with the effects of resistance on RFI
(Sandberg ef al. 2006). A more resistant genotype is proposed to recognise a pathogen
earlier and thus mount an immune response at a lower PL, and, it is able to achieve a

greater maximum response e.g. Kreukniet et al. (1994).

5.3.2.2.2 Amino acid cost of expressing acquired immunity

The innate immune response provides fast protection against pathogens, but after a
certain level of challenge has been exceeded, the animal recognises the pathogen and
mounts an acquired immune response. An animal needs to acquire the ability to mount an
immune response before it can express it. The degree of acquired immunity, EIR,, can
have a value between 0 (completely naive to a pathogen) and 1 (fully immune to the
pathogen). The rate at which an animal acquires immunity is a function of the degree of
resistance and its previous experience of a particular pathogen which is described here as
the cumulative pathogen load, CPL n. The animal acquires immunity above a certain

minimum threshold for an acquired immune response to occur, CPLy n, through:

EIR, = exp.(-exp(-((CPL - CPL,) — (CPLy/R))/¥)) (29)

The parameter ¥ (/n) describes the rate at which the host acquires immunity and is kept
constant in the model, while through the effect of R on the inflection point (CPLy, n) a
more genetically resistant genotype recognises the pathogen at lower CPL and acquires

immunity at a greater rate.

The actual expression of immunity is proposed to be related to the PL of a host as it
would appear that animals invest proportionate amounts of resources towards a given
pathogen load e.g. Taylor-Robinson (2000), Johnson ef al. (2004) and Kringel &
Roepstorff (2006). The maximum expression of immunity (EIR,.x, kg/hr) and amino

acids (aa;EIR,,, g/hr) for expression of immunity may be predicted as:
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EIRyax = (R.€ MP.EIR,). exp.(~exp(~((PL - PLy) — (PLeip/R))/5)) kg/hr (30)
aaiEIR ey = (EIR oy /ep) .aa;EIRC g/hr 31)

Where EIR, is the extent of acquired immunity, which was described above. The value of
€.MP sets the maximum amount of protein produced for an acquired response to be a
multiple of its requirement for maintenance, and as a starting point € = 0.5. The scaled
maintenance requirement is used as it has the consequence of a larger animal being able
to produce more immune proteins and cope better with a given level of challenge than a
smaller animal (Fagbemi ef al. 1991; Otesile et al. 1991). The values of PLg (n) and §
(kg.n/hr) together describe the rate of the response in expression of immunity to
increasing levels of PL. The requirement for amino acids is calculated from an assumed
amino acid content of proteins in acquired immunity, aa;EIRC g/kg EIR, which is the
average amino acid content of two immunoglobulins (Chapter 4). As was described for
Innate immune responses, a more resistant genotype is proposed to produce more immune
proteins for expression of immunity at a given PL than a less resistant one. This is
achieved in the model by reducing the inflection point and increasing the asymptote with

increasing degrees of resistance.

5.3.2.2.3 Amino acid cost of repair and replacement of damaged tissues and body fluids

A pathogen may cause damage to host tissues such as gut wall or blood cells and cause
losses of body fluids, which need to be repaired and replaced by the animal. In Chapter 4
evidence was considered for the relationship between level and kind of pathogen
challenge and the extent of damage caused to the host. Both intracellular bacteria and
viruses will cause damage during their replication phase, and other kinds of bacteria may
cause further damage due to the secretion of toxins (Hasday et al. 2003; Graham et al.
2005). The model predicts that the damage caused on a particular day is a direct cost to
the animal on that day. The protein cost associated with replacing damaged tissues and

lost fluids, DR kg/hr, is related to PL through:

DR =((¢.MP). exp.(-exp(-((PL - PLy) — (PLpw))/w)))/ep  kg/hr (32)

Where ¢.MP sets the maximum amount of damage that a pathogen can cause to a host on
a particular day, and as an initial attempt ¢ = .4 as it has been observed that the cost of
repairing damage is a significant cost to the animal (Chapter 4). The inflection point

(PLpg, n) and rate parameter w (kg.n/hr) describe the extent of damage caused by a
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particular pathogen at a given PL. It is assumed that the material efficiency of replacing
damaged body protein is the same as that predicted for ep during health. The amino acid
content of protein for replacement and repair of damaged tissues is assumed as that of the
amino acid content of whole body protein (44,;Cp) which allows the prediction of the

amino acid requirement for repair of damaged tissues aa;DR g/hr:

aaiDR = DR AA;Cy g/hr (33)

It is unlikely, that for the chosen model pathogen that maximum damage rate is ever
achieved as it would likely be associated with severe clinical disease or death. The cost
due to damage at a time once the animal is expressing immunity may be affected by the
extent at which immunity is expressed. Thus by being able to express immunity fully, at a
time, the rate of the reduction in PL (and hence cost due to damage) would be faster than
in the instance where the animal is able to express immunity to a lesser extent e.g.
because of being restricted in terms of resources, or due to not having fully acquired

immunity.

5.3.2.3 Predicting the requirement for energy during pathogen challenges

A pathogen challenge may cause increased requirements for energy for the production of
immune proteins (i.e. the energetic cost of expressing immunity) and the cost of mounting
a fever for the model bacteria considered here. The cost of making immune proteins is
incorporated in the energetic cost of protein retention and is predicted as was described
earlier. It is proposed here that the main cost associated with a pathogen challenges such
as bacteria and viruses is that associated with fever. In the case of gastrointestinal
parasites, the most significant cost appears to be associated with damaged tissues
resulting in additional amounts of nitrogen appearing in the urine (McRae et al. 1982),

but this is not considered here.
To predict the energy requirement associated with fever it is necessary to account for the
relationship between fever and PL and the energetic cost of each degree of fever. The

increase in body temperature due to fever, Er °C, is predicted as:

Er=s.(PL-PLp) (34)
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The value of s describes the rate of increase in body temperature per unit increase in PL.
Fever is not predicted to occur below a certain threshold (PLr). The increase in energy
requirement for each degree of fever § (MJ/°C) appear to be consistently around 1.15
times maintenance / deg C of fever e.g. van Dam ez a/. (1998). Thus the energetic cost of
fever, Fgr MJ/d, is predicted as a multiple of maintenance, which means that a larger

animal will have a greater energetic cost for expressing fever:
FEE = EF.Q.E,,, (35)

The above system allows the prediction of the requirements for amino acids and energy
during pathogen challenges, which are added to the requirements during health to predict
the overall amino acid and energy requirements. To predict the actual food intake and
growth during pathogen challenges it is necessary to integrate the above framework with
the framework for predicting anorexia (Sandberg et al. 2006) and rules for the
partitioning of amino acids and energy between growth, damage and immune functions.
Solutions to these problems are now presented and predictions of the model are then

explored.

5.3.2.4 Predicting actual growth and food intake during pathogen challenges

Chapter 4 considered literature data of resource partitioning during disease, and found
that it may be necessary to consider the partitioning of amino acids between growth and
immune functions. In this model, the requirement for innate immune proteins is included
as part of maintenance as these appear insensitive to nutrient supply. Amino acids are
partitioned first to maintenance, which includes the traditional maintenance requirement,
requirement for innate immune proteins and repair and replacement of damaged tissues.
The remaining amino acid supply above maintenance is then partitioned towards growing
‘body’ protein and immune proteins. It is assumed that the marginal material efficiency of
growing body protein (or immune proteins) from food amino acids remains the same as
that during health and that its value applies for all amino acids. The marginal material

efficiency of amino acid retention is predicted as was described earlier.

The model for predicting the reduction in voluntary food intake that occurs during
pathogen challenges of immunologically naive animals was described in Sandberg ef al.
(2006), and it is only briefly mentioned here, together with some enrichment to join it

with the framework for predicting PL. Their model predicted the relative food intake
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(RFI), which was defined as the voluntary food intake of a diseased animal divided by the
voluntary food intake of that animal in the same state if not challenged by a pathogen.
The general pattern of RF7 during a pathogen challenge can be summarized by five main
parameters. The lag time (L d) is the delay from the pathogen challenging the host until
RFI falls below unity where 0 < L < L,,,,. The RFT then falls over the reduction time (R d)
where 0 < R, to a level A. The lowest intake, 0 < A < 1, is maintained for the duration time
(D d) where D = 0. It is assumed that for a given case there is no further reduction in RF/,
which then starts to recover at a rate (p /d), where 0 < p, until RFI = 1. In this model, the
value of A, (the lowest reduction in RFY) is predicted as a function of the challenge dose
and host genetic resistance. The actual RFT is predicted using a relationship that relates
PL with RFI and RFI =A,;,. This model reproduces that described in Sandberg ef al.
(2006), while allowing for D and p to become dependent on the extent to which the host

1s able to express immunity.

To predict the partitioning of amino acids towards growing body protein and immune
proteins a partitioning parameter () is used which is made a function of PL, and it is

assumed constant for different amino acids:
¥ = (R VYmax). exp.(-exp(-((PL - PL4) — (PLgir/R))/k)) (36)

Where the value of 3, is the largest proportion of resources that are partitioned towards
immunity, which in the model is greater for a more resistant genotype. The value of PLgx
and x describe the rate of change in partitioning for increasing pathogen loads. At low
pathogen loads, it would be expected for a host to partition small amounts of amino acids
towards immune responses, but as the level of challenge and risk to the host increases, the
host would prioritize resource allocation towards expression of immunity. Thus actual
non-immune protein retention (PR , keg/hr) and actual expression of immunity (EIR,

kg/hr):

PR = (e,.(I- y (Faa,C.d.DCPC.VFLRFI)) — (MPEaa;+ llaa; + aaDR))/ AA;Cp kg/hr (37)
EIR = (ey.(I- y (Faa;C.d DCPC.VFLRF) — (MPEaa;+ Illaa; + aa;DR))/ aa;EIRC kg/hr

(38)
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Equations (37, 38) apply while EIR < EIR,,,, and PR < PR,,,,. The above partitioning rule
has the consequence that while an animal is facing a situation of scarce resources it is still
possible for the animal to mount a significant immune response. At a high degree of
resource scarcity, the animal is penalised in terms of immunity to a greater extent. Once
the actual rate of expression of immunity has been predicted, it may be possible to predict
the extent at which the host prevents the pathogen from replicating, and, killing off a
proportion of the pathogen population. The model predicts that the overall rate of removal

and killing of pathogens from the host expression of innate and acquired immunity:
PLR,=EIRT+IIR.0 n/hr (39)

The parameters 7 (n/kg) and o (n/kg) describe the amount of PL that a unit of innate or
acquired immunity can kill and remove from the host. This approach of linking the
amount of immune protein to the extent of pathogen killing has been used elsewhere e.g.
Takumi ef al. (2005). The condition of 7> ¢ applies as the acquired immune response is
more efficient at removing and killing pathogens from the host. A given pathogen has a
maximum growth rate (r,.), which in the case where the animal is not expressing
immunity (i.e. it is naive to the pathogen) is the actual growth rate of the pathogen load.
This growth rate is reduced as the host starts to express immunity. In the instance where
the animal is not able to express the amount of immunity that requires (i.e. resources are

scarce) the pathogen growth is not reduced to the same extent through:
I'= tax— &.( BIR/ EIR ax) /hr (40)

Where g ( /hr) is a constant relating the proportional expression of immunity to the
pathogen growth rate and as an initial attempt g = 0.0125. The above system 1s solved on
an hourly basis predicting the change in pathogen load as a balance between pathogen

growth and host killing through immune responses.

The total PR on a particular day (PR = PR + EIR) can then be used to predict the revised
maximum heat loss in Equation (22). The actual heat production is also recalculated to

include the effect of fever:

HP = (E,, + Fgg) + hy VELRFI + (h,- Nyo).PR + hi. LR MJ/hr (41
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Due to fever increasing HP and anorexia reducing heat production associated with the
amount of food eaten and growth, the overall HP would not always be greater than that of
a healthy animal. In the case where HP is greater than HP,,, it is assumed that in this
instance the animal will prioritise PR and reduce LR to ensure that HP = HPpay. LR is

then predicted on energy balance grounds given VFI, MEC, and PR.

5.3.2.5 Parameterisation

In order to simulate the above framework it was necessary to choose the parameters
values for each of the functional forms. Due to a lack of data, it was not possible to
parameterise the model in a formal manner. The model was therefore set up for a
hypothetical challenge dose range of 10 000 — 150 000 n/d which together with the
pathogen growth rate lead to a range in PL. In order to choose values for the rate and
inflection point parameters it was necessary to approximate the maximum response i.e.
maximum increase due to innate, acquired or damage. There is an indication in the
literature of what these values may be as was reviewed in Chapter 4, and these are shown

together with the other parameter values in Table 2.

Table 2 A summary of the model parameters used to predict amino acid and energy
requirements together with their proposed values for a chosen model pathogen. The main

parameters are shown in bold, followed by their sub-parameters in italics.

Parameter Description Value or
range
R Scaling parameter for the degree of genetic resistance of a host 0.1 -0.5
Ilaa; Amino acid requirement for innate immunity Assumed
a Multiplier of maintenance for innate immunity requirement Assumed
o Maximum value of o 0.2
PLy Inflection point for calculating o 1x10°
P Rate parameter for calculating o 3x10°*

. - r, - i / i
aa;[IC ~ Amino acid content of innate immunity proteins

aa;EIR,.,, Amino acid requirement for acquired immunity Assumed

EIRp Potential level of acquired immunity (0-1) Assumed
CPLy Inflection point for calculating EIRp 6x10°
v Rate parameter for calculating EIRp 9x10*

EIR,.. Rate of expression of immunity at a particular time Assumed
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€ Constant for predicting EIR 0.5
PLgr Inflection point for calculating EIR,,. 2x10°
) Rate parameter for calculating EIR 4. 8x10°
aaEIRC  Amino acid content of proteins part of acquired immunity !
aa;DR Amino acid requirement for repair of damage
v Constant for predicting maximum damage 1.4
PLpg Inflection point for calculating damage 6.0x10°
B Rate parameter for calculating damage 5x10°
Feg Energy requirement due to fever
Fiax Maximum increase in body temp due to fever 1.5
PLp Inflection point for calculating fever 1x107
s Rate parameter for calculating fever 8x10°
7 Increase in energy requirement per degree of fever 125
v Partitioning parameter Assumed
Vorct Maximum value of y 0.15
PLgg Inflection point for calculating <y (same as that for EIRax) 1x10°
K Rate parameter for predicting 7y 3x10°
r Maximum growth rate of bacteria (/d) 1.03
PLRt Rate of removal and killing of pathogens Assumed
T Number of pathogens removed per unit acquired immunity 1.7x10°
Number of pathogens removed per unit innate immunity 1x10°
A Reduction in RF] Assumed
Nnin Lowest reduction in RFI during sub-clinical disease 0.72
Neciis Rate parameter for reduction in RFI with increasing PL 3x107
Ty Threshold PL for pathogen to be recognised 1x10*
T Threshold PL at which host becomes clinical 3x10°
'See Chapter 4

The assumed maximum value for each of the forms was taken from indications in the

literature. These were then combined with the range of PL considered and thereby the

values of the intermediate parameters (rate and inflection point parameters) were derived.

As an initial attempt to explore the system this may be seen as acceptable e.g. Austin &

Anderson (1996) and Hoshen et al. (2000). The overall model has now been described

and in the following sections, model predictions and their consequences were explored.
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5.4 Results

The proposed framework was developed to predict the effects of pathogen challenges of
different doses on pigs with different degrees of resistance and/or growth characteristics,
when given access to different kinds of foods. The model was used to make predictions
across the resulting experimental space. The first scenario considered was the effect of
dose on performance at two live weights. Then the outcome of challenges with different
doses on a host that was given different foods was explored. The experimental space was
increased to consider the outcome of different doses on a host of different degrees of
resistance, when given different kinds of food. The final set of simulations considered the
effect of different doses on a host with different potentials for growth and degrees of
resistance, when challenged by different doses, and given access to different kinds of

food.

5.4.1 The effects of pathogen challenges of different doses on performance

at different live weights
Pathogen challenges of three different doses (20 000, 40 000 and 60 000) were simulated
for a pig of either 20 or 50kg live weight at the point of the challenge.
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Figure 1a Predictions of pathogen load over time, of either a 20 or 50 kg BW pig when
challenged with one of three different doses of a pathogen, and given ad libitum access to

a high quality food.
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Figure 1b The predicted live weights of an animal given one of three doses of a pathogen
challenge when given access to a good quality food that was balanced (for the 20kg pig)

in terms of protein (amino acids) and energy.

Default model parameters were used for amino acid composition of food protein and
growth potential and genetic resistance of the animal. Two foods were used that ensured
that protein was first limiting for both weights and that the food was balanced in protein
and energy (Pomar et al. 2003). The 20kg pig were given a food containing 0.2 kg CP/kg
DM and 15 MJ DE/kg DM and the 50kg pig was given a food with 0.18kg CP/kg DM
and 16 MJ DE/kg DM. The change in pathogen load over time is shown in Figure la for
the two weights at three pathogen doses.

At greater doses the pathogen load develops at a faster rate, while the host acquires
immunity to it at a faster rate, and therefore at larger doses the pathogen loads both peaks
(with a slightly greater pathogen load) and starts to decline at an earlier time point. The
50kg pig is more able to reduce the pathogen load (and a lower peak pathogen load) as it
has the capacity to mount a greater immune response. The performance of the animal
follows closely the extent of the pathogen load in the animal, as a non-limiting food was
used here (Figure 1b). The predicted reduction in protein retention follows the reduction
in food intake (data not shown). Once the animal has recovered from the challenge, the

protein retention was less than its controls, at a time. The difference occurs from the
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challenged animals having a smaller protein weight (reflected in live weight) than the
healthy controls post challenge. The extent of the difference in protein retention between
controls and challenged animals was much smaller for the 50kg pig, as for this genotype
the rate of change in protein retention with increasing size was greater at 20 compared to

50kg body weight.

5.4.2 The effects of pathogen challenges of different doses on performance
for foods of different crude protein contents

The model was used to predict the effect of different levels of pathogen challenges on a
20kg pig when given access to foods of different crude protein contents (CPC). The food
protein had an amino acid composition that was perfectly balanced for growth. It was
assumed that the animal was in a thermoneutral environment throughout. In Figure 2 are
the predicted responses in protein retention for two foods and two doses used (40 000 and
80 000). On a low protein food (0.12 kg CP/kg DM) it would be expected that the healthy

animal has a constrained intake due to the production of heat (Pomar ez al. 2003).
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Figure 2 The predicted rates of protein retention for a 20kg pig when given a food
containing 16MJ DE/kg DM and either 0.12 (blue lines) or 0.20 (black lines) kg CP/kg
DM and challenged by two different doses of pathogen.
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The predicted rates of protein retention, show an interaction between dose and crude
protein content on the extent of the reduction in protein retention in relation to controls on
the same diet. This effect was more prominent at a dose of 40 000 compared to the higher
dose of 80 000, as expected. The interaction arose from the pig on the low protein food
reaching its heat loss constraint, and thus the extent of the reduction in food intake being
smaller compared to its healthy control, which was also constrained by its heat

production.

The effects of different crude protein contents on the outcome of a pathogen challenge
was investigated further by performing an marginal response experiments as done
normally (Williams et al. 1997a,bc,). The model was set up to run for defined period of
time (10 days) and the model calculates the average protein retention over this period and
the average protein intake over this period, as done in ‘real’ time rather than weight
experiments. The 20kg pig was given ad libitum access to a food with different crude
protein contents where the amino acid composition was the default of the model and

constant digestible energy content (16 MJ DE/kg DM).
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Figure 3 The predicted average protein retention (PR) over a 10 day period of an 20kg

animal challenged by one of two doses and given foods with several different crude

protein contents.
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A dose of either 20 000 or 60 000 was used and the model was run for foods ranging from
0.1 to 0.28kg CP/kg DM in 0.01 steps. For the ad libitum high quality food the

predictions were as expected, and these are shown in Figure 3.

The predictions in Figure 3 show the response in protein retention to increasing levels of
crude protein in the food for a 20kg animal. The challenge doses caused a slight
displacement due to an increase in maintenance, which was slightly greater at the higher
dose. The response of the low dose is similar to that of control, once having taken into
account the displacement, but as the crude protein content increases, the challenged
animal reaches a lower plateau than the healthy control. This effect was greater at the
higher dose. This occurs due to the challenged animal, at a time, being smaller than the
healthy control and therefore having lower maximum protein retention, at a time. At a
degree of maturity, there was no difference in the maximum protein retention. At the
higher dose, the slope of the line was affected. This effect occurred due to a larger dose
having a greater effect on food intake and growth with greater effects on the size of the
animal. The relationship between protein retention and protein intake (data not shown)
show that the marginal material efficiency of using protein for protein retention was not

affected with the slope the same for the healthy control and two challenge doses.

5.4.3 The effect of pathogen challenges on the performance of hosts with

different resistance

5.4.3.1 The resistance of genotypes when given access to a good quality food.

Simulations were performed to explore the effect of different doses of pathogen on the
performance of a 20kg BW host that was made to have different degrees of resistance on
a hypothetical scale of genetic resistance (R: 0.1 — 0.5), when given access to a good
quality food. All other model parameters were kept at default values. In Figure 4 are the
predicted pathogen loads for an animal given a high quality food. The more resistant
genotypes were predicted to have overall a lower pathogen load than the less resistant
genotype, as would be expected. The responses in pathogen load show that care is needed
for the dosing regimen used and the time point for measuring pathogen loads, when trying

to assess the degree of resistance of different genotypes.
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Figure 4 The predicted pathogen load of an animal at three different degrees of resistance

(0.0, 0.2, 0.4) and two doses (20 000, 40 000) when given a good quality food.

5.4.3.2 The extent of resistance when given either a high or low quality food and
restricted by bulk

The model was set up to run simulations for the same sets of resistance and dose as were
shown in Figure 4, but on this occasion the foods were of two kinds (0.1kg CP/kg DM or
0.2kg CP/kg DM). In addition, the animals were restricted through the bulkiness of the
food. The predicted pathogen loads for R (0.0) and R (0.2) are shown in Figure 5a and 5b,

respectively.

This experiment was performed to assess whether a more resistant genotype, as defined
by this framework, would still appear more resistant in a situation where resources are
either very scarce or sufficient. The predicted pathogen loads in Figure 5a show that a
genetically susceptible animal that is restricted and given a poor quality food has large
penalties on immunity, with subsequently greater pathogen loads, and it took longer for
the animal to eliminate its load. The model predicted an interaction between dose and
crude protein content in that the increase in the maximum pathogen load for the low

protein food was greater at the dose of 40 000 compared to the dose of 20 000.
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Figure 5a The predicted pathogen loads of a genotype with genetic resistance of 0 (the
default genotype in the model), when challenged by either 20 000 or 40 000 pathogens
and given a food containing either 0.1 or 0.2 kg CP/kg DM. For details of feeding

regimen see text.
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Figure 5b The predicted pathogen loads of a genotype with genetic resistance of 0.2,
when challenged by either 20 000 or 40 000 pathogens and given a food containing either
0.1 or 0.2 kg CP/kg DM. For details of feeding regimen see text.
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The predictions in Figure 5b, however, show that a genetically more resistant animal (as
defined by this framework) performed slightly worse on the low protein food, but the
effect was not as large as observed for the more susceptible genotype. These predictions
are the outcome of the definition of resistance in the model, where a more resistant
genotype is able to produce more immune proteins at a pathogen load, but also partition

more resources towards immunity, at a pathogen load.

5.4.5 The effect of pathogen challenges on the performance of animals with

different potentials for growth and different degrees of resistance

5.4.5.1 Performance on a good quality food

The model was used to simulate the outcome of a 2x2x2 experiment for a 20kg pig with
two levels of resistance (Default and 0.2), two levels of potential for growth (B = 0.011 or
0.012/d) and two pathogen doses (20 000 and 40 000/d). The food was such that both
genotypes were eating for amino acids, but were able to achieve their potential when

healthy.
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Figure 6 The predicted protein retention of four genotypes with different combinations of
growth potential and resistance (Potential, Resistance) when challenged by a dose of 40

000 pathogen and given a good quality food.
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The food contained 0.2kg CP/kg DM and had a DE content of 16 MJ/kg DM. The
predicted rates of protein retention are shown in Figure 6 for one level of dose (40 000).
The predicted rates of protein retention in Figure 6 (and those for the dose of 20 000, data
not shown) indicated an interaction between dose, degree of resistance and growth

potential for the extent of the reduction in protein retention at a time.

The potentially faster growing genotype was predicted to grow less than the healthy slow
growing control, and for a brief period the faster growing genotype with R = 0.0 grew
slower than the slower growing genotype with a R=0.2. This interaction did not occur for
the lower dose (data not shown), where the genotype with the higher potential for growth
had faster rates of protein retention in all cases. This experiment was repeated for a range
of combinations of R and B, and for higher degrees of resistance the above interaction did
not occur, and the faster growing genotype performed better at all times. Similarly, a fast
growing genotype (B = 0.015/d) also had greater rates of protein retention at all times,

compared the slow growing genotype (B =0.011/d).

5.4.5.2 Performance when given either a high or low quality food and restricted by bulk
The model was set up to run simulations for a slow growing genotype (B 0.013/d) at two
levels of resistance (0 and 0.2) and a fast growing genotype (B 0.015/d) at two levels of
resistance (0 and 0.2) when challenged by a dose of 40 000.
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Figure 7 The predicted food intake of four different genotypes that differed both in their
growth potential (B) and degree of genetic resistance (R) when given a restricted amount

of a food containing 0.2kg CP/kg DM.
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The simulations were performed for a 20kg pig that was given two kinds of food: a low
protein food (0.1kg CP/kg DM) or a high protein food (0.2kg CP/kg DM). As was
described earlier the animals were restricted through the bulkiness of the food to the
intake of the slow growing genotype on a balanced food. There was an interaction
between crude protein content and growth potential on the predicted food intake: the
predictions for the 0.2kg CP/kg DM food are shown in Figure 7. The predictions in
Figure 6 show that the slow growing genotype exhibited anorexia at both degrees of
resistance, while the faster growing genotype did not. This occurred because of the bulk

restricted intake being less than the voluntary food intake predicted for the fast growing

genotype.

5.4.6 The effect of pathogen challenges on the performance of different

genotypes when given foods with different first limiting amino acids

The model was used to explore the effects of food proteins with different amino acid
contents to the default in the model (ideal composition for growth). The model was run
for a challenge dose of 40 000 to identify the ranking of the first, second, third and fourth
limiting amino acids during the peak requirement for immune responses, when given a
food protein with the default model amino acid composition. The first, second, third and
fourth most limiting amino acids were determined by running the model to be
Tryptophan, Methionine + Cysteine, Threonine and Histidine, respectively. Two sets of
simulations were then performed: 1) The animal was given different amounts of food
protein, where its content was maintained at the same proportion of the protein, but with
lysine being first limiting in all cases. 2) The animal was given different amounts of food
protein, where its content was maintained at the same proportion of the protein, but with

tryptophan being first limiting in all cases.

The predictions in Figure 8 show an interaction between the first limiting amino acid and
the response in protein retention to crude protein content. For the foods first limiting in
lysine there is less of a difference between challenged and control animals in terms of

maintenance, while for the tryptophan limiting food this difference was greater.
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Figure 8 The predicted protein retentions (PR, kg/d) of a fast growing genotype (B =

0.016/d) when given foods with different crude protein contents (CPC, kg/d) which were

either first limiting in lysine or tryptophan.

This would imply that when trying to identify the nutritional cost of pathogen challenges,
it is essential that one amino acid is first limiting throughout, and that the amino acid is
one which is required more for the immune response (Tryptophan in this case). As was
observed earlier the challenged animals did not achieve the same plateau as their healthy

controls due to a difference in size at a time.

The same experiment as that described above was performed for four genotypes: these
were B=0.013 and 0.016/d that either had a degree of resistance of 0 or 0.2. The model
estimated the maximum pathogen loads and these were plotted against the crude protein
content of the food. These are shown in Figure 9 for the fast and slow growing genotype

with a resistance of 0.
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Figure 9 The predicted maximum pathogen loads of a slow and a fast growing genotypes
(B = 0.013 or 0.016/d) when given foods with different crude protein contents (CPC,
kg/d) which were either first limiting in lysine or tryptophan.

The predictions in Figure 9 show an interaction between crude protein content and growth
potential on the ability of the animal to cope with a challenge, measured here as the
maximum pathogen load. At high crude protein contents (0.18 — 0.21 kg/kg DM) the fast
growing genotype copes better with the challenge. Thereafter, as the crude protein content
is reduced, the increase in the maximum pathogen load is greater than for the slower
growing genotype. This was particularly the case for the food first limiting in Tryptophan,
which is present in large quantities in immune proteins. The crude protein content at
which the maximum pathogen load starts to become affected is also higher in the fast
growing genotype. These results show that it is also essential to adequately design
experimental diets when comparing the performance of different genotypes. This is
shown further in Figure 10, where the predicted protein retentions are plotted against

crude protein intake for two genotypes that differed in their degree of resistance.
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Figure 10 The predicted protein retention (PR, kg/d) of two genotypes differing in their
degree of resistance when given foods with different crude protein contents (CPC, kg/kg

DM) which were either first limiting in lysine or tryptophan.

At low crude protein contents, the model predicted that there was no difference in
performance between the two resistance genotypes when given either a lysine or
tryptophan limiting protein. At slightly higher crude protein, the difference in resistance
could be observed for the more resistant genotype eating the tryptophan limiting protein,
but not for the lysine limiting food protein. Overall, the predictions of the model have
demonstrated several difficulties in comparing the performance of different genotypes

when given different foods and challenged by different doses.

Discussion

The effects of sub-clinical pathogen challenges on growth and performance have long
been recognized, but no general model has been previously proposed. The framework that
has been proposed here is a starting point for predicting the effects of pathogen challenges
of different doses on growth and performance of genotypes with different degrees of
resistance and potentials for growth when given access to different kinds of food. The
model is a more general and comprehensive than previously published attempts (Henken

et al. 1994a,b; Black ef al. 1999). The effect of pathogen challenges on amino acid and
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energy requirements were considered explicitly and a quantitative partitioning rule
between growth and immune responses was described. The framework has a predictive
and heuristic value in that it has allowed for the interactions between dose, degree of
resistance and food composition to be explored, and through its development, several
areas where quantitative information is lacking have been identified. These include the
effect of nutrition (protein and amino acids) on the development of pathogen loads in

different genotypes when exposed to different types of pathogens at different doses.

The predictions of the model could not be assessed quantitatively as there is not sufficient
data available in the literature (see Chapter 4). The predictions can, however, be assessed
qualitatively in some cases. Timms ef al. (2001) found a similar kind of response for the
rate of acquisition of immunity for the parasitaemia (synonymous to pathogen load) of
mice challenged with different doses of Plasmodium chabaudi. At greater doses, the peak
pathogen load occurred earlier and was slightly greater. Thus, the assumption in the
model that an animal that is challenged by a larger dose, acquires immunity at a faster
rate appears to be reasonable. The effect of dose on live weight is a typical response seen
in several experiments (Hein 1964). The effect of nutrition on pathogen load is not clear
in the literature for replicating micro-parasites, but the predictions agree with those
observed in sheep challenged by gastrointestinal macro-parasites (van Houtert e al. 1995)
when given foods of high and low protein contents. van Houtert ef al. (1995) observed
that during the initial period of the challenge, there was no difference in worm burden,
but once the sheep had acquired immunity the animals given the high protein diets had a
faster reduction in worm burden. The predicted pathogen loads for susceptible and
resistant genotypes also agree with the findings of for example Paling ef al. (1991) who
found that cattle that are more resistant to 7rypansomes had at a time lower pathogen
loads compared with a more susceptible genotype. In this case, the more resistant

genotypes also grew better, as would be predicted by this framework.

Marginal response experiments give animals foods of different crude protein contents,
and the average protein intake and retention is measured over the experimental period.
Experiments where marginal responses have been measured for animals kept in ‘high
immune system activation environments (Williams ef al. 1997a,b,c), during challenges
with lipopolysaccharide (Webel ef al. 1998a,b) and Eimeria acervulina (Willis & Baker

1981ab) have found that challenged animals at high crude protein contents had a lower
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plateau response (i.e. lower maximum protein retention). In turn, these findings have been
used widely as support for pathogen challenges directly affecting an animals potential for
growth e.g. Escobar et al. (2002, 2004) and Humphrey & Klasing (2004). It has been
shown here that a model where the mechanism for reducing food intake is a direct effect
on food intake also produces such a response (Figure 3, 7 and 9). This effect was greater
at larger doses (Figure 3). The lower maximum protein retentions were predicted as an
outcome of an animal being smaller at a time, compared with its healthy controls, rather

than its potential protein retention at a degree of maturity being affected.

In this framework, pathogen challenges in a naive host directly affect food intake, rather
than reducing the growth potential of the animal. A central question is what benefit this
reduction in intake has to the animal, which has been subject of much debate (Hart 1988;
Kyriazakis ef al. 1998). Anorexia may be part of an immunoregulatory response (Bazar et
al. 2005), while it may also be part of a general beneficial response to cope with a
pathogen challenge (Hart 1988; Kyriazakis ef al. 1998). Elucidating the mechanism (and
its purpose) by which anorexia occurs is, and remains, a key problem to solve. An
interesting question that this and the work of Wellock ef al. (2003b) raise is whether
infectious stressors and social stressors affect performance by the same mechanism: the
model of Wellock e al. (2003b) proposes that an animals potential for growth is reduced
during exposure to social stressors. Experiments are warranted which address the possible
interactions between social and infectious stressors on performance, and the mechanism

by which these stressors reduce performance.

A central issue to this framework is how more resistant genotypes, and genotypes with
greater degree of resistance partition their resources (Coop & Kyriazakis 1999). In this
framework, it was proposed that a more resistant genotype partitions more resources
towards its immune responses, as well as producing more immune proteins. This has the
consequence that a more resistant genotype will also perform better than a more
susceptible on poor quality low protein foods. Simulations performed but not shown have
demonstrated that if a more resistant genotype was only to produce more immune
proteins at a pathogen load, and have the same value for the partitioning parameter; it
would perform worse at low levels of resource supply. It is likely that natural selection for
genetic resistance has occurred at times when resources were scarce and pathogen
challenge doses were high. Thus, the assumption of the model that a more resistant

genotype produces more immune proteins, and partitions more food protein towards
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immune functions at a pathogen load may be a useful definition of a resistant host for
purposes of artificial selection. The predictions of the model for a resistant and
susceptible genotype agree with the scarce data available in the literature for food intake

(Akinbamijo et al. 1998) and pathogen load (Paling et al. 1991).

The model, however, predicted contrasting effects of an animals growth potential on its
ability to cope with a pathogen challenge (as measured by maximum pathogen load) on
either good or poor quality foods. The negative effect of growth potential was more
pronounced when a specific amino acid, which the immune system requires large
amounts of, was used. It has been proposed that faster growing genotypes partition more
resources towards growth over immune responses and therefore immune responses are
less in faster growing genotypes (Bayyarietal et al. 1997; Rauw et al. 1998; Ask et al.
2006). It is not often recognised, however, that the evidence on this issue are not
consistent. Ask ef al. (2006) compared a number of turkey genotypes (on a standard
experimental diet) after a challenge with Escherichia coli, and the extreme slow growing
genotype (99g/7days) had more lesions than the fast growing genotype (295g/7days), and
the reduction in live weight gain was greater in the slow growing genotype. Further
evidence from turkeys selected for 16-week body weight showed that faster growing
genotypes might produce more immune proteins during challenge (Li ef al. 2000).
Coltman et al. (2001) found that feral Soay sheep that were larger were also parasitized fo
a lesser extent, although this may be due to several reasons. Evidence from sheep selected
for fast wool growth, suggested slight greater faecal egg counts (which are a proxy of
pathogen load) in the sheep selected that grew more wool when challenged by

gastrointestinal parasites (Williamson et al. 1995ab).

The possible effect in sheep selected for fast wool growth, however, may be due to the
very high requirement for sulphur amino acids for wool growth (Williamson et al
1995ab). Sulphur amino acids as predicted by this model are for a food protein balanced
for amino acids for growth the 4" most limiting amino acid during pathogen challenges.
Miller et al. (1998) tested this idea by giving abomasal infusion with cysteine to the sheep
genotypes developed by Williamson ef al. (1995ab). The relative reduction in worm
burden of Trichostrongylus colubriformis due to cysteine infusion was greater for the
genotype selected for wool growth. This framework could explain their findings by

including a requirement for amino acids for wool growth. The above experiments, overall
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do not demonstrate clearly whether faster growing genotypes are penalised differently to

slow growing genotypes, when exposed to pathogens.

A key issue raised by the model is the performance of different genotypes (growth
potential and degree of resistance) when given foods of different amino acid
compositions. The specific requirements of certain amino acids for the immune response
lead to several interactions between the predicted maximum pathogen load and protein
retention at a crude protein content. There is further support in the literature (see Chapter
4) that low protein supplies do not always lead to immunity being penalised to a great
extent: this may be the outcome of using food proteins with different amino acids
compositions. This model has for the first time shown that by accounting for the amino
acid requirements for maintenance, growth and immune responses it may be possible to
account for the effects of pathogen challenges on growth and performance of different
genotypes. A key model assumption that needs testing, however, is whether all amino
acids are partitioned with the same ratio, or whether certain amino acids have a higher
partitioning ratio. It is possible that at time of resource scarcity for a certain amino acid
that animals have evolved to partition greater amounts of those amino acids for which the
immune response has a high requirement. This is, however, unattractive proposition as it

would greatly increase the parameter requirement of the model.

The proposed framework is an initial attempt at modelling the effects of pathogen
challenges on growth and performance. The model will need testing with suitable
experiments and the framework refined. The future development of this framework may
also include the integration with models for predicting the effects of physical (Black et al.
1986; Wellock et al. 2003a) and social stressors (Wellock ef al. 2003b) on performance.
There is evidence that social stressors affect the immune responses of a host (Gross &
Siegel 1965; Gross 1972). As discussed in Chapter 4 there may also be a relationship
between the extent of fever and the ability of the host to mount an immune response
(Bradley & Kauffman 1988; Jiang et al. 2001). The poorer performance of animals in
commercial production environments compared to well maintained experimental stations
(Black et al. 1995) will be the outcome of all of these stressors acting individually or
simultaneously. Models now exist to describe the effects of all three stressors on
performance, and a complete model, which includes all of these stressors, would be a key

step towards managing the performance and health of production animals.
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General Discussion



Introduction

The effect of pathogen challenges on animal performance is a central problem to current
and future livestock industries (Black e al. 1995; Kanis et al. 2005). The relationships
between pathogen challenges, performance and health are also central to several other
branches of biology, including animal science (van Houtert & Sykes 1995; Black et al
1999; Coop & Kyriazakis, 1999), evolutionary ecology (Sheldon & Verhulst, 1996;
Lochmiller & Deerenberg, 2000) and human medicine (Powanda, 1977; Powanda &
Beisel, 2003). In this thesis, mathematical modelling techniques were combined with
critical analysis of the available literature to produce a framework for predicting the
effects of pathogen challenges on animal performance and health. The framework
presented in this thesis has attempted to incorporate the underlying biology of the system
in terms of deterministic equations, which were then solved dynamically to consider the
possible interactions between the animal, its food and its environment over time (Emmans
& Fisher, 1986; Emmans, 1988). In principle, such a framework may guide us towards
future experiments that are needed to improve our understanding of the system, and point
towards genetic selection and management procedures that may alleviate, or completely

remove the effects of disease on performance (Black ef al. 1995; Bishop & Stear, 2003).

The first step when developing the framework, was to consider proposed partitioning
rules for the healthy animal, as this is a key issue for predicting growth and an area of
growth modelling where several (apparently) different solutions have been put forward
(Chapter 1; Sandberg et al. 2005a). The second step was to test proposed partitioning
rules that withstood qualitative testing, against suitable data, and identify the values of the
key partitioning parameters (Chapter 2; Sandberg ef al. 2005b). The preferred partitioning
rule was that proposed by Kyriazakis & Emmans (1992a, b), which makes the marginal
efficiency of material use of protein a function of food composition. The third step was to
identify the nature of the reduction in voluntary food intake (anorexia) that occurs during
pathogen challenges and develop a model for its prediction (Chapter 3; Sandberg ef al.
2006). A framework has been put forward that accounts for the consequences of
exposure to pathogens on the reduction in food intake in farm animals. The fourth step
was to consider reductions in growth during pathogen challenges, and attempt to explain
those which were not caused by anorexia, and how these were affected by nutrition
(Chapter 4). In the final chapter (Chapter 5) a framework was presented which can be

used as a basis for the prediction of growth and performance of different genotypes
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(potential for growth, genetic resistance) when given access to different kinds of food.
The above steps combined to produce a general solution to the question posed by the
overall objective of the thesis. This was the prediction of performance of different
genotypes when challenged by different doses and given different kinds of food. The
proposed model has both a predictive and heuristic value. In this the general discussion
the issues raised by the overall framework, and future directions in this field are

considered.

The remaining issues

The development of a modelling framework is an iterative process: no model can ever be
completed, but only be improved or rejected e.g. Emmans & Fisher (1986). The overall
objective of this thesis was achieved in that a model which predicts growth and
performance of different genotypes during exposure to pathogens was developed and its
predictions explored. This model is an initial attempt to solve this important problem and
suitable experiments are needed to not only test the predictions of this framework, but
also to improve its assumptions. The model was not parameterised adequately, and it was
often necessary to choose the values of parameters on conceptual grounds. This was due
to a lack of suitable data describing the effects of different doses of pathogens on the
performance of pigs, and animals in general. This can be seen as an acceptable exercise
since several other modelling attempts have used a similar approach e.g. Austin &

Anderson (1996) and Hoshen et al. (2000).

The model was able to predict the qualitative outcomes of several experiments in the
literature. For example the model is able to predict the transient reduction in voluntary
food intake and the manner in which the pathogen load changes in a host (Berendt ef al.
1977; van Houtert et al. 1995; Balaji et al. 2000, 2002; Greiner ef al. 2001). In addition,
the model predicts the kind of marginal responses observed during exposure to high
immune activation environments (Williams et al. 1997a, b, ¢) and pathogens (Willis &
Baker, 1981a, b). This would suggest that if suitable data was obtained, the model could

be parameterised for a particular pathogen.

For the model to predict large effects on the pathogen load of a host it was necessary to
both restrict the animal through bulk and give it access to low protein foods (Figure 5a,
Chapter 5). This may be the outcome of the requirements for immunity as predicted by

model to have been underestimated, or the partitioning parameter to have been

170



overestimated. In the latter case too much food resources may have been directed towards
the immune response. Experiments which determine food intake, growth (including both
protein and lipid retention) and pathogen loads of different host genotypes that are given
foods of different protein contents are needed to further test this consequence of the
model. In addition, it would be necessary to measure the change in immune responses
(and the rate of removing the pathogen load) when animals are supplemented with

different nutrients e.g. amino acids e.g. Bhargava et al. (1970a).

To parameterise the model it is necessary to account for the transient nature of pathogen
challenges in immunologically naive animals, e.g. Akinbamijo ef al. (1995) and van
Houtert ef al. (1995). Methods of estimating nutrients requirements during pathogen
challenges will need to deal with both the requirement and pathogen load changing over
time and with dose at a time (Adamo, 2004). The functional forms used in this model
were static mechanistic equations, which predict the requirement of, for example the
expression of immunity, at a pathogen load. To resolve this issue suitable indicators of
requirements for immune responses will need to be identified (Adamo, 2004) and
measured at several time points during a pathogen challenge. Alternatively, it could be
possible to use the rate of change in pathogen load as a proxy indication whether the
requirement for mounting an immune response for a particular nutrient (amino acid) has
been met. An animal would be given increasing levels of a particular amino acid and the
rate at which the animal eliminates its pathogen load should be measured. At the point at
which the rate of removing the pathogen load is no longer improved, it can be assumed
that the requirement for a particular nutrient for the expression of immunity has been met
and that the host has achieved its genetic maximum for this function. This situation,
however, creates a high information requirement, as it would be necessary to consider all
of the individual amino acids to get complete information of the requirement of the

animal.

A key issue that the model and available literature data has not been able to resolve was
whether the reduction in voluntary food intake occurs as an outcome of a reduced growth
potential, or through a direct effect on appetite as is proposed in this framework. Model
predictions showed that even when the model invokes the mechanism of a direct effect on
appetite, it is able to predict the findings of Willis & Baker (1981a, b), Williams et al.
(1997a, b, ¢) and Webel et al. (19984, b). These experiments suggest a reduction in

animal performance, even when resource intake is increased and have often been used as
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evidence for a direct effect on an animal’s potential for growth (Greiner et al. 2000;
Escobar et al. 2002, 2004). A possible approach to determining which of these two
mechanisms is acting during pathogen challenges, could be the use of direct infusion of
individual amino acids, together with measures of nitrogen balance. This would allow for
the findings of Bown e al. (1991) where sheep given abomasal infusions of nitrogen and
challenged with gastrointestinal parasites retained the same amount of nitrogen as their
healthy controls to be assessed in monogastrics. The findings of Bown ef al. (1991) have
been interpreted as evidence that pathogen induced anorexia is a consequence of a direct
effect on appetite. Alternatively, it could be possible to measure the marginal response of
animals challenged by pathogens and given several different levels of a first limiting
amino acid throughout an infection. For example, an automated system that would allow
for nitrogen balance to be calculated continuously over time may do this. The marginal
response, at a particular time point, could then be considered in light of the pathogen load
in the host and its transient reduction in food intake. In the case where the nitrogen
retention of the challenged animal was the same as that of the healthy controls, at a time,
and food intake at this time was lower in the challenged animals, it could be concluded
that pathogen challenges have had a direct effect on appetite. This is different from the
traditional approach to marginal response experiments where protein retained is
calculated as the difference between start and end protein weights. There is an alternative
view: that pathogen challenges affect both food intake directly, and the animal’s potential
for growth (Black et /. 1999). This ‘sitting on the fence’ assumption could also be tested

by the above experiments.

The application of the framework to different kinds of pathogens

The proposed framework may be applicable for different pathogens: i.e. the functional
forms may be generally applicable but their parameter values may be different for micro
and macro parasites (Bhargava et al. 1970a, b; Beer ef al. 1974; Berendt ef al. 1977,
Chapman et al. 1982; Greiner et al. 2001). Challenges with micro parasites lead to a
pathogen load in the host, which grows quickly until the point where the host starts to
control it and eventually eliminate it through its immune responses (Berendt et al. 1977).
On the other hand most macro parasites do not replicate within a host and as a
consequence host pathogen load is dependent on incoming parasites (van Houtert et al.
1995). The question that this difference raises is whether in terms of the rates of the
immune response animals have evolved different responses to different pathogens which

lead to different functional forms relating pathogen load to requirements. The scant
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evidence that exists suggest that functional forms may be similar across different
pathogens. For example, Beer et al. (1974) and Berendt et al. (1977) found similar forms
of the responses between damage caused to the host and pathogen load when challenged
by Trichuris suis and Klebsiella pneumoniae, respectively. The framework that has been
proposed in this thesis provides a good basis for making critical comparisons of the
effects of bacterial, viral and macro-parasitic challenges on the performance and health of
animals. It would be an attractive proposition if it could be shown that one framework
relating pathogen load to resource requirements and partitioning could be used for
different pathogens. To achieve this, however, it may be necessary to account for possible
difference in how different pathogens grow and develop in a host and the immune

response they invoke for this purpose (Chapter 5, Henken ef al. 1994a).

Selecting for genetic resistance: the balance between host, pathogen and nutrition

There is significant interest in breeding animals that are genetically more resistant to
either one type of pathogen, or several types of pathogens (Douch et al. 1996; Magnusson
et al. 1998; Yu et al. 2000; Bishop & Stear, 2003). The predictions of the model showed
that it is necessary to have several measures of host performance (food intake, growth
rate, pathogen load) to obtain a good assessment of the degree of resistance of a particular
genotype. For example, if considering only food intake as a measure of resistance it
would not be possible to distinguish between different genotypes when given access to
low protein foods, as due to the constraint of heat production, and challenged animals,
including their healthy controls would be performing similarly (Figure 2 in Chapter 5).
Understanding and being able to predict such interactions between the genotype and its

environment is crucial for interpreting and applying the resistance of different genotypes.

Attempts have been made to select animals that cope better with disease by different
approaches in pigs (Wilkie e al. 1998), chickens (Siegel & Gross 1980) and sheep (Bisset
et al. 1996; Douch et al. 1996) amongst others. Wilkie et al. (1998) selected for high and
low responder pigs in terms of general immunity by using an index for several immune
traits when challenged by several different types of antigen. Siegel & Gross (1980) and
Yunis et al. (2000) selected chickens for a single immune trait (either high or low
antibody responses to sheep red blood cells). Genetic selection in sheep against
gastrointestinal parasitism has often used a proxy measure of parasite fitness, i.e. faecal
egg counts, which have been found to have a strong relationship with reduced worm

burdens (Bisset ef al. 1996). It may not be suitable, however, to select genotypes on the
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basis of the extent to which they produce a particular immune response (Siegel & Gross,
1980), or cope with pathogen challenges (e.g. worm burden) when they are given access
only to good quality foods. It would be logical, that in natural selection animals have
evolved towards increased resistance at times when resources were scarce and when the
infectious pressure from the environment was high. This has the consequence, however,
that such animals would not evolve to only produce greater amounts of immune response
to control challenges of higher doses, but also to counter resource scarcity, through a
greater partitioning of resources towards immune responses. Artificial selection, however,
may be performed in well maintained breeding stations, where often high quality diets are
given (Black et al. 1995). This could lead to animals which appear more resistant in such
circumstances, but when constrained and facing scarce resources they would suffer
greater penalties on immunity, and thereby appear more susceptible. This appears to have
been the outcome of selection experiments in sheep bred for resistance to gastrointestinal

parasites.

A possible and perhaps more suitable selection criteria would be a combination of
pathogen load (or maximum pathogen load) as an indication of the arm of the immune
responses responsible for killing and removing the pathogen and a reduction in the extent
of anorexia to reduce impacts on performance: this is essentially the definition of a more
resistant genotype that is used in this framework. Measuring immune proteins and the
extent of their expression during different nutritional regimens may also be informative,
but great caution is needed as the expression of immune proteins is not always positively
correlated with resistance (Adamo, 2004). It may also be useful to record the extent to
which a host’s immune response causes non-specific immunopathology (Graham et al.
2005). This includes damage to the host by the hosts own immune response in the process
of eliminating the pathogen, It is difficult however to distinguish between damage caused
by the pathogen per se and damage caused by the host’s immune responses. Measuring
the extent of damage to different doses of pathogens in immuno-supressed animals (Greer
et al. 2005) may in part solve this problem. There is already an indication that selection
for resistance may increase non-specific immunopathology. Magnusson et al. (1998)
found that pigs selected for high immune responses were also prone to a greater degree of
arthritis (inflammation) in the knee joints. A possible solution would be to select animals
during times of artificially imposed resource scarcity, as this may improve the chances
that such genotypes would cope better in commercial production environments, where

other stressors (physical, social) may be present and constraining their intake.
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The proposed framework as a basis for a population model

The model presented here is for the average animal of a population, without taking into
account any genetic variation that may exist in growth and resistance parameters.
Previous deterministic growth models e.g. Ferguson et al. (1994) and Wellock et al.
(2003a, b) have been turned into population models (Ferguson et al. 1997; Pomar et al.
2003). In principle such models can be used to interpret the performance of populations
of animals, by accounting for genetic and phenotypic variation in the population response
(Knap 2000; Pomar et al. 2003). The predicted response of an individual may be different
to that of the population: a typical example is the linear-plateau model used in this model
for relating protein retention to protein intake becoming increasingly curvilinear
(Ferguson ef al. 1997; Pomar ef al. 2003) as the variation of the population increases. To
convert a model such as the one proposed for the healthy animal, information is needed
for the genetic variation of the core growth parameters. These include variation in the
Gompertz growth parameter, the mature protein weight and the mature protein to lipid
ratio to create variation in the potential growth rate of the animal. To overcome the
negative correlation between the Gompertz growth parameter and the mature protein
weight (Emmans, 1988; Knap 2000; Lewis et al. 2002) the Gompertz parameter needs to
be scaled to the mature protein weight (Pomar et al. 2003). The model can then be
explored to assess the effects of genetic variation and for example different feeding
regimens on the actual phenotypic population response in the manner done by Ferguson

et al. (1997) and Pomar et al. (2003).

For the framework proposed here it may also be possible to introduce genetic variation in
the parameters describing resistance, R. It was assumed for the sake of simplicity that this
trait can be described by a single parameter. Introducing genetic variation in this trait
would not be straight forward as there has been very large variation observed in measures
of pathogen load (Sykes & Coop, 1977; Steel et al. 1980, 1982) and especially immune
traits (Hulten et al. 2003; Adamo 2004). Standardisation of measurement techniques and
the manner in which data are presented e.g. per kg BW or better expressed in relation to
degree of maturity may in part reduce the effect of experimental error on measured
variation. A further issue is to obtain estimates of co-variation between genotypic
parameters describing growth potential and resistance. Bishop & Stear (1997) assumed

that there was no such co-variation between growth characteristics and the ability of
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sheep to cope with gastrointestinal parasites. This leads to a simpler model, which,

however, may not have been a good representation of the system.

There are several resistance parameters in this framework that have been proposed as
being dependent on host genotype. These included the rate parameters for describing the
response in immune requirements with increasing pathogen load, and the extent of
anorexia. To estimate genetic co-variation it would be important to first test whether all
genotype dependent parameters in the model actually are dependent on the genotype. This
may reduce the number of co-variations that would need to be described. Again Bishop &
Stear (1997) assumed that the three traits that are assumed to characterise host resistance
to gastrointestinal parasites (i.e. parasites establishment, fecundity and mortality) were
related to each other. It is highly likely, however, that there is a high degree of co-

variation between such traits.

The resulting population model would then need to be integrated with a model which
describes the contribution of each animal to the infectious load in the environment, as the
response of the population will depend on how animals in the population excretes
pathogens into the environment whilst state changes from being susceptible to resistant.
This would be equivalent to an epidemiological component of the infection being
integrated into the model (Austin & Anderson, 1996). While developing such a model
would prove to be difficult, it could allow for a greatly improved understanding of the
genotypic and phenotypic correlations between growth and resistance traits. This is an

area which is much debated with no real common ground (Bishop & Stear 2003).

The way forward

The proposed framework is an initial attempt towards modelling the effects of pathogen
challenges on growth and performance. It will now be possible to integrate the proposed
framework with other frameworks that relate physical and social stressors to performance
(Wellock et al. 2003b, c). This may allow for a more complete account of how an animal
interacts with its environment. The ‘complete’ model could in turn be used as the basis
for a population model. Such a comprehensive model would be useful for mterpfetillg and

managing performance of animals in different production environments.
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