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PREFACE

These are the Proceedings of the Sixth Biennial Conference of the Australasian Pig Science
Association (APSA). The first APSA meeting was held in 1987 and since then has been
recognised as the major forum for scientific exchange within the Australian pig industry.
The major strength of this meeting is the broad range of disciplines covered and a major
focus for the committee is to ensure that this comprehensive base is maintained. Topics
for invited reviews and symposia have been selected to meet both the current interests of
the industry as well as ensuring diversity.

The Proceedings include a record number of one-page papers (117) which is an indication
of both the amount and quality of research being conducted in Australasia as well as
confirmation of the respect which the APSA meeting and proceedings have gained. Much
of this research is supported by the Australian Pig Industry through the Pig Research and
Development Corporation who are to be congratulated on their continued support of pig
researchers and APSA. The growing trend towards international contributions also
continued confirming the international recognition of APSA and it's activities.

Within the pig industry there is a growing interest in delivering a consistent high quality
product in a sustainable manner. Symposia and submitted papers within these
proceedings address these issues. A comprehensive review of recent advances in pig
genetics is presented here while the reproductive consequences of early weaning are also
discussed. The often made comparison between pigs and humans is further explored in a
discussion on the pig as a biomedical model.

Our association has always maintained a rigorous editorial and review process for the
Proceedings. The current editor Mr P.D. Cranwell has continued to ensure that material
presented at the meeting and published in the Proceedings meet these standards. I
addition, the committee have taken the position that one-page contributions appearing in
the Proceedings are not abstracts but rather refereed (by at least two external referees)
one-page papers.

I would like to thank the Organising Committee for their efforts during the past two years.
The Committee consisted of Dr N.J. Gannon (Secretary), Mr R.]. Smits (Treasurer), Dr R. J.
van Barneveld (Vice President), Dr. B.P. Mullan (Past President), Assoc Prof RJ. Love,
Dr AJ. Peacock, Dr R.D. Warner and Dr IL.H. Williams The editor Mr P.D. Cranwell also
served as a non-voting member of the organising committee. Dr A.J. Peacock provided
local support for the committee and this was complemented by the staff of ACTS Pty
Ltd.

Early in 1994 APSA lost one of its most active members with the untimely death of Dr.
Ted Batterham. To recognise the major contribution that Ted made to APSA and pig
science in general a Batterham Memorial award was established in 1995 and has again
been awarded this year. The award was made possible through the generous financial
support of the following national and international companies: BASF, Farmstock,
Heartland Lysine (US), Purina Mills (US), Rhéne-Poulenc Animal Nutrition and Ridley
Agriproducts.

F.R. DUNSHEA
President
APSA
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A REVIEW - GROWTH, DEVELOPMENT AND NUTRIENT
METABOLISM IN PIGLETS AND INFANTS

P.J. Reeds, D.G. Burrin, T.A. Davis, B. Stoll, L.J. Wykes*, D. Wray-Cahen**, F. Jahoor,
M.A. Dudley, M.L. Fiorotto and N.J. Gannon***

USDA/ARS Children's Nutrition Research Center, Department of Pediatrics, Baylor College of Medicine,
Houston, TX, USA. *School of Dietetics and Human Nutrition, McGill University, St Anne de Bellevue, Quebec,
Canada. **Growth Research Laboratory, USDA/ARS, Beltsville, MD, USA. **Victorian Institute of Animal
Science, Werribee, Vic., 3030.

Abstract

This paper is concerned with comparisons of pig and human growth.and metabolic
regulation and focuses on a discussion of the usefulness of the piglet as a model for the
human infant. In the first section the effects of colostrum, milk and insulin-like growth
factor 1 (IGF-I) on tissue growth and protein synthesis in the neonate are considered.
There is some evidence to suggest a functional role for milk-borne IGF-I, but it is clear that
there are other, unknown factors in colostrum and milk that are equally important. The
next section considers the use of piglets to quantify nutrient metabolism during total
parenteral nutrition. The efficiencies with which low-birth-weight (LBW) infants and
artificially-reared piglets utilise dietary energy and protein are very similar and it is
argued that ‘requirements’ defined in piglets are of direct relevance to those of human
infants. The next section is concerned with the hormonal regulation of synthesis of tissue
protein. Recent investigations of tissue responses to feed intake in sucking piglets are
considered and it is concluded that, in the neonate, insulin plays a key role in the
regulation of muscle, but not hepatic, protein synthesis. The final sections consider
isotopic investigations of digestibility and fuel metabolism. Recent work suggests that the
intestinal mucosa may be a critical site of synthesis of conditionally essential amino acids
and that enteral amino acids play a special role in maintaining these pathways of
biosynthesis. Other studies of intestinal metabolism indicate clearly that nutritionally
significant quantities of dietary amino acids are metabolised by the small intestinal
tissues and suggest that amino acid oxidation may be the principal source of mucosal
energy. Piglets are ideally suited for coordinated nutritional, metabolic and molecular
investigations of growth regulation and have the advantage that the information generated
can find use in both animal husbandry and paediatric investigation.

Introduction
Paediattic background

Because of the marked improvements in perinatal care that have occurred over the
last 25 years, many neonates that are delivered prematurely or retarded in growth survive
beyond the immediate postpartum period. The nutritional support of these infants
presents substantial conceptual and practical challenges (Heird and Gomez, 1996).
Apart from the support of early growth, the perinatal nutrition of these infants also has a
substantial bearing on their long-term cognitive and behavioural development (Lucas,
1990,1992). Furthermore, there is now an awareness that the environment, especially the
nutritional circumstances, of the ‘normal’ fetus and neonate can have long-term effects on
the subsequent susceptibility of the individual to chronic diseases (Barker, 1995). These
observations are well established at a descriptive and epidemiological level, but the
underlying mechanisms remain obscure. While chronic degenerative diseases may not be a
primary concern of those whose focus is on farm animals bred for meat production,
adequate early development is crucial to the growth potential and efficiency of productive
species. Thus, understanding normal postnatal development, the factors that affect it
and the mechanisms whereby these factors act is of equal importance to the care of
human infants as well as the care of meat-producing animals.
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Why use piglets ?

For obvious ethical reasons, experiments that are based on the manipulation of the
growth and development of human infants must be of very limited scope. Advances in
the understanding of this subject will continue to depend heavily on the use of suitable
animal models. At the outset, it is important to recognise explicitly that the main utility
of animal models is in the establishment of general principles. While a given species might
be useful for the study of one physiological function, it could be quite unsatisfactory as a
model for another. Furthermore, the decision to use a particular species as a model of
human function is often based on practical as well as theoretical considerations, an
apposite example of which is- the domination of the sheep in research on fetal fuel
metabolism (Battaglia, 1989).

At the practical level the pig is an attractive candidate for studies of postnatal
growth and development. The newborn piglet is sufficiently large to enable quite
extensive surgical manipulation, but sufficiently small that other costs associated with the
experiment are minimised. In addition, because the physiological and metabolic
development of the newborn pig is well advanced, piglets can be easily raised artificially,
even by total parenteral nutrition (TPN, see below) and the high voluntary appetite and
equally high growth potential of the piglet allow studies over a wide range of nutrient
intakes and growth rates. Finally, a significant advantage of the piglet as an experimental
model for neonatal development is that the information so gained may not only help to
understand aspects of human growth and development, but will also be of specific
importance to animal production. In the authors’ opinion, the same cannot be said with
equal force about any other species.

Scope of the paper

The proceedings of a recent conference (Tumbleson and Schook, 1996) on the many
uses of pigs as models of human physiology and disease amounted to two volumes
containing 1000 pages. Clearly, a complete discussion of this subject is well beyond the
scope of a single paper and therefore the present paper will consider three main areas of
research: :

1.  Studies aimed at understanding the potential benefits of species-homologous milk to
neonatal growth and development.

2. Studies of nutrient needs and the hormonal regulation of protein metabolism during
the suckling period.

3. Recent isotopic investigations of the regulation of bioavailability of organic nutrients
and their metabolism.

These three subjects have been selected, partly because each represents a focus of
much current research, and partly because they illustrate the important role that the piglet
could play in other investigations of subjects of direct paediatric relevance.

Pig and human growth and development

Comparisons of the developmental biology of pigs and human beings have been
presented many times (Pond and Haupt, 1978; Widdowson et al., 1979; Tumbleson and
Schook, 1986, 1996; Miller and Ullrey, 1987; Shulman et al., 1988; Moughan et al., 1992).
Therefore, the following discussion intends to highlight only the specific aspects that bear
on the present paper’s theme. In pigs and humans major portions of intestinal, visceral,
skeletal muscle and neural development are well advanced at birth. For example, in both
species, birth occurs in the midst of the developmental spurt of brain-mass accretion
(Dobbing and Sands, 1979). Furthermore, because both species are omnivorous (as
opposed to carnivorous or ruminant), it is reasonable to assume that the fundamental
aspects of the regulation of their digestive function (Moughan ef al., 1992) and fuel
metabolism (Duée et al., 1996) will be similar and, as discussed below, many comparisons
underscore this point. '
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There are, however, some important differences. In some respects, the newborn pig
is less mature than the full-term human infant (Moughan et al., 1992; Sangild et al., 1996).
The newborn piglet is much smaller in relation to its mature weight than the human and,
indeed, many other mammals (Reeds, 1990). Thus, a much higher proportion of the pig's
eventual weight gain occurs after birth. In some respects, this is an advantage for the
design of experiments, because the substantial growth capacity of the piglet enables its
rate of protein deposition to be manipulated over a wide range (e.g., Séve et al., 1986).
The full-term pig and full-term infant also differ with regard to their gross body
composition. In the pig (Hausman ef al., 1991, 1992), the terminal stages of adipocyte
maturation occur after birth and, presumably as a consequence, the body fat mass of the
newborn pig is very low. Furthermore, the newborn piglet, like the low-birth-weight infant
(LBW infant; Cornblath and Schwartz, 1993), is vulnerable to peripartum hypoglycaemia
(Pégorier et al., 1981), and because of its low fat stores, it is particularly reliant on milk
fat intake for the maintenance of gluconeogenesis (LeDividich et al., 1991; Lepine et al.,
1993). :

There are also differences in gastrointestinal development between the full-term
neonates of pigs and humans. Although the gastrointestinal tissues of the piglet make a
much higher contribution to body weight than they do in the human neonate, some aspects
of gastrointestinal function of the pig are less well developed at birth (Moughan et al.,
1992; Buddington and Malo, 1995; Sangild et al., 1996). The newborn pig has a
particularly marked ability to acquire macromolecules via mucosal endocytosis, while
macromolecular absorption by the mucosa of the human is largely a fetal function and is
manifest in human infants that are born prematurely (Goldblum et al., 1989; Hutchens et
al., 1991). The amount of sucrase-isomaltase is also lower in the neonatal pig, although in
this context it should be pointed out that the early developmental appearance of this
enzyme in the human may be the exception of mammalian development, rather than the
rule (Grand et al., 1976). On the other hand, the postnatal changes in the expression of
other brush border enzymes, and especially the relatively slow rate at which lactase
activity decreases during the first few weeks of postnatal life (Kelly et al., 1991), render
the pig a better analogue of human development than the rodent. -As a consequence of
these differences, a number of authors (e.g., Shulman, 1993; Borum, 1993; Ball et al., 1996)
have suggested that the neonatal piglet is most appropriate as a model of the LBW infant.

The major area in which the pig is more advanced developmentally than the human
is in relation to skeletal muscle function. The contribution of skeletal muscle to the body
protein stores of the piglet is higher than that of the newborn human and, of course, the
piglet is born mobile. This implies that the maturational program of muscle protein
expression and neuromotor control of the pig is essentially complete at birth. However,
the relatively poor coordination of muscle function characteristic of the newborn baby
seems more a reflection of the development of motor control than of muscle development;
from the perspective of maturation of muscle enzymes, the piglet and the human neonate
are remarkably similar (Swatland and Cassens, 1973; Colling-Saltin, 1978; LeFaucheur et
al., 1995). :

Mammary secretions and the regulation of neonatal growth and development.

Paediatric background

An obvious area of concern with regard to the early nutritional support of LBW
infants is their long-term development. Aside from severe functional defects, such as
cerebral palsy (Bhushan ef al., 1993), there is longstanding evidence for permanent deficits
in intellectual function in small-for-gestational age (SGA) infants (Babson and Phillips,
1973; Henrichsen et al., 1986). Although it has become almost universally believed that
the consumption of colostrum and species-homologous milk confers developmental
benefits, objective evidence to support this view is difficult to find. )

An exception to this can be found in the results (Figure 1) of an extensive
prospective study of the long-term influence of early feeding on the development of
cognitive function in LBW infants (Lucas et al., 1992, 1994). These studies generated
three notable observations. First, the beneficial effects of appropriate feeding were more



4 REVIEW: A.C. DUNKIN MEMORIAL LECTURE

apparent in SGA infants, than in those that were born with a body weight that was
appropriate for their gestational age (AGA infants). Second, a higher intake of protein
and trace nutrients provided by a nutrient-dense preterm formula not only had a marked
effect on weight gain over the first month of life, but was also of long-term benefit to the
infants' psychomotor development. Third, and most important, the benefits to
subsequent development of a higher energy and protein intake in early infancy could be
reproduced by the consumption of breast milk alone, even though the consumption of
breast milk conferred no early advantage in terms of weight gain.
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Flgure 1. Effect of diet on post -natal weight gain and psychomotor development in low bzrth-
wmght infants (SGA, small for gestational age; AGA appropriate for gestational age) (Lucas et
, 1994).

Effects of colostrum and milk in piglets

Since the work of Widdowson (e.g.,, Widdowson et al., 1976), that showed large
effects in tissue growth following the ingestion of colostrum by piglets, it has also been
held widely that colostrum has specific growth-stimulatory effects. There is also some
limited evidence (Stack et al., 1989) to suggest that the consumption of breast milk by
LBW infants increases the rate of whole-body protein turnover at any given protein
intake. However, until recently, the specificity of colostral effects, and in particular
whether there were effects manifest only in specific tissues, has not been tested
systematically. In order to obtain such information, Burrin et al. (1992b, 1995, 1997)
carried out experiments in newborn piglets to identify whether the consumption of
colostrum has effects on synthesis of tissue protein that cannot be reproduced by a
similar macronutrient intake provided by a formula diet. Not surprisingly, the results (see
also Mitton and Garlick, 1992; Davis et al., 1997) showed that merely feeding a newborn
animal produces a rapid increase in insulin, insulin-like growth factor I (IGF-I) and tissue-
protein synthesis. Moreover, in comparison with mature porcine milk (which likely
supplied bioactive molecules but lower quantities of nutrients than colostrum) or a
supplemented formula (which supplied the same quantities of nutrients found in
colostrum, but no known bioactive factors), feeding colostrum had additional stimulatory
effects on protein synthesis in some, but not all, tissues.
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Figure 2. Tissues of the newborn pig in which protein synthesis apparently responds primarily to
nutrient intake (Burrin et al., 1992b, 1995, 1997).

The results obtained by Burrin et al. (1992b, 1995, 1997) are shown in Figures 2 and
3. With the exception of the jejunum, the visceral tissues appeared to respond primarily
to nutrient intake (Figure 2); it was the 'peripheral’ tissues, specifically skeletal muscle,
heart and brain (Figure 3), that exhibited an additional protein synthetic response to
colostrum. Recent work by M.L. Fiorotto (unpublished) suggests that the stimulatory
effect of colostrum on muscle-protein synthesis is confined to proteins associated with
contractile function, and- that the consumption of colostrum increases the level - of
expression of their mRNAs. The central question, of course, is: what is the mechanism
underlying this effect?
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Figure 3. Tissues of the newborn pig in which protein synthesis responds to colostrum (Burrin et
al., 1992b, 1995, 1997). '
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Possible role of milk-borne IGF-1

Given the fact that in Burrin's studies (Burrin ef al., 1992b, 1995, 1997), it was the
peripheral tissues that apparently responded to colostrum, it would seem reasonable to
propose that the response reflects the influence of the absorption of specific colostral
components. Because both colostrum and mature milk contain a variety of well-
recognised hormones and peptide growth factors (Klagsbrun, 1978; Shing and Klagsbrun,
1987; Francis ef al., 1988; Grosvener et al., 1993; Odle et al., 1996), and because the
neonatal pig mucosa has a well-documented ability to absorb macromolecules, it is a
natural presumption that the stimulatory effects of colostrum on synthesis of peripheral
tissue protein reflect the systemic effects of a peptide growth factor that has been
absorbed from the diet. Although there have been some investigations of the effects of the
ingestion of other growth factors (Zijlstra et al.,, 1994) and hormones (Shulman, 1990;
Shulman ef al., 1992), particular effort has been put into the study of the role of IGF in
the regulation of the growth of the sucking piglet (Xu et al., 1994; Burrin et al., 1996;
Donovan et al., 1996, 1997).

Although the consumption of colostrum is associated with a rise in concentration of
circulating IGF-L, it is difficult to argue that the growth stimulation from the ingestion of
colostrum is due to systemic effects of the IGF-I absorbed from colostrum. Studies with
*I-labelled IGF-I (Donovan e al., 1996) administered orally have shown that the peptide
survives intact in the small intestine and, moreover, binds to the mucosal surface.
However, when given in the quantities normally found in colostrum, little IGF-I is
absorbed intact in newborn piglets (Donovan et al., 1997). Even the ingestion of large
quantities of IGF-I added to a nutrient-dense formula does not alter circulating IGF-I to a
greater extent than that associated with feeding formula alone (Burrin ef al., 1996; Burrin,
1997). Furthermore, with the possible exception of small effects on the pancreas (Xu et
al., 1994) and liver (Burrin et al., 1996), to the present authors' knowledge, no growth-
stimulatory effects from the ingestion (as opposed to the systemic administration) of IGF-
I have been demonstrated in the extra-intestinal tissues of piglets.
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Figure 4. Effect of IGF-I and natural milk on lactase expression in piglets (Houle et al., 1997b).

The ingestion of IGF-I does, however, have some local stimulatory effects in the
small intestine. The ingestion of pharmacological quantities of IGF-I over the first 4 days
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of life (Burrin et al., 1996), increases the mass of the small intestine and its mucosal
protein and villous height. In addition, although lower, ‘physiological’, amounts of IGF-I
apparently have no effects on mucosal mass, Houle et al. (1997b) have found that
supplementation of a milk replacer with IGF-I increases the level of lactase in small
intestinal, especially jejunal, mucosa (Figure 4).

The mechanism for the effects of IGF-I and sow's milk on lactase and sucrase
expression is at this stage unknown. Dissecting this at the mechanistic level may prove
difficult. Because the synthesis of lactase involves both complex glycosylation and
proteolytic processing, there is a good likelihood that both pre- and post-translational
mechanisms are important to the regulation of the level of lactase in the brush-border
membrane. Dudley et al. (1993, 1994, 1996) have developed techniques that allow the
measurement of lactase mRNA abundance as well as the in vivo rates of prolactase
synthesis and post-translational processing. Burrin et al., 1994 and Dudley et al., 1996
(Figure 5) have shown that colostrum produces a marked increase in prolactase synthesis
but, paradoxically, temporarily lowers the efficiency of processing prolactase to the brush
border.

120 k-
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100 L ' - Colostrum fed

Lactase synthesis (arbitrary units)
Pro LPH processing (% of synthesis)

e
Pro LPH Brush border LPH  Processing efficiency

Figure 5. Effect of colostrum on pro- and mature lactase (LPH) synthesis in newborn pigs
(Dudley et al., 1996). ,

In contrast, very recent results (SM. Donovan and M.A. Dudley, personal
communication; Houle et al., 1997a) suggest that prolonged ingestion of an IGF-I
supplemented formula simultaneously up-regulates gene transcription of lactase,
prolactase translation and the efficiency with which the primary translation product is
processed and translocated to the brush border. This mechanistic work, carried out in
piglets (see also Dudley ef al, 1997a) may well prove of importance to understanding the
regulation of disaccharidase expression in humans, particularly in view of the changes in
lactase activity (James, 1971) and gene transcription (Nichols et al., 1997) that are
associated with severe malnutrition in children, and of the prevalence of hypolactasia in
many adults (Escher et al., 1992).
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Other components of milk

Apart from the results concerning the specific effects of IGF-I (which in themselves
have some interesting therapeutic implications, see for example Tomas et al., 1992;
Lemmey et al., 1994), Houle et al. (1997b) made an observation that is reminiscent of the
dissociation of eatly growth and long-term development that Lucas et al. (1992; 1994)
noted with regard to the development of human milk-fed LBW infants. In the study
reported by Houle et al. (1997b), sow-reared piglets had slightly lower body weights and
significantly lighter small intestines than artificially-reared piglets, but their levels of
mucosal lactase were higher, even than those of the piglets that had received IGF-I-
supplemented formula. This observation is interesting in at least three respects. First, it
has proved notoriously difficult to quantify, in infants, a distinct benefit of human milk.
The observation of Houle et al. (1997a, b) in the piglet provides quantitative, and hence
objective, evidence of a benefit of natural feeding. Second, because the effect on lactase
was prolonged at least until 14 days post-partum, the observation supports the
implication of the results published by Kelly et al. (1991), that the subtle changes in milk
composition that occur as lactation proceeds act in support of the development of piglets
at any given stage of development. Third, the observation suggests that the beneficial
effects of both colostrum and mature milk exceed those of a single growth factor, implying
that there are other components of both colostrum and milk that support intestinal and
- perhaps other aspects of development.

Of course, mammary secretions and artificial milk replacers differ in many other
respects (Grosvener et al., 1993; Hamosh, 1997). Milk contains highly specific patterns of
nucleotides (Gil and Uauy, 1995), polyamines (Buts et al., 1995; Motyl et al., 1995;
Bardocz et al., 1995) and oligosaccharides (Stahl et al., 1994); and, at least in the pig, the
free glutamine concentration of milk is very high (Wu and Knabe, 1994). Milk also
contains relatively high amounts of w3-polyunsaturated fatty acids. These fatty acids
and their desaturation products are critical components of the plasma membranes of
neurones and retinal cells (Purvis et al., 1982), and their consumption undoubtedly affects
the rate at which they are incorporated into the plasma membranes of cells in the central
nervous system of the neonate (Arbuckle ef al., 1994). There is, moreover, some evidence
to suggest that the consumption of w3-fatty acids by sucking infants enhances the
development of their visual function (Innis et al, 1994). Finally, as milk contains
considerable quantities of cholesterol, it is particularly interesting that Schoknecht et al.
(1994) have shown growth and behavioural defects in neonatal pigs whose parents had
been selected for low plasma cholesterol levels, and that these deficits could be corrected
by the addition of cholesterol to the formula of the diet that these piglets consumed.

The piglet as a model for total parenteral nutrition (TPN) of the newborn
Paediatric background

Following the demonstration that the intravenous administration of elemental
nutrient solutions was capable of providing adequate nutrition to animals, TPN was used
successfully in an infant with severe short-gut syndrome (Wilmore and Dudrick, 1968).
During the early years of this technique there were continual changes in the composition of
TPN solutions as various problems with regard to amino acid and lipid metabolism
became apparent. In the early stages, these major changes in the composition of TPN
could be easily justified. Even so, as Heird and Gomez (1996) have pointed out, many
quantitative aspects of the nutrient needs of very-low-birth-weight infants (infants born
at <1500 g), and the consequent design of solutions to support these needs, remain at best
poorly understood. Unfortunately, in part because the solutions that are now used ‘do no
harm’ and in part because the functional end points (e.g., neural development) that are
now sought are becoming more subtle, alterations in current TPN solutions are difficult to
justify ethically and even more difficult to assess quantitatively. A strong case can be
made therefore for the use of appropriate animal models to produce at least
approximations of optimum nutrient mixtures. '
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Parenterally-nourished piglets

The piglet has proved a useful model, particularly in relation to the study of the
nutrient requirements for weight gain and protein deposition. For example, in Figure 6 a
comparison of the relationship between energy intake and energy deposition of LBW
infants (Kashyap et al., 1994) and artificially-reared piglets (Campbell and Dunkin,
1983a) are presented. The relationships are remarkably similar, given the differences in
the species, the diets and the environment, and presumably reflect the rather obvious
point that the fundamentals of energy metabolism must apply, irrespective of species.
Furthermore, the partial efficiency of protein deposition is similar in the ‘formula-fed’
piglet (0.88 in piglets consuming a 13 protein energy % diet) and infant (0.72 in infants
consuming an 18 protein energy % diet). Thus, quantitative aspects of the nutritional
requirements of LBW infants and full-term piglets may well be quite similar, providing the
differences in the growth potential of LBW infants (Thomson et al., 1968) and full-term
piglets are borne in mind.
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Figure 6. The relationship between energy intake in low-birthweight infants and artificially-
reared piglets.

Over the last 15 years, the piglet has been used to study various aspects of the
impact of TPN on growth and function. In the 1980s, Shulman and Fiorotto (Shulman
and Fiorotto, 1984; Fiorotto, 1986) investigated the effects of different fuel mixes on the
changes in the body composition of piglets maintained by TPN. The driving force for
these investigations was the fact that the energy required to maintain the high rates of
growth of LBW infants cannot be supplied easily by the use of glucose in the TPN
solution. There have been similar studies of the ability of the newborn piglet to utilise long
chain (Borum, 1993) and medium-chain fatty acids (Odle et al., 1991a). Many aspects of
the results of these studies underscore the metabolic similarities of the newborn piglet and
the LBW infant (Shulman, 1993). -

The most extensive recent studies of the piglet as a model for determining nutrient
requirements of neonates maintained by TPN have been those of investigators at the
University of Guelph (Wykes et al., 1993, 1994; Ball et al., 1996). From the perspective of
the current discussion, these studies are particularly useful because they demonstrate the
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utility of the pig as a ‘test bed’ for studying the nutrient needs of LBW infants. They also
show the ease with which the powerful combination of nutritional manipulation and
isotopic investigations of fuel metabolism can be used in piglets to determine
macronutrient requirements. The traditional approach to the determination of amino acid
requirements, and the approach that has generated all current recommendations for
humans as well as laboratory and farm animals has been based on the measurement of
nitrogen balance. However, in the early 1980s, V.R. Young and his group at
Massachusetts Institute of Technology (MIT) pointed out that because the nutritional
essentiality of amino acids resided in their carbon structures, measurements of the rate of
oxidation of the carbon skeleton of an amino acid should, in principle, allow direct
estimates of the requirements for the amino acid in question. The group then carried out a
large series of measurements (summarised by Young 1987; Young et al., 1989) in which
they infused humans with “C-labelled essential amino acids and measured the point on
the intake/oxidation curve at which the carbon catabolism of the test amino acid
increased. The group have subsequently used the approach to issue a major challenge to
currently recommended dietary amino acid allowances for adult humans.

At approximately the same time as Young was developing his approach, Kim et al.
(1983) developed, in pigs, a carbon oxidation method that was the reverse of the MIT
method. They argued that when the genetic potential for protein deposition is limited by
inadequate supplies of a limiting amino acid, then, by definition, the other essential amino
acids are present in excess and must be oxidised. It follows from this that if a non-
limiting amino acid is labelled and used as the metabolic tracer of protein status, its
oxidation rate will fall as the intake of the limiting amino acid in the diet approaches a
quantity that allows the growth potential of the animal to be realised. Results obtained in
piglets maintained by TPN, illustrated in Figure 7, show the ability of the approach to
determine not only the median requirement but the range of requirement among the
animals. Ball et al. (1996) are now not only utilising this technique to gain further insights
into the requirements of other amino acids, such as threonine, in piglets but are using the
data as a starting point for similar determinations in LBW infants.
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Figure 7. Influence of lysine input on ["Cl-phenylalanine oxidation in piglets maintained by
TPN (House, 1995; Ball et al., 1996).
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The studies discussed above were, of course, focused on general aspects of the
organic macronutrient needs of infants. Other aspects of TPN have also been studied in
the piglet. One of the ironies of the use of TPN is that it is often instituted because of a
derangement in mucosal function of the small intestine. Yet, in piglets, as in other species,
exclusive TPN slows the growth and compromises the function of the mucosa of the small
intestine (Shulman, 1988; Adeola et al., 1995). Dudley et al. (1997b) have shown recently
that the synthesis of total mucosal protein and lactase is significantly inhibited by
parenteral nutrition and interestingly, that the relationship between lactase synthesis and
the abundance of the lactase mRNA is altered in a way that results in a more efficient
processing of the primary translation product. :

Unfortunately, other than the general impression that the mucosal cells have a ‘need’
for the provision of enteral nutrients, the mechanisms that underlie the deleterious effects
of TPN on mucosal mass and function remain poorly identified. There has, for example,
been a long standing interest in the role of glutamine as a trophic factor in the mucosa
(reviewed by Burrin and Reeds, 1997). Despite some evidence in the rat (Haque et al.,
1996), Burrin et al. (1991,1992a) were unable to document effects of glutamine
supplementation on the mucosal mass of piglets maintained by TPN. Nevertheless, this is
an important area of clinical nutrition in which the piglet might provide a particularly
appropriate model for more mechanistic studies of the changes in intestinal metabolism
and local trophic factor expression that are associated with TPN.

The piglet as a model for the investigation of the hormonal regulation of growth

As has already been pointed out, the inherently high growth rate of the piglet makes
it a particularly useful model for the study of growth regulation. There is, of course, a
large literature on practical aspects of nutritional regulation of the early growth of the pig,
and this area was a particular interest of Tony Dunkin (Campbell and Dunkin, 1983a,
1983b, 1983c). One characteristic of growth of particular interest is the fact that the
weight-specific rate of protein deposition slows exponentially from birth to maturity. For
much of this period, the slowing in growth reflects a parallel fall in the weight-specific
intake of protein. However, over the suckling period, the rate constant of protein
deposition declines more than the weight-specific intake. Apparently over the period
from birth to approximately a month of age, there is a progressive fall in the nutritional
efficiency of protein deposition (i.e., the mass of protein deposited per unit of protein
intake above maintenance).

Food intake and synthesis of tissue protein

One key feature of natural feeding is its episodic nature. It has been argued (Garlick
et al., 1983; Garlick and Grant, 1988) that the key to understanding the regulation of
postnatal protein deposition might be the understanding of the metabolic response to
meals. The stimulation of net protein deposition that occurs after a meal could involve
changes in either or both protein synthesis and degradation, and studies by Davis et al.
(1993b, 1996) have shown that from birth to weaning, there is a marked developmental
fall in the responsiveness of muscle protein synthesis to nutrient intake. This parallels a
decline in the capacity of muscle to synthesise protein, as measured by the RNA:protein
ratio. However, in visceral tissues, neither the capacity for protein synthesis nor the
responsiveness of protein synthesis to refeeding changes to any significant extent. These
data alone lend support to the general idea that protein deposition is regulated in a
somewhat different manner in the peripheral and visceral tissues (Reeds et al., 1993).
They are reminiscent of the observations of Burrin et al. (1995, 1997) with regard to tissue
protein synthetic responses to the ingestion of colostrum.

Potential role of insulin.

It has been argued (Garlick and Grant, 1988; Mortimore et al., 1987, Reeds et al.,
1992a, 1993) that insulin may be the critical acute regulator linking protein intake and
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tissue protein turnover. T.A. Davis (personal communication) has extended this general
view to propose that, at least regarding the regulation of muscle growth, the
developmental changes in the protein synthetic response to feed intake primarily reflect
alterations in tissue responsiveness and sensitivity to insulin. Thus, there is an
exponential relationship between circulating insulin concentrations and muscle protein
synthesis in piglets (Figure 8). Furthermore, it is clear that the asymptotic value for
protein synthesis is higher in the younger pigs. Because of this, Davis has argued that a
given concentration of insulin will stimulate protein anabolism more markedly in younger
animals. One consequence of this is that the immediate increase in amino acid
concentrations that follow a protein meal may be lower in younger as opposed to older
animals. This, in turn, will lower the rate of postprandial amino acid catabolism and
thereby maximise the proportion of the ingested protein that is deposited (see also
Benevenga et al., 1993; Reeds et al., 1997a).
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Figure 8. Plasma insulin and muscle protein synthesis in fasted then re-fed piglets at two ages
(Davis and Burrin, unpublished).

The data shown in Figure 8 are only correlative and do not prove a specific effect of
insulin. To investigate this further, Wray-Cahen et al. (1997a) have used a new, rapid,
enzyme-based amino acid assay (Beckett et al., 1996), to develop an ‘amino acid clamp’
technique that allows the formal quantification of the dose response relationships among
insulin, amino acid utilisation and tissue protein synthesis. The relationship between
insulin concentrations and whole-body amino acid utilisation, as measured by the rate of
amino acid infusion necessary to maintain the essential amino acids constant under
hyper-insulinaemic conditions is shown in Figure 9. The data show that, under conditions
in which amino acid and glucose levels are maintained at fasting values, the stimulation of
whole-body amino acid utilisation by insulin in 7-day-old pigs is approximately twice as
great as that found in somewhat older but still sucking, piglets. Furthermore, the ED;,
(effective dose for 50% of pigs) for the insulin effect on protein synthesis is lower in 7-
day-old pigs (18 pU/ml) than in 26-day-old pigs (45 pU/ml).
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Recent studies (Wray-Cahen et al., 1997b) of the effect of insulin on tissue protein
synthesis (rather than whole-body amino acid utilisation), have not only shown
differences among tissues that parallel those associated with the feeding response, but
have obtained results that suggest that the stimulation of tissue protein synthesis does not
account for all of the response of whole-body amino acid accretion to insulin. In the
study of Wray-Cahen et al. (1997b) protein synthesis in the skeletal muscle of sucking pigs
proved also to be very sensitive to insulin (ED;, of < 20pU/ml). Although the maximum
response of muscle protein synthesis to insulin was lower in the older animals, the EDs,
showed no developmental change. In the liver on the other hand, protein synthesis
appeared to be insensitive to insulin and responded primarily to the rise in amino acid
concentrations. It seems likely that the regulation of proteolysis is the key insulin-
regulated process in the liver in vivo as well as in vitro (Lardeaux and Mortimore, 1987;
Mortimore et al., 1987) and thus plays an important role in the regulation of protein
accretion.
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Figure 9. Whole body amino acid utilization in piglets during a hyper-insulinaemic euamino-
acidaemic clamp (Wray-Cahen et al., 1997a).

These recent studies emphasise the general practicality of carrying out complex
metabolic and endocrinological studies in piglets. The authors believe that the piglet may
provide a particularly practicable model for much more detailed investigations of growth
regulation at both the metabolic and molecular level. At the very least, the availability of
a model organism that is not only growing rapidly, but that lends itself to imposition of
highly specified metabolic and hormonal conditions, opens up a large number of
possibilities for the study of other aspects of the endocrinological control of metabolism
and growth.
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Nutrient metabolism
Neonatal metabolism

Glucose and lipids

As was pointed out in the introduction, the newborn piglet is characterised by very
low fat stores. During the first 2 days of life, like the LBW infant (Cowett et al., 1988;
Cornblath and Schwartz, 1993), the unfed, newborn piglet is quite susceptible to
hypoglycaemia. This ‘immaturity’ is of importance to both species because the
contribution of the brain to whole-body metabolism is at its highest in the newborn period
and all evidence suggests that glucose is the preferred fuel for cerebral metabolism (see
Flecknell and Wootton, 1989 for data obtained in piglets). There has, therefore, been
continuing interest in glycaemic regulation in both piglets (Girard et al., 1992) and infants,
especially LBW infants (Cornblath and Schwartz, 1993). In Figure 10, data are compared
for whole-body glucose turnover in pigs (Flecknell et al., 1980; Wykes et al., 1997) and
infants and children (Bier et al., 1977, Bougneéres, et al., 1989; Keshen et al., 1997)
following a relatively short fast. As recognised originally by Flecknell et al (1980), the
relationship between body weight and glucose turnover in the two species is strikingly
similar. These data serve to underscore the similarities in energetic efficiency that were
highlighted earlier. Interestingly, the relationship diverges quite abruptly at or around 35
kg body weight. This is presumably related to the marked difference in maturity of the
35-kg pig and the 35-kg human and, as discussed by Bier et al. (1977), is probably related
to the body weight at which brain growth ceases (Reeds et al., 1993).
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Figure 10. Relationship between body weight and fasting glucose turnover in pigs and humans.

The most extensive investigations of glucose and lipid metabolism in the newborn
pig have been those summarised by Duée ef al. (1996). This group has established the key
importance of glucagon to the initial activation of gluconeogenesis (Duée et al., 1985); the
importance of hepatic fatty acid metabolism as a source of ATP and reducing equivalents
for the support of hepatic gluconeogenesis (Pégorier et al., 1985); and the important role of
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substrate availability (Pégorier et al., 1981). All three central metabolic observations
appear to apply to infants, especially SGA infants (Haymond ef al., 1974; Sabel et al.,
1982; Bougneres et al., 1989). Derangements in glucagon physiology (Bloom and Johnson,
1972) and glucose production (Kalhan et al., 1977) have also been noted in the infants of
diabetic mothers.

However, newborn piglets’ and full-term infants do differ metabolically in one
important respect. Although the neonates of both species appear to be able to utilise
ketone bodies (Tetrick et al., 1995; Bougneres et al., 1982; De Boissieu ef al., 1995; Odle et
al., 1991b), the ability of piglets to generate ketone bodies from fatty acids seems severely
limited (Pégorier et al., 1983; Odle et al., 1995; Odle, 1997). In this respect, newbomn
piglets are similar to SGA infants (Sabel et al., 1982). However, this similarity is probably
not a reflection of immaturity but of the different organisation of lipid metabolism in the
two species (Pond and Mersmann, 1996).

Amino acid biosynthesis

From the strict perspective of protein deposition, milk supplies a somewhat
imbalanced mixture of amino acids. Studies in premature infants (Stack et al., 1989;
Kashyap et al., 1994) show that the biological value of human milk (approximately 0.75)
is surprisingly low. The main sources of the imbalance are the low contents of cysteine,
arginine and glycine and the relatively high concentrations of leucine and glutamate in milk
proteins (Davis ef al., 1993a, 1994). Arginine, cysteine and glycine are critical for the
synthesis of molecules, such as glutathione, creatine, taurine and nitric oxide (discussed
by Reeds and Hutchens, 1994), which are not only directly linked to protein synthesis, but
play crucial roles in immune function and peroxidative defences as well as skeletal muscle
and central neural function.

The calculation of the relationship, in sucking mammals, between intake of arginine,
cysteine and glycine, and the rate at which they are deposited in body protein, indicates
that biosynthesis may make a highly significant contribution to the supply of all three
amino acids (Davis et al., 1993a). However, there is remarkably little direct information
on the pathways of biosynthesis of these amino acids in the neonate. There is now
intriguing evidence from stable isotope studies that suggests that extremely-low-birth-
weight infants (ELBW infants; birth weight < 1000 g) when maintained by TPN may have
a very limited capacity for cysteine and proline synthesis (Miller et al.,, 1995a,b).
Furthermore, a recent study (Castillo ef al., 1995) of arginine biosynthesis that used
intravenous tracers in LBW infants gave equivocal results in that some infants appeared
to synthesise arginine while others did not.

However, it is still not certain whether ELBW infants are incapable of synthesising
arginine, cysteine and glycine, or whether the results reflect the intravenous route of the
infants' nutrition and the fact that the metabolic tracers were given intravenously. Recent
work in the piglet has served to re-emphasise the role of the gut in amino acid
biosynthesis, particularly in relation to arginine (Blachier ¢t al., 1993; Wu and Knabe,
1995; Flynn and Wu, 1996) and proline synthesis (Murphy et al., 1996). Critically, the
work of both Blachier et al. (1993) and Wu and Knabe (1995) in neonatal piglets, in
addition to recent work based on the study of enteral [U-°C]-glutamate metabolism in
one-month-old piglets (Reeds et al., 1997b), suggest that the intestinal mucosal cells of the
pig are capable of complete arginine synthesis. In this respect, the pig appears to differ
markedly from the rat (Featherstone et al, 1973). Furthermore, studies of arginine
biosynthesis in both humans (Berthold et al, 1995; Beaumier et al., 1995) and piglets
(Reeds et al., 1997b), and of proline synthesis (Murphy et al., 1996) in pigs, are suggesting
that dietary (enteral) precursors appear to be the preferred, if not the obligatory,
substrates for these biosynthetic pathways. These observations are reopening an old
debate regarding the sources and precursors for the biosynthesis of the group of amino
acids (arginine, proline, cysteine, tyrosine and glycine) now generally termed conditionally
essential (Laidlaw and Kopple, 1987).
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Isotopic studies of protein digestion

One of the most frustrating aspects of the interpretation of dietary
recommendations, certainly for macronutrients, is the inadequate nature of data on
bioavailability. In many cases, the information is based on apparent digestibility
(i.e., intake - faecal losses), and formulating availability in this manner begs many
important practical and metabolic questions. In the absence of more extensive
information, the values are often given as constants (see for example Dewey et al., 1996)
yet there are many examples of complex interactions between the diet and the recipient
animal that clearly influence the efficiency with which specific dietary constituents
support the metabolic needs of the organism. Apposite examples of such phenomena are
provided by the late Dr Batterham's work on the availability of lysine (Batterham et al.,
1990; Ball et al., 1995) and by the literature on the influence of so-called anti-nutritional
factors (Barth et al., 1993; Savelkoul et al., 1994).

From the perspective of protein and amino acid nutrition, understanding amino acid
bioavailability requires essentially two sets of information: one related to protein
digestibility, the other to the metabolic transformations that the amino acids undergo once
they are removed from the lumen. Expressing protein and amino acid availability in terms
of apparent faecal digestibility is at best inadequate and at worst completely misleading,
both nutritionally and metabolically. Even the simple consideration of N digestibility is
flawed by the influence of bacterial activity in the large, and perhaps the small intestine.
For the same reason, apparent faecal amino acid digestibility is a meaningless term.

In one sense, the measurement of the ileal outflow of amino acids provides a useful
measure because the difference between this value and the known rate of protein-bound,
amino acid intake measures the maximum value for the net availability of amino acids for
the support of all productive processes. However, the measurement of ileal outflows
cannot be simply transformed into estimates of digestibility because the ileal digesta are a
complex mixture of variable quantities of amino acids from the diet and from mucosal,
pancreatic and biliary sources. The central problem is how to distinguish among the
various contributors. There is now a considerable literature on the use of dietary proteins
labelled with either "N (Mahé et al., 1994; Roos et al., 1995; Gausseres et al., 1996) or *C
(Boirie et al., 1995) in feeding trials in both pigs and humans. On the basis of the relative
intestinal flows of total- and “N-protein, it seems that many common dietary proteins are
highly digestible, certainly more digestible than is suggested by measurements of apparent
faecal nitrogen digestibility. This is a very useful approach to study some aspects of
dietary protein metabolism; particularly in relation to studies on the regulation of digesta
flow (Gaudichon et al., 1994, Mahé et al., 1996), but the method suffers from the kinetic
problems that accrue from the first-pass incorporation of the labelled dietary protein into
the protein of the mucosa (Leterme et al., 1996). To that extent it seems likely that the
method may well systematically underestimate actual protein digestibility.

The other isotopic approach that has been investigated in both pigs (Souffrant et al.,
1986; 1993; de Lange et al., 1990; Lien et al., 1997a, 1997b) and humans (Shulman et al.,
1995; Gaudichon et al., 1996) is to label the subject. This method, apparently first
apPlied systematically by Souffrant et al. (1986), involves the prolonged administration of
a "N-labelled amino acid so that pancreatic and mucosal proteins are labelled to isotopic
equilibrium (Figure 11). Once this condition is attained, the measurement of the isotopic
enrichment of “N in the ileal digesta (de Lange et al., 1990) or in the faeces (Shulman et al.,
1995) gives, in theory at least, a direct measure of the fractional contribution of
endogenous amino acid nitrogen to the total nitrogen in the digesta. If total ileal (or
faecal) nitrogen flow is then measured, the absolute amounts of endogenous (labelled) and
exogenous (unlabelled dietary) nitrogen can be calculated. Data from the paper published
by de Lange et al. (1990) are presented in Figure 12. In this study, endogenous protein
contributed between 50% (canola diet) and 82% (wheat diet) of the total ileal protein.
The apparent ileal digestibility of the various protein sources underestimated their actual
digestibility by between 12% (canola meal) and 26% (barley). Data for the contribution of
endogenous nitrogen to ileal nitrogen in formula-fed piglets (53%), and to faecal nitrogen
in formula-fed infants (51%) are remarkably similar (Shulman et al., 1995; N.J. Gannon
and P.J. Reeds unpublished).
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Figure 11. Time course of urinary and faecal [°N] labelling in infants receiving a constant oral
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intravenously with [°N]-leucine (de Lange et al., 1990).
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Although the "N-dilution technique has given invaluable information, there are some
doubts with regards to its absolute accuracy. The main drawback is that to this date the
major publications have been based on the use of single amino acids, in particular *N-
leucine. Leucine was originally chosen as a tracer because of the presumption that it
would freely label other amino acids via transamination. Unfortunately, this does not
seem to be the case. The isotopic enrichment of other amino acids, even of isoleucine and
valine, is less than that of the tracer leucine (de Lange et al.,, 1992; Lien et al.,, 1997a,
1997b) and the *N-label is not transferred to two key essential amino acids: lysine,
frequently the first limiting amino acid, and threonine, an amino acid that contributes 25%
of the core protein of the intestinal mucins (Roberton et al., 1991). Thus, measurements of
total ®N and leucine “N-labelling give somewhat different estimates of endogenous
protein secretion and hence of absolute protein digestion (de Lange et al., 1992; Lien et al.,
1997a, 1997b). The problem is compounded further by the fact that measurements of the
actual labelling of mucosal protein are rarely made and the calculations are based on
plasma amino nitrogen labelling. For this reason alone, it is suspected that the data in the
literature may also systematically underestimate the contribution of endogenous protein
to the ileal protein flow. _

One way of avoiding the first problem is to use mixtures of *N-amino acids. These
can be prepared from algae (Gannon et al., 1994) or in legumes labelled in hydroponic
culture (Grusak and Pezeshgi, 1994). Furthermore, in unpublished studies, N.J] Gannon
has shown that even after a 10-day infusion of [U-"N]-amino acids, the steady-state “N-
enrichment of ileal protein is only 60% of the *N-enrichment of systemic amino acids.
This suggests first, that dietary protein makes a significant contribution to ileal mucosal
protein synthesis (see below) and second, that the use of plasma amino acid labelling will
lead to an underestimate of the true rate of mucosal protein secretion.

Isotopic studies of intestinal amino acid metabolism

Even though isotopic and non-isotopic measurements, such as the homoarginine
(Barth et al., 1993) and ileal amino acid composition methods (Fan et al., 1994), of protein
digestion suggest that it is very efficient and approaches 100% with many common
dietary proteins, results from related studies using a different approach (Rerat et al.,
1988, 1992; Ebner et al., 1994) suggests that less than 100% of the amino acids that have
exited the lumen appear in the portal vein. Furthermore, it is clear that the portal
appearance varies markedly among amino acids. In Figure 13 the recent measurements by
Stoll et al. (1997b) of the steady state portal appearance of different amino acids in
rapidly growing, frequently fed piglets are presented. Four points are evident from these

-data. First, despite the fact that the animals were growing at a high rate (at least 30 g/kg
per d), no more than 60% of the dietary essential amino acid intake appeared in the
portal circulation. Second, the portal appearance of methionine and threonine (see also
Rerat et al., 1992), was less than that of other essential amino acids. Third, there was no
net absorption of glutamate, aspartate (Windmueller and Spaeth, 1980) or, critically,
cystine (see also Ebner et al., 1994). Fourth, the appearance of alanine, arginine and
tyrosine exceeded their intake, thereby providing clear non-isotopic evidence of the net
synthesis of these amino acids within the tissues of the portal drained viscera. It is clear,
therefore, that digestibility does not necessarily equal systemic availability, and that the
chemical score of the diet is not necessarily the same as that of the mixture of amino acids
available for extra-intestinal tissue protein metabolism. ,

There are three reasonable explanations for the difference between true protein
digestibility, which approaches 100%, and portal amino acid appearance, which does
not. First, it is possible that significant amounts of dietary protein are absorbed into the
portal blood as small peptides. There is some evidence that peptide absorption might be
substantial in calves (Koeln et al., 1993). However, it appears to be a minor contributor to
portal amino acid appearance in goats (Blackwell et al., 1996), and B. Stoll and P.J.
Reeds (unpublished) have been unable to obtain any evidence that there are nutritionally
significant quantities of circulating peptides in milk-fed piglets. Second, it is possible that
the true absorption of dietary amino acids into the portal blood is efficient, but because
there is continuing utilisation of arterial amino acids by the portal drained viscera (see for



P.J. Reeds, D.G. Burrin, T.A. Davis et al. 19

example Yu et al., 1990), the net portal balance systematically underestimates the true
portal absorption. The third possibility is that there is substantial utilisation of dietary
amino acids by the mucosa, as suggested by a number of studies in adult humans (Hoerr
et al., 1993; Biolo et al., 1992; Matthews et al., 1993a). The most effective, if not the only
way to investigate the latter two possibilities is to combine isotopic tracers with portal
balance measurements. Stoll et al. (1997a, 1997b, 1997¢) have recently completed a series
of studies in piglets based on simultaneous intragastric and intravenous infusions of
multiple amino acids labelled with stable isotopes and the results from these studies will
be discussed below. :

250 -
200
2 150
]
£
©
e 100
50
0
Glu Other
Gin . Asp Thr Met essential Arg Tyr Ala
Cys amino
acids

Figure 13. Portal appearance of different amino acids in piglets fed once hourly with a milk-
replacer (Stoll et al., 1997b).

Using stable isotopes to quantify mucosal amino acid metabolism

Before discussing the results of the Stoll et al. studies (Stoll et al., 1997a, 1997b,
1997c¢), it is appropriate to discuss the tracer approach that was used in the studies. A
major difference between stable isotopic and radioisotopic analysis is that mass
spectrometers measure labelled molecules, while radioactive counting techniques measure
isotopic atoms. Gas chromatograph/mass spectrometers can therefore separate a given
compound, say phenylalanine, into molecules (so called isotoapomers) that contain *C,
“N, 0 and 'H from molecules that contain 1,2...x atoms of *C, *N, ®O and H. It is
therefore possible to infuse one labelled form of an amino acid, such as phenylalanine
containing 9-°C-atoms [U-"C]-phenylalanine as in the Stoll et al. studies (Stoll et al.,
1997a, 1997b, 1997c) via the stomach and a second labelled form (phenylalanine
containing 5-"H-atoms) via a peripheral vein. In this way, it is possible to quantify both
the appearance of the enteral tracer and the disappearance of the systemic tracer across
the portal drained viscera, and to relate both to the portal amino acid mass balance. The
appearance of the tracer amino acid then measures the true absorption of the dietary
amino acid uncomplicated by simultaneous removal of the arterial amino acid.

In the studies of Stoll et al. (1997a,b,c) algal protein uniformly labelled with *C was
used as the dietary tracer. This brings with it three technical advantages. First, the data
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relate more directly to the portal availability of amino acids derived from a protein, as
opposed to a free amino acid. Second, the mass spectrometric detection of molecules
containing >3 “C-atoms is very reliable. Third, the technique allows the simultaneous
investigation of multiple amino acids. In Figure 14 the mass (net) and the tracer (total)
appearance of threonine, leucine, lysine and phenylalanine in portal blood, expressed in
proportion to total and tracer amino acid intake are compared. The results show that
with -the notable exception of threonine, the tracer balance is greater than the mass
balance. This difference indicates that there is continuing utilisation of arterial leucine,
lysine and phenylalanine by the portal drained viscera. However, the data also indicate
quite clearly that much less than 100% of the known disappearance of the labelled amino
acids from the lumen appeared in the portal blood and suggest that the intestinal cells
metabolised at least 30% of the labelled essential amino acids that they absorbed from
the intestinal lumen.
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Figure 14. Portal mass balance and [U--"C]-tracer balance of essential amino acids in fed piglets
(Stoll et al., 19970). ' v

The next important question arising from these data is: what is the fate of these
amino acids in the mucosal cells? Given the very high rate of protein synthesis in the
mucosa of young pigs (Dudley et al., 1994), it is reasonable to assume that protein
synthesis represents the major pathway of utilisation of dietary amino acids. However,
direct measurements of the incorporation of the enteral tracer into mucosal protein
showed that this was not so. The relationship, for individual animals, between the total
first-pass utilisation of threonine, leucine, lysine and phenylalanine (as determined from
the portal tracer balance) and their incorporation into mucosal protein as described by
Stoll et al. (1997b) are presented in Figure 15. The figure illustrates two very important
points. First, there is substantial variation between animals. This, in fact, reflects
differences in mucosal protein mass among the animals and leads to the conclusion that
the mass of the mucosa has a nutritionally significant effect on the systemic availability of
essential amino acids. Second, the slope of the line is 0.15. In other words, on average
only 15% of the total intestinal metabolism of the dietary essential amino acids resulted in
incorporation of the amino acids into mucosal protein. This leads to the equally
important, but unexpected, conclusion that the major mucosal fate of dietary amino acids
is not mucosal protein synthesis but catabolism and oxidation. This conclusion was also
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confirmed by Stoll et al. (1997b) by direct measurements of ammonia balance across the
portal drained viscera, from which the data suggest that about 25% of the dietary protein
was catabolised by the mucosa in first pass. Indeed it appears that under the conditions
of this experiment, the oxidation of dietary amino acids was the dominating source of
energy for the mucosa. '
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Figure 15. Individual animal values for total intestinal metabolism and mucosal protein
incorporation of intragastric [U-"Cl-essential amino acids in fed piglets (Stoll et al., 1997b).

The results from the experiments discussed in this section raise the equally
important question of the source of amino acids for mucosal protein synthesis. It has
been known for many years that the mucosal cells can utilise both luminal and arterial
amino acids for protein synthesis (Alpers, 1972). Two lines of evidence from work by
Dudley et al. (1994) and Stoll ef al. (1997a, 1997b) suggest that in the fed state, the
uptake of arterial amino acids makes a minor contribution to the mucosal free amino acid
pool, but a major contribution to mucosal protein synthesis. The first line of evidence is
based on measurements of the labelling of the precursor form of lactase, prolactase
(Dudley et al., 1994). Because this protein is an intermediate for brush border lactase
synthesis, its turnover rate is extremely high. During a constant infusion of a labelled
amino acid, prolactase can be brought to isotopic steady state (Figure 16) and under this
condition, by definition, it measures directly the isotopic enrichment of the pool of amino
acids from which it derives. Thus the plateau labelling can be used to probe the
relationship between the labelling of the free amino acid and the protein synthetic
precursor pool, in much the same way as apo-lipoprotein B-100 labelling can be used to
investigate hepatic amino acid kinetics (Parhofer et al., 1990; Reeds et al., 1992b; Jahoor et
al., 1994; Bhattiprolu et al., 1994; Stoll et al., 1996). Results from two recent experiments
(Dudley et al., 1997b and Wang et al., unpublished; Table 1) show quite clearly that the
plateau isotopic enrichment of prolactase is higher than that of the free amino acid pool,
suggesting a preferential utilisation of arterial leucine for mucosal protein synthesis.
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Figure 16. Phenylalanine and leucine labelling kinetics of pro- and mature (BB) lactase in fasted
piglets (Dudley et al., 1997c).

Table 1. Relationship between the labelling (mol percent) of plasma, mucosal and
prolactase leucine in piglets fed with a conventional (H. Wang and M.A. Dudley,
personal communication) or an elemental diet (Dudley et al., 1997b) and infused
intravenously with *H-leucine (mean + SD). (Because prolactase comes to isotopic
steady state it measures directly the labelling of the amino acid from which it was
derived).

Plasma-free leucine Mucosal-free leucine  Prolactase leucine
Conventional diet ' 40£1.0 1.2+0.2 1.8 £ 0.2
Elemental diet 4.9+ 0.8 1.5+ 09 22+09

The second line of evidence is provided by experiments in which different tracers of
phenylalanine were given intravenously and intragastrically (Stoll ef al., 1997a, 1997b).
The results of these studies (Table 2) show quite clearly that the relative contributions of
the intragastric and intravenous tracers to the mucosal-free and protein-bound pools of
phenylalanine differ markedly. Furthermore, the results imply that while arterial
phenylalanine contributed only 30% of the mucosal free phenylalanine it contributed 60%
of the mucosal protein.

Table 2. The labelling (mol percent) of mucosal free and protein bound phenylalanine
in piglets, fed a milk-replacer diet and infused intragastrically with [U-"C]-
phenylalanine and intravenously with [*H]-phenylalanine (mean * SD).

Mucosal-free Mucosal-protein Protein:free
phenylalanine phenylalanine
Intravenous tracer 3.30 £ 0.31 1.10 £ 0.16 0.32 £ 0.04
Intragastric tracer 0.48 + 0.02 0.27 + 0.02 0.56 + 0.03

IGIV : 6.53 £ 0.55 3.86 + 0.42 0.59 £ 0.10




P.J. Reeds, D.G. Burrin, T.A. Davis et al. 23

Intestinal glutamate metabolism

The data on portal balance and protein synthesis discussed above suggest that
amino acid metabolism is substantial in the mucosa, and this introduces the final aspect
of intestinal metabolism in the piglet that will be discussed. Although in our studies it
appeared that the mucosal cells were catabolising 25% of the dietary amino acids, dietary
glutamate, dietary aspartate and arterial glutamine accounted for approximately 60% of
this total. This result is similar to that obtained in both rats (Windmueller and Spaeth,
1975, 1980) and in humans (Matthews et al., 1993b). However, there is much suggestive
evidence that other pathways of mucosal metabolism involving glutamate and glutamine
might be nutritionally significant. Studying this aspect of mucosal metabolism is,
however, difficult because there are multiple potential inputs of glutamate, especially in
the mucosa.
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Figure 17. a). Distribution of labelled valine molecules in egg protein. b). Distribution of labelled
glutamate molecules in egg protein.

However, the study of glutamate metabolism is simplified by another advantage of
the use of multiple ®C-labelled tracers. This arises from the fact that the compounds
metabolised in the central pathways of intermediary metabolism are formed from the
condensation of molecules containing 1 (CO,), 2 (acetyl CoA) and 3 (pyruvate) carbons.
Thus if a metabolic precursor, such as glucose, glutamate or glutamine, is introduced into
a biological system in its [U-°C]-form, any resynthesis of the tracer metabolite will return
labelled molecules containing no more than 3-°C atoms. This phenomenon is shown
strikingly in the results presented in Figure 17. In this study (Berthold et al., 1991) fed a
laying hen for 27 d with a diet containing [U-"C]-protein, and measured the “C-
distribution in amino acids isolated from egg protein. The main result from this study
was that labelled essential amino acids (valine in the figure) were present in the protein
only as unlabelled or completely labelled forms, while amino acids that could be
synthesised by the hen (glutamate in the figure) contained virtually no original tracer
molecules. They were, however, highly enriched with isotopomers containing 1,2, and 3-
C atoms that had become incorporated via the synthesis of the amino acid.

In recent experiments, Reeds et al. (1996) have taken advantage of this feature of the
labelling pattern of recycled substrates to investigate the utilisation of enteral glutamate
by the mucosa. In these studies, fed piglets received intragastric infusions of [U-"C]-
glutamate. These results (Reeds et al., 1996) revealed that although more than 95% of the
dietary glutamate was metabolised in first pass, there was substantial recycling of
glutamic acid molecules within the mucosa. As a result, the mucosal glutamate pool was
labelled in a complex fashion (Figure 18). However, the most intriguing result was that
two key end products of glutamate metabolism, glutathione (Reeds et al., 1997b) and
arginine (Reeds et al., 1997¢), had an isotopomer pattern that was essentially identical to
that of the dietary (tracer) glutamate, and markedly different from the mixed glutamate
pool. In other words, there is not only a mechanism in the enterocytes that channels
arterial essential amino acids to mucosal protein, but a separate mechanism that channels
dietary non-essential amino acids to intermediary metabolism.
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Figure 18. The distribution of "C-isotopomers in mucosal glutamate during an intragastric
infusion of [U-""C]-glutamate (Reeds et al., 1997a).

This dual balance/isotopic approach to studying intestinal metabolism is very
powerful, and can be applied to many other metabolic problems (Reeds et al., 1997d).
However, the observations that have been discussed are not only of importance to
understanding the nutrition of the piglet, and hence of direct relevance to animal
husbandry, but pose important new questions with regard to the metabolism of infant
mammals in general.

Conclusion

This paper has discussed a number of aspects of neonatal growth, development and
metabolism but has by no means covered all aspects of this exciting and important field
of interest. The size, growth rate and resilience of the piglet make it an extremely
attractive model from a practical point of view. The bulk of the metabolic evidence
supports strongly the utility of studies in piglets as a basis for understanding more of the
physiology, metabolism and nutrition of human infants.
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Abstract

Productivity of the commercial sow herd is determined by a number of factors
impinging on both fertility and management of dry sow and farrowing space. The current
interest in segregated early weaning (SEW) as a management tool is driven in part by its
potential advantages in maximizing occupancy and usage of relatively expensive
farrowing facilities. Although understanding of those mechanisms underlying interactions
between nutrition and reproduction in the sow is improving, the adoption of lactation
lengths substantially shorter than three weeks have been associated with depressions.in
fertility. The severity and form of these depressions (ranging from extended weaning to
oestrus intervals and increased non-productive sow days to decreased subsequent litter
size) are dependent upon genotype and its interaction with environmental/management
factors, e.g., pre- and post-partum nutrition. This review considers the growing literature
concerning the physiological basis for suppressed fertility in sows undergoing shortened
lactation lengths with emphasis on the primiparous sow. Potential control points within
the hypothalamic-pituitary-ovarian complex are outlined, followed by practical
considerations of nutritional management. The authors hypothesize a role for protein
balance as a potential determinant of subsequent fertility. In light of described
physiological mechanisms, alternative management approaches are suggested, including
nutritional approaches, litter manipulations and pharmacological intervention.
Ultimately, however, management recommendations will be determined by the herd in
question by considering genotype and economic considerations of the operation
concerned.

Introduction

Traditionally, the primary measure of breeding herd efficiency has been pigs born (or
weaned) per sow per year. However, within North America and increasingly elsewhere,
this is considered to be a relatively poor measure of breeding herd efficiency since it does
not accurately reflect economic efficiency. An alternative measure is pigs born (or
weaned) per farrowing crate per year. This measure takes account of the fact that the
most expensive sow housing on the farm is the farrowing crate. In order to maximize
farrowing crate efficiency, firstly, the crates must be occupied and secondly, they must
annually house as many litters as possible. The first objective can be met by meeting
breeding targets (taking farrowing rate into account) and the second objective met by
reducing the duration of individual sow occupancy (i.e., lactation length).

If the objective of management is simply to maintain farrowing crate occupancy,
then short lactation lengths are not necessary since, as discussed below, any economic
advantage from potential litters per crate per year may be largely offset by reductions in
sow performance. However, a move to earlier weaning does allow an expansion of the
sow base within existing facilities with the capital costs incurred being limited to the less
expensive dry sow accommodation. Earlier weaning may also form an integral part of the
herd health program. Indeed, the current interest in segregated early weaning (SEW) was
driven by the belief that specific pathogens could be eliminated from the progeny by
implementing a pathogen-specific lactation length. This in turn allows for improved
grower/ finisher performance. Suggested examples have been a 10 d lactation to eliminate
Pasteurella multocida (atrophic rhinitis) and Mycoplasma hyopneumoniae (enzootic
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pneumonia) and a 21d lactation to eliminate Actinobacillus (Haemophilus) pleuropneumoniae
and transmissable gastroenteritis (Alexander and Harris, 1992). However, expectations
have been overly optimistic and it is now accepted that while shorter lactation lengths are
invaluable in the control of these diseases, they do not necessarily eliminate them,
especially when the immune status of the sow herd has not been adequately stabilized.

The objective of this paper is to review the effects of lactation length on sow
reproductive performance and also how management can have an effect on the expression
of sow fertility. The possible mechanisms whereby lactation length may affect fertility
necessitates an understanding of the association between stage of lactation and the
physiologic and metabolic status of the sow. It is not our intention to repeat earlier
reviews but to draw relevant conclusions from them. The final part of this paper will
address management strategies that could be employed to overcome the deleterious
effects of short lactation lengths on sow fertility.

Effects of lactation length on reproductive performance

It has been known for many years that short lactation lengths are associated with
extended and more variable weaning to oestrus intervals (Van der Heyde, 1972; Svajgr et
al., 1974; Cole et al., 1975; Aumaitre et al., 1976; Varley and Cole, 1976a; Kirkwood et al.,
1984a) making it more difficult to meet breeding targets. Recently, a negative association
was confirmed between the length of the weaning to oestrous interval and the duration of
the oestrous period in conventionally weaned sows (Nissen et al., 1997). It was further
established that ovulation occurred at approximately 70% of the way through the oestrus
period, regardless of its duration, and that peak fertility occurred when breeding was at
about 10 h before ovulation. If the same associations occur in early weaned sows where a
longer weaning to oestrus interval is expected, then oestrus detection and mating
management may need to be re-evaluated for SEW systems.
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Figure 1. The influence of weaning age on A). farrowing rate percentage, B). subsequent litter
size and C). weaning-to-service interval, derived from commercial PigCHAMP databases.
Weaning age groups comprise age +1d, e.g., 9 +1,24 +1 (Dial et al., 1996b).

Short lactation lengths also reduced farrowing rates and subsequent litter sizes (Pay
1973; Cole et al., 1975; Kirkwood et al., 1984a; Clark and Leman 1987; Xue et al.,1993;
Mabry et al., 1996; Marsteller et al., 1997). The effect on subsequent litter size is the result
of increased embryo mortality, there being no effect of lactation length on ovulation rate
(Varley and Cole 1976b; Marsteller et al., 1997). The effects of lactation length on fertility
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are illustrated in Figure 1, which is based on PigCHAMP data (Dial et al., 1996b). Each of
the above effects will have a cost associated with-them, although the relative economic
impact of each effect may vary among farms. However, a recent analysis of Pig Champ
data found that, on average, more than 90% of the weekly variance in weaner production
was accounted for by numbers of females served weekly (Dial et al.,, 1996a). 1t is
increasingly accepted in the expanding North American industry that pig throughput is
second only to pig price in influencing profitability. Consequently, the importance of
meeting breeding targets and the potential adverse effect of unpredictable returns to
oestrus are evident. :

Endocrine changes from late gestation and farrowing to breeding

Despite the empirically well-established relationship between lactation length and
fertility, there is a paucity of literature describing the physiological mechanisms underlying
fertility reductions observed in sows weaned at substantially less than 21 d. Whether
reproductive compromise occurs via ‘premature disruption’ of, and therefore an
inadequate, sucking stimulus, nutritional/metabolic sequelae or uterine-ovarian
insufficiencies is unclear. Data are accumulating, however, to support the involvement of
the entire hypothalamic-pituitary-ovarian axis in determining the length of time for return
to oestrus to occur, and both the quantity and quality of oocytes/embryos resulting from
the post-weaning mating.

As in all mammals, the basic elements of the reproductive axis of the pig comprise a
‘central' signalling unit, consisting of the hypothalamus [secreting luteinizing hormone-
releasing hormone (LHRH)] and anterior pituitary [secreting the gonadotrophins -
luteinizing hormone (LH) and follicle- stimulating hormone (FSH) under the influence of
pulsatile LHRH]. Follicle stimulating hormone and LH, in turn, stimulate ‘local’ ovarian
follicular and oocyte growth, maturation and, ultimately, ovulation.

Modulation of reproduction potentially occurs, therefore, via both central and local
ovarian mechanisms. An understanding of the relative importance of each mechanism
during lactation and the post-weaning period, and how their function may be modulated
by environmental/management factors, may indicate explanations for, and potential
solutions to, fertility depressions observed in SEW systems.

Modulation of the hypothalamic-pituitary axis

The return to fertile oestrus post weaning requires an appropriate gonadotrophin
stimulus to a sensitive ovary for the establishment of the final stages of ovarian follicular
maturation (Foxcroft and Hunter, 1985). Follicles emerge from the primordial population,
becoming available for recruitment into the preovulatory pool during lactation, or even
during the final stages of gestation in sows subjected to short lactation lengths. Morbeck
et al. (1992), for instance, have estimated a period of 19 d for the advancement of antral
follicles into the preovulatory cohort. Dynamic changes in the intra-ovarian and intra-
follicular environments and in the development of sensitivity to gonadotrophin
stimulation result in a so-called heterogenous population of follicles (Foxcroft and Hunter,
1985).  Such heterogeneity may have important consequences for follicle and oocyte
quality at ovulation and subsequent embryo viability, as discussed more fully in later
sections.

Suckling-mediated effects on gonadotrophin secretion

Luteinizing hormone secretion during gestation is characterised by high amplitude,
low frequency pulsatility, as the LHRH pulse generator operates under the inhibitory
influence of circulating progesterone negative-feedback. This steroid inhibition may be
mediated by endogenous opioidergic peptide (EOP) inhibition (Willis et al., 1996).
Luteinizing hormone pulsatility is not totally suppressed in very late gestation (Parvizi et
al., 1976; Ziecik et al., 1983), suggesting that chronic suppression of hypothalamic LHRH
secretion or decreased pituitary sensitivity to LHRH is not an inevitable consequence ‘of
gestation in sows. The persistence of episodic LH secretion in late gestation may have
important consequences for ovarian responses to enhanced gonadotrophin secretion
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following early weaning. Although a similar pattern of LH secretion predominates during
established lactation, evidence from studies of sows in early lactation and sows weaned
immediately after farrowing (zero-weaned sows) indicates a potentially active LHRH
pulse generator and pituitary. De Rensis et al. (1989) reported active LH secretion from
24-36 h post-partum in both sows which suckle their piglets and zero-weaned sows. Later
studies have reported longer periods of active secretion and a high degree of variation
among sows in patterns of LH secretion in the immediate post-partum period (De Rensis et
al., 1993a). Luteinizing hormone secretion was also suppressed by the end of the second
day post-partum in sows which suckle their piglets (De Rensis et al., 1993b). A number of
neuroendocrine mechanisms, including opioidergic pathways (De Rensis et al., 1993b),
appear to mediate the suckling inhibition of LHRH secretion at this stage. Certainly the
pituitary is sensitive to exogenous LHRH stimulation from early lactation onward
(Stevenson et al., 1981). Pituitary sensitivity has been reported to increase (Bevers et al.,
1981) or remain static (Rojanasthien et al., 1987) post-partum, suggesting that suckling-
induced suppression of LH pulsatility is via suppression of LHRH secretion alone or in
combination with changes in pituitary sensitivity.

Pituitary sensitivity to the negative and positive feedback effects of circulating
oestrogen appear to alter during lactation (Elsaesser and Parvizi, 1980; Cox et al., 1989b;
Sesti and Britt, 1993) and have been related to sow reproductive performance (see the
review by Varley and Foxcroft, 1990). Abnormally high follicular-fluid oestradiol
concentrations have been reported in zero-weaned sows, potentially as a consequence of
dysfunction of oestradiol positive feedback and a compromised LH surge (De Rensis et
al., 1993a). The gonadotrophin escape from inhibition is further demonstrated by
increasing basal levels of LH with duration of lactation (Stevenson and Britt, 1980;
Stevenson et al., 1981; Kirkwood et al.,, 1984a), possibly reflecting a lower sucking
intensity during later lactation. Following weaning there is a rapid recovery in
hypothalamic stores of LHRH (Cox and Britt, 1982). Whether the rate of recovery of
LHRH stores is affected by previous lactation length has not been addressed, although
Sesti and Britt (1993) reported an increase in pituitary LH as lactation proceeds.
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Figure 2. Suppression of mean LH concentrations and attenuation of the preovulatory LH surge
in sows weaned at 10 d versus 35 d (from Kirkwood et al., 1984a).



J.R. Cosgrove, R.N. Kirkwood, F.X. Aherne, E.]. Clowes, G.R. Foxcroft and L.]. Zak 37

Plasma levels of LH are also reported to show at least a transient increase during
the first 24 h after weaning following lactation lengths of 21 d or more (Edwards and
Foxcroft, 1983). Again, whether a similar increase occurs at weaning after short lactation
lengths has yet to be investigated. It is known that lower basal LH levels are maintained
during the weaning to oestrus interval in early weaned sows (Kirkwood et al., 1984a) and,
further, that the magnitude of the preovulatory LH surge is greatly attenuated in sows
having had short lactation lengths (Edwards and Foxcroft, 1983), as demonstrated in
Figure 2 (Kirkwood et al.,1984a). The biological significance of these observations has not
been determined, but the administration of exogenous LHRH to sows at the time of
breeding subsequent to a 12 d lactation was without effect on reproductive performance
(Kirkwood, unpublished data).

The primary inhibition to preovulatory follicular maturation following farrowing in
sows appears to be via a suckling-induced suppression of LHRH/LH secretion.
Manipulations of this inhibition, e.g., via zero-weaning, may compromise both follicular
development and the ultimate ovulatory signal, the LH surge, by influencing circulating
steroid concentrations and pituitary sensitivity. It is feasible, therefore, that weaning at
substantially less than 21 d may result in dysfunction of the hypothalamic/pituitary
surge affecting both the timing, pattern and duration of ovulation itself, although such a
hypothesis has not been adequately tested.

Metabolic modulation of gonadotrophin secretion

Empirical observations of the relationship between conformational characteristics
(e.g., backfat thickness) and reproductive function have long formed the basis- of
successful breeding herd management. Such approaches in research continue to evolve
and .consider in more detail the potential underlying physiological and endocrinological
mechanisms coordinating metabolic state and fertility. The considerable losses in backfat
endured by modern sows during their first lactation (Whittemore et al., 1980) and their
correlations with decreased subsequent fertility (King et al., 1982) have emphasized the
challenges facing the sow, particularly the primiparous sow. More extreme management
strategies, e.g., utilizing modern, extremely feed-efficient and lean female lines, potentially
places further pressure on an already severely challenged animal. Management systems
emphasizing optimal utilisation of relatively expensive farrowing space will almost
certainly result in a parity distribution skewed towards primiparous animals, as sow
inventory increases and culling decisions place emphasis on reproductive efficiency.
Current indices of sow productivity include factors such as the ultimate size of the
weaned litter and the non-productive days (i.e., 'empty’ days prior to the sow being
successfully bred). Since reproductive performance of sows with few parities is
particularly sensitive to adequate nutrition, she remains the principal challenge to optimal
sow productivity.

If fertility of the primiparous sow is a consequence of her overall metabolic state,
future difficulties might be obviated by allowing her a period of recovery before
rebreeding. Indeed, larger litter sizes have been reported from first/second parity sows
bred on their second, as opposed to first, post-weaning oestrus (Clowes et al., 1994).
This effect, however, was not observed in sows of later parities. Interestingly, weaning-
to-first-oestrus intervals were no different among treatment groups or parities. Zak et al.
(1997a) also reported only small differences in weaning to oestrus intervals among sows
fed ad libitum during a 28 d lactation and those undergoing feed-restriction during
different stages of lactation. Remarkably, however, ovulation rates were reduced by
lactation feed-restriction. These results contrast strongly with earlier findings including
those of Koketsu et al. (1996a) who, using a 21 d lactation model, reported greatly
delayed return to oestrus in feed-restricted sows. Prior analysis of production figures
from large commercial units by the Minnesota group (Koketsu et al., 1994) had also
established a correlation between reduced, and altered patterns, of lactational feed intake
and subsequent reproductive failure in sows of various parities. These findings strongly
suggest genotype differences in the pattern of reproductive response to lactational insult.
It appears that different genotypes may either undergo a self-imposed, partial “skip-a-
heat” (i.e., delayed weaning to oestrus interval; Figure 3 from Dial et al., 1996b) or commit
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to resumption of cyclicity, despite subsequent reductions in fertility associated with
suboptimal follicular/oocyte quality (i.e., lowered ovulation rates and embryo survival).
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Figure 3. The influence of a). genotype and b). parity on weaning to service interval and
weaning age (Dial et al., 1996b).

A metabolically-driven modulation of hypothalamic LHRH secretion and
consequent alteration in pituitary LHRH-sensitivity and gonadotrophin release might be
predicted to have major implications for reproductive function in the metabolically
challenged lactating sow. In fact, short-term variations in lactational feed-intake in the
sow have been correlated with alterations in the pattern of LH secretion (Tokach et al.,
1992), even though mid-lactation LH pulsatility in the sow is already extremely low, due
to the direct inhibitory actions of suckling on the LHRH pulse generator described above.
Tokach et al. (1992) correlated reduced LH concentrations from the second week of a 28 d
lactation with extended weaning-to-oestrus intervals in primiparous sows. Similarly,
Koketsu et al. (1996¢) reported reduced LH pulsatility in sows undergoing feed restriction
during 1 week of, or an entire, 21 d lactation, which also correlated with an extended
weaning-to-oestrus interval. Complete suppression of lactational LH secretion in sows
undergoing feed restriction either for the first 21 d or the last week of a 28 d lactation, in
addition to a LH response to resumption of ad libitum feeding from day 21 to 28, were
reported by Zak ef al. (1997a).

Luteinizing hormone secretion is acutely sensitive to nutritional status in prepubertal
gilts, as illustrated by the results of Booth ef al. (1994, 1996) and Cosgrove et al. (1991,
1993). A short period of maintenance feeding, followed by realimentation, resulted in a
suppression and then rapid resumption of LH pulsatility. Intravenous administration of
glucose solutions, isocaloric with ad libitum meals, to feed-restricted gilts also resulted in
rapid elevations of gonadotrophin secretion (Booth, 1990). Similar observations have
been made in growth-restricted lambs (Ebling et al., 1990). The inability of meal ingestion
per se to invoke similar responses [e.g.,, no LH response to gastric distension via low
energy sugar beet fibre in gilts (Formigoni ef al., 1996), or ingestion of water iso-volumetric
with a full feed in fasted sheep (Foster et al., 1995)], suggests a role for energy intake in
the control of gonadotrophin, at least prepubertally. Tokach et al. (1992) found that LH
secretion was not elevated following glucose injection in lactating sows, although Kemp et
al. (1995) reported increased lactational LH pulsatility and post-weaning preovulatory
LH surges in sows fed a carbohydrate- versus fat-rich lactation diet. Whilst these results
do not rule out a potential role for glucose in regulation of the LHRH pulse generator in
the sow, they suggest a complexity beyond a direct relationship to peripheral glucose
concentrations.



J.R. Cosgrove, R.N. Kirkwood, E.X. Aherne, E.J. Clowes, G.R. Foxcroft and L.J. Zak 39

Indeed, peripheral blood sugar concentrations may be of only limited relevance to
the environment of those cells directly responsible for LHRH secretion. Elevated brain
glucose levels have been suggested to mediate nutritionally-enhanced LH secretion via
direct actions on the LHRH neuron. Bucholtz et al. (1996) suppressed LH pulse
frequency in sheep without altering peripheral glucose concentrations by injecting the
glycolytic inhibitor 2-deoxyglucose (2DG) into the lateral cerebral ventricle, suggesting a
direct, 'central’ site of action of glucose. Parenteral 2DG decreased LH pulsatility but also
lowered peripheral glucose concentrations. In general, the brain is relatively well buffered
by metabolic and endocrine systems against gross fluctuations in blood sugar availability.
Whilst similar studies have yet to be conducted in the sow, it seems unlikely that simple
alterations in peripheral glucose concentrations will be responsible for altering
hypothalamic LHRH secretory activity unless they are associated with decreased energy
availability to neurons themselves.

Peripheral and central glucose concentrations are regulated by the antagonistic
actions of insulin and glucagon, and insulin responses to meal ingestion are rapid.
Cosgrove et al. (1992) and Booth et al. (1996) reported greater and more sustained
elevations of plasma insulin in realimented versus feed-restricted prepubertal gilts,
associated with increased plasma LH. Injections of long- and slow-acting insulin to gilts
on high- or low-energy diets resulted in elevated ovulation rates and appeared to increase
pulsatile LH secretion, but not mean LH concentration, in a subset of animals (Cox et al.,
1987).

If insulin does indeed modulate LHRH secretion it is most likely at the level of the
median eminence, since insulin receptors have been detected in the basal hypothalamus of
the rat (Havrankova et al., 1978). It has been suggested that cerebrospinal fluid
concentrations of insulin, acting as integrated long-term reflections of humoral
fluctuations, may constitute a central modulator of LHRH release (Woods et al., 1979).
However, long-term intravenous infusion of glucose to feed-restricted rams, while raising
peripheral insulin and glucose concentrations, did not affect LH concentrations (Boukhliq
et al., 1996). Even blockade of the insulin response to realimentation in the rhesus monkey
did not abolish associated increases in LH secretion (Williams et al., 1996). In a rather
limited study, intracerebroventricular (ICV) injection of insulin has been reported to
increase LH pulsatility in gilts (Cox et al,, 1989a) and Zak et al. (1997a) reported
depressions in insulin and LH concentrations in lactating primiparous sows subjected to
feed restriction compared with controls fed ad libitum. Support for a direct effect of
insulin on the hypothalamic pulse generator is equivocal from similar approaches in the
sheep. Intracerebroventricular injection of insulin in growth-restricted ewe lambs did not
increase LH (Hileman et al., 1993), although a single peripheral injection of glucose in
feed-restricted lambs resulted in elevated LH pulsatility (Branum ef al., 1997). The
coordination of the prime stimulatory mechanism of reproduction, i.e., the hypothalamic-
pituitary LHRH pulse generator, with nutritional status via such a transient and highly
variable factor as blood insulin concentrations seems both unlikely and inappropriate.

The growth hormone/insulin-like growth factor (GH/IGF) complex of endocrine
signalling does comprise a physiological system which appears to respond to alterations
in metabolic state which are appropriate to the coordination of reproduction locally and
may underly longer term, centrally mediated responses. Growth hormone (GH) secretion
from the anterior pituitary exerts its anabolic effects predominantly via the stimulation of
IGF-I synthesis and secretion from a wide range of tissues including hepatic, uterine and
ovarian follicular cells (see Thissen et al., 1994 for review). Plasma GH concentrations are
inversely related to metabolic state in the pig. Booth et al. (1994) reported elevated GH in
feed-restricted gilts, and several workers (Baidoo et al., 1992b) reported higher lactational
GH concentrations in metabolically challenged sows. Baidoo et al. (1992a) suggested a
central role for reduced insulin and IGF-I and increased cortisol and GH in inhibiting the
activity of the hypothalamic-pituitary-ovarian axis. Paradoxically, IGF-I concentrations
are suppressed under the same circumstances, suggesting an uncoupling of the GH/IGF-I
axis during metabolic challenge, probably via a reduction in hepatic GH receptors and
IGF-I synthesis (Charlton et al., 1993). Lowered insulin status has also been implicated in
the reduction of tissue sensitivity to GH stimulation (Clemmons et al., 1985). Protein
turnover is driven towards accretion by IGF-], and it is noteworthy that primiparous sows
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bred on their first post-weaning oestrus exhibited higher circulating IGF-I concentrations at
mating than those bred at their second (Clowes et al., 1994). This result is potentially
indicative of the physiological priority of the primiparous sow to return to her ideal
protein accretion curve rather than maximize fecundity (see below). Zak et al. (1997a)
also reported depressions in circulating IGF-I in lactating primiparous sows subjected to
feed restriction compared with controls fed ad libitum.

However, the concentration of IGF-I does not respond with a similar rapidity as LH
and insulin following realimentation of feed-restricted gilts (Cosgrove et al, 1992;
Charlton et al., 1993; Booth et al., 1996) and, therefore, appear unlikely to be directly
mediating immediate changes in LH/LHRH activity, although a long-term role for IGF-I
modulation of LHRH remains a possibility. It has been proposed that IGF-I modulates
LH secretion in the gilt under in vitro conditions (Whitley et al., 1995). Booth et al. (1996)
noted a biphasic response of gonadotrophin secretion to realimentation, the longer-term
increases in LH being temporally correlated with improved metabolic status as
demonstrated by elevated IGF-I concentrations after 7 d of re-feeding. Only after 7 d of
re-feeding were both baseline insulin and IGF-I concentrations higher in re-fed versus
restricted gilts. Perhaps either or both hormones, acting synergistically, exert a direct
effect on the LHRH pulse-generator. The family of epidermal-like growth factors
(epidermal-like growth factor, transforming growth factors-o. and -B) and nerve growth
factor have been implicated in developmental plasticity of the LHRH pulse generator
(Ojeda et al., 1990). The roles of such factors in regulating alterations in the reproductive
status of the adult are unknown.

If protein balance is a prime mediator of the reproductive status of the sow, a
number of aforementioned mechanisms conceptually describe a role for circulating amino
acids and gonadotrophin secretion. Dietary amino acids may modulate LHRH activity
directly and reductions in their concentrations, e.g., during feed restriction or metabolic
challenge, may disrupt gonadotrophin secretion. Central noradrenergic pathways have
been indicated as stimulatory to LHRH release in several species including the pig
(Parvizi and Ellendorf, 1978; Chang et al., 1993) and have been shown to be sensitive to
precursor (tyrosine) availability in the diet (Fernstrom, 1983). Cameron and Schreihofer
(1995) reported that administration of the B-adrenergic antagonist, phenoxybenzamine,
partially prevented the rise in LH associated with realimentation of fasted male monkeys.
Tyrosine is also a precursor for dopamine secretion, a catecholaminergic neurotransmitter
present in the hypothalamus and has a clearly established role in modulating LH secretion
(Thiery et al., 1995). Fasting of rats for 5 d suppressed LH concentrations and the brain
turnover of dopamine and noradrenaline. Conversely, treatment with catecholaminergic
antagonists did not restore LH pulsatility to control values (Pirke and Spyra, 1981). Ina
more recent study infusion of tyrosine, phenylalanine and tryptophan failed to alter
gonadotrophin secretion and ovulation rates in luteal phase ewes (Downing et al., 1997).
However, tyrosine treatment of maintenance-fed ewes increased LH secretion (Hall et al.,
1992) and tyrosine concentrations have been positively correlated with LH pulsatility in
the lactating dairy cow (Zurek et al.,, 1995). Tyrosine and tryptophan, the amino acid
precursor of serotonin, compete with other large neutral amino acids (LNAA) for
transport mechanisms across the blood-brain barrier, and diets enriched with tryptophan
have been reported as altering feed intake and plasma concentrations of other LNAA in
lactating sows (Libal et al., 1997). It remains feasible, therefore, that alterations in dietary
composition or protein turnover rate may interfere with precursor availability and the
activities of neuronal systems impinging on the LHRH neuron during metabolic challenge.
Such hypotheses, however, remain untested in the pig but should, perhaps, receive rather
more attention as the focus on reproduction-interactions in the sow focuses on questions
of protein.

Modulation of the ovarian follicle and oocyte

A well-established literature documents empirical observations of nutritional
influences during gestation and lactation on ovarian function (Baidoo, 1989; Koketsu et
al., 1996a; Zak et al.,, 1997a). A distinction is seldom made, however, between
hypothalamic-pituitary and direct ovarian effects. Recent studies have begun to focus on
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discrete mechanisms which mediate follicular development within the porcine ovary and
the relative sensitivity of the intraovarian environment to external and internal nutritional
cues, affecting both follicular and oocyte maturation. The recruitment and maturation of
the preovulatory cohort of ovarian follicles in the pig is acutely dependent upon
appropriate gonadotrophin stimulation (Foxcroft and Hunter, 1985) and gives rise to a
population of follicles heterogenous in maturity (Hunter and Wiesak, 1990). The time for
maturation of antral follicles to the preovulatory stage has been estimated as 19 d in the
prepubertal gilt (Morbeck et al., 1992). Whether a direct comparison is appropriate
between follicular development in the prepubertal gilt and the late-gestating/early-
lactating sow is unclear. It remains feasible, however, that gestational nutrition and
metabolic status has profound effects on the subsequent responses of the ovary to
changing gonadotrophin stimulation in lactation. As lactation progresses, the gradual rise
in both FSH and LH and increase in LH pulsatility results in an increase in the population
of medium (5-8 mm), oestrogenic follicles in the ovary. Thus, alterations of feed-intake or
metabolic status of lactating sows may have an impact on subsequent preovulatory
follicular populations and ovulated oocyte quality, a concept described as “follicular
imprinting" (Zak et al., 1997b). Thus nutrition in each stage of the breeding cycle of the
sow becomes interdependent. Specifically, even metabolic status in late gestation may
become a critical factor in SEW systems employing short (10 d) lactation lengths. Under
such' circumstances fertilizable oocytes may be ovulating from follicles which were
undergoing initial maturation pre-partum. Lactation length itself may, therefore, impose
fundamental effects on ovarian function.  Those mechanisms which mediate
follicular/oocyte sensitivity to gonadotrophin stimulation have become of particular
relevance to our understanding of how nutrition may regulate reproduction.

Influences on the ovarian follicle

Metabolic hormones do exert direct effects on follicular dynamics in the pig. Insulin
treatment, irrespective of changes in gonadotrophin secretion, increased ovulation rates of
cyclic gilts (Cox et al., 1987), stimulated follicular steroid synthesis and/or decreased
follicular atresia in cyclic (Matamoros et al., 1990) and PMSG-treated (Matamoros ¢t al.,
1991) gilts. Insulin treatment of gilts made artificially diabetic by streptozotocin
treatment produced similar results (Meurer et al., 1991). Further, cessation of insulin
therapy in mid-luteal diabetic gilts increased follicular atresia without affecting
gonadotrophin receptor binding, suggesting gonadotrophin-independent, insulin-mediated
mechanisms (Cox et al., 1994). Certainly, insulin exerts potent effects on granulosal cell
differentiation and function in vitro (May and Schomberg, 1981; Amsterdam ¢t al., 1988).
Realimentation-induced increases in follicular aromatase activity and/or development
have also been associated with marked increases in insulin status, without consistent
alterations in GH status (Cosgrove et al., 1992; Charlton et al., 1993; Booth et al., 1994).
Interestingly, control of granulosa cell glucose utilization may differ from peripheral
mechanisms since changes in follicular fluid glucose concentrations do not parallel those in
the periphery (Britt et al., 1988).

Follicular function may also be determined by the effects of longer-term endocrine,
paracrine and autocrine signalling (for review see Roche, 1996). While short-term feed-
restriction of the prepubertal gilt appears to uncouple hepatic GH receptor-stimulated
IGF-I expression (high GH concomitant with low IGF-I mRNA expression), ovarian IGF-I
mRNA expression remained unaltered (Charlton et al., 1993) and follicular IGF-I
concentrations remain considerably higher than those in plasma. Follicular IGF-I
concentrations also appear to be inversely related to follicular size in swine (Charlton et
al., 1993). Ovarian IGF-I synthesis may, therefore, mitigate the impact of acute nutritional
challenges to ovarian function. Considerable data now exists describing the role of IGF-I
and other growth factors in the porcine ovary (see reviews by Adashi ef al., 1990; Guidice,
1992; Hammond et al., 1993; Ojeda and Dissen, 1994).

Ovarian IGF-l gene expression (Samaras et al, 1993) and follicular fluid
concentrations (Hammond et al., 1985) increase during spontaneous and gonadotrophin-
(Hammond et al., 1988) and GH-induced (Bryan et al., 1989) development during the
follicular phase, falling after ovulation (Samaras et al, 1992). Similar, though not
identical, results have been reported during follicular development in the weaned sow
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(Howard and Ford, 1992). Insulin-like growth factor-I does have mitogenic effects on
ovarian cells, increasing DNA synthesis and cellular differentiation (Baranao and
Hammond, 1984; Maruo et al., 1988). The most potent actions of IGF-I, however, are
apparent as interactions with those of gonadotrophins and other growth factors, e.g,
enhancing gonadotrophin stimulated steroidogenesis (Veldhuis and Rodgers, 1987) and
transforming growth factor-B (TGF-f) stimulated cellular proliferation and differentiation
(May et al., 1988). An added degree of complexity underlying these actions is the
regulation of growth factor bioavailability by binding proteins (e.g., IGFBP) which is
influenced by the gonadotrophin (Mondschein et al., 1990) and steroid milieu (Samaras et
al., 1993). In general, porcine follicular growth is inversely related to concentrations of the
specific binding proteins IGFBP-2, 4 and 5, although the latter two may actually increase
in preovulatory follicles (Hammond et al., 1992). Data emerging from in situ hybridization
studies of follicles from cyclic gilts subjected to nutritional challenges have also raised the
possibility of a role for IGF-II in mediating intra-follicular regulation (A. Dawson, personal
communication). It seems conceivable, therefore, that gross alterations in the metabolic
state of the lactating sow (particularly the generally catabolic primiparous animal),
associated with major alterations in protein and fat mobilization mediated via dynamic
changes in insulin/IGF status, result in altered follicular maturation and, potentially,
oocyte quality.

Transforming growth factor-o. (TGF- @) is expressed in both thecal and granulosal
cells of a number of species (see Mulheron and Schomberg, 1993), including the pig (Singh
and Armstrong, 1995). Both TGF- o and its receptor (Skinner and Coffey, 1988; Roberts
and Skinner, 1991) are expressed in bovine thecal and granulosal cells suggesting both
paracrine and autocrine methods of action (see Armstrong and Webb, 1997 for review).
A so-called ‘juxtacrine' mode of action for the EGF family has also been proposed due to
their synthesis as a transmembrane precursor (Massague, 1990), allowing cell to cell
communication of similar or different phenotypes, e.g., granulosa and theca.
Transforming growth factor-o inhibits the steroidogenic actions of gonadotrophin-
stimulation (May and Schomberg, 1989) while stimulating cell proliferation. The
apparently opposing actions of TGF-a and IGF-I on ovarian cell function may actually
constitute a coordination of follicular development, allowing concomitant somatic growth
and steroidogenesis, prerequisites for the preovulatory follicle (Ojeda and Dissen, 1994).
Conversely, TGF-o0 has been reported as stimulatory to oestrogen production of
granulosal and thecal cells in the prepubertal gilt (Gangrade et al., 1991). It is, therefore,
feasible that the follicular cell response to TGF-a is dependent upon previous exposure to
gonadotrophin hormones. Whether the extended suppression of high frequency LH
pulsatility associated with suckling and catabolism in the lactating sow (Zak et al., 1997a)
results in an ovarian sensitivity which equates with that of the prepubertal period remains
unknown.

Influences on the oocyte

An exquisitely close relationship between the granulosal cells of the cumulus
oophorus and the oocyte regulates development and maturation of the germ cell within
the follicle. Critical to this regulation is the existence of gap junctions between cumulus
cells and the oocyte, allowing interactions between somatic cells (cumulus, granulosal and
thecal) and germ cells (for review see Buccione et al., 1990), including a potentially
nutritive role (Brower and Schultz, 1982). Interactions between oocyte maturation and
follicular derived factors have been implicated in the pig (Ding and Foxcroft, 1994a; Ding
and Foxcroft, 1994b). Germinal vesicle breakdown and resumption of meiosis during
final oocyte maturation appears to be dependent on disruption and/or modification of
gap junctions between the oocyte and cumulus cells, (e.g., Moor and Heslop, 1981). Such
disruption overcomes the influence of meiosis arresting factors or allows oocyte responses
to meiosis stimulating factors. Epidermal growth factor treatment has been shown to
influence these (Eppig and Downs, 1987; Downs ef al., 1988) and other (Ding and
Foxcroft, 1994b) processes. Porcine oocytes incubated in IGF-I enriched media possessed
increased blastocyst cell numbers compared with controls following fertilization (Xia et
al., 1994).
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Zak et al. (1997b) reported shifts in follicular populations away from larger follicles
towards medium/smaller follicles in primiparous sows subjected to feed-restriction
during a 21d lactation compared with sows fed ad libitum. Oocytes from sows fed ad
libitum exhibited improved in vitro maturational ability per se. Furthermore, follicular fluid
from larger follicles harvested from the same sows was better able to support in vitro
maturation of oocytes- harvested from randomly selected prepubertal gilts, when
compared with follicular fluid obtained from previously feed-restricted sows. It seems
highly probable, therefore, that IGF-I, TGF-o. and -B and a variety of other growth factors
and binding proteins play important roles in selection of pre-ovulatory follicles and likely,
therefore, in oocyte maturation. They may thus form a tangible link between metabolic
status and ovarian function (Figure 4).

A plethora of mechanisms will potentially mediate nutritional influences on
reproduction. The intimate interactions between metabolic status and nutrition during
defined stages of the sow’s breeding cycle predicates an integrated approach to
nutritional management, dependent upon which production system is adopted.
Certainly, nutritional considerations will be of importance in the adoption of a relatively
extreme management structure such as SEW.
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Figure 4. Diagrammatic representation of follicle development in the pig. The paracrine factors
that are likely to coordinate follicular maturation and/or atresia are indicated and the stage of
development at which they may be important. Atresia is indicated by the hatched area and
potential interfollicular interactions are indicated by arrows and by either + (supportive) or -
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Utero-ovarian changes from farrowing to breeding

At the time of parturition the ovary has a population of apparently healthy follicles
which, with the establishment and continuation of suckling inhibition, will become atretic.
Thereafter, early lactation is associated with an initial intense suppression of ovarian
follicular development. However, in concert with endocrine parameters, the ovary
progressively escapes from suckling-induced inhibition and limited follicular development
ensues. Sows, however, generally remain anoestrus while suckling continues. Indeed, the
ovulatory response to exogenous gonadotrophins is initially poor during early lactation
(Guthrie et al., 1978; Kirkwood and Thacker, 1990) and a consistent ovulatory response is
unlikely before 25 d of lactation. It is, therefore, reasonable to suppose that following
short lactation lengths, weaning occurs at a time of relatively profound suppression of
the reproductive axis. Follicular development is potentially compromised when
compared with that following longer lactation lengths. Since follicular development and
follicular oestrogen production ultimately controls the weaning to oestrus interval, it is not
surprising that early weaned sows will have a longer and more variable weaning to
oestrus interval.

At term, the sows’ uterus is greatly distended and has undergone histological
changes to accommodate her litter. Following parturition, the uterus gradually returns to
its non-pregnant condition, this being the process of involution. While reductions in size
and weight are initially rapid, involution is not thought to be complete until about 21 d
postpartum (Hughes and Varley, 1980). It has also been documented that involution
occurs faster in sows which suckle than in those weaned after short lactation lengths
(Hughes and Varley, 1980), which may suggest a role for oxytocin in uterine involution. It
is therefore possible that early weaning results in a reduced rate of post-weaning
involution because of the early removal of the suckling/oxytocin stimulation. While
complete involution is not essential for the establishment of the next pregnancy,
incomplete involution may contribute to poorer embryo survival.

Nutrition of the early-weaned sow

Excellent current reviews are available which provide details of the nutrient
requirements and feeding management of sows (e.g., Close and Mullan, 1996; Neil, 1996).
However, few if any, controlled studies have specifically addressed nutrition of the early
weaned sow. Therefore, as with conventionally weaned sows, it is probable that
metabolic influences on the fertility of the early weaned sow are greatly determined by
nutrient intake during lactation. However, it is also true for the early weaned sow that
nutrition during gestation and the weaning to oestrus interval can interact with nutrition
throughout lactational to affect fertility.

Gestation

The objectives of nutrition during gestation are to allow feto-placental development
and also (depending on sow parity) growth of the sow, without compromising nutrient
intake during lactation. There is little evidence to suggest that nutrition during gestation
of the early weaned sow will differ from that of conventionally weaned sows. However,
given the predisposition of early weaned sows to reduced fertility, it is important that
nutritional targets be determined and adhered to during gestation. If conformation must
be used as a measure of metabolic status, the achievement of a target P2 backfat depth of
8-20 mm at farrowing in all sows, regardless of parity and lactation length is suggested.
This is an arbitrary figure based on experience with PIC genetics and will be greatly
determined by genotype and management of individual operations. Regarding pattern of
feed intake, avoid overfeeding during the first 72 h after mating as this may depress blood
progesterone concentrations and so reduce embryo survival (Jindal et al., 1996). Regarding
the end of gestation, Close et al. (1985) showed that sows fed 20.9 MJ DE/d mobilized
fat from day 87 of pregnancy resulting in a loss of up to 20% of the sows fat reserves by
the time of farrowing. Noblet et al. (1990) suggested that the daily energy intake required
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to prevent this mobilization of body fat in late gestation is 30.5 MJ DE/d, a figure which
will partially depend on environmental conditions.
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Figure 5. Estimated maximal lean tissue growth potential (Potential) and the actual attenuated
lean tissue curve estimated for the sows in the study of Clowes et al. (1994). (From Foxcroft et
al., 1996).

In addition to energy, protein requirements also increase with advancing pregnancy
(Everts 1994), and the estimated nitrogen retention in the conceptus and udder have been
reported to increase from 2 g/d in mid pregnancy to 14 g/d in late gestation (Noblet et al.,
1990). Therefore, gestation diets should be formulated to provide a minimum of 14 g/d
utilizable nitrogen in addition to that required for sow maintenance. Feeding 2.3 or 3.9 kg
feed/d to sows from day 100 of gestation until farrowing did not significantly affect feed
intake during lactation, piglet growth rate, weaning to oestrus interval or subsequent litter
size (Miller, 1996). Several studies report no effect of increased late gestation feed intake
on feed intake during lactation (Sterling and Cline, 1986; Cromwell et al., 1989), although
one study did associate increased incidence of mastitis, metritis or agalactia with
elevated feed intake in late gestation (Goransson,1989). Neil (1996) reported that either
feeding sows ad libitum from day 111 of gestation until weaning, or from farrowing to
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weaning, did not adversely affect sow or litter performance. Additionally this approach
resulted in a significantly greater daily feed intake than did a system of feed restricting
sows before farrowing and in early lactation. Some field evidence may exist that certain
dam lines are prone to develop a congested udder unless subjected to a degree of feed
restriction for 24 to 48 h before farrowing, with associated ramifications for piglet and
sow nutrition. Whether this is a potential problem must be determined at the farm level.

Lactation

The voluntary feed intake of modern primiparous sows is low and generally results
in nutrient output exceeding nutrient input (Aherne and Williams, 1992). Higher parity
sows may more closely meet the metabolic demands of lactation by increased feed intake
and, consequently reduce tissue catabolism. Changes in plasma concentrations or fluxes
of metabolic hormones and substrates, as suggested above, almost certainly mediate the
activity of the reproductive axis and regulate subsequent reproductive function of the
sow. :
Everts (1994) has suggested that breeding sows are subject to a physiological
impetus to attain a protein body mass of at least 35 kg, whilst there may be no such
‘drive’ for a target body fatness. While this figure potentially refers only to the genotype
studied, the concept of achieving a mature protein mass and that the physiological and
biochemical mechanisms involved may impinge on subsequent reproduction is useful. If
this hypothesis is accurate, reproductive efficiency would be expected to increase as the
animal approaches its target protein mass. The pattern of protein accretion leading to its
attainment is generally made up of a series of gestation gains and lactation losses (Figure
5). Currently, gilts are bred with a protein body mass of 20-25 kg and gain about 3-5 kg
protein/parity. Thus, sows will reach a protein mass of 35 kg at the end of their third or
fourth parity. The intensity of this ‘drive’ to accrete protein in the sow will, therefore,
tend to decrease with increasing parity. It has been suggested that increases in
reproductive efficiency with parity are associated with a larger maternal protein mass
(Clowes et al., 1994). The improvement in reproductive performance seen in young sows
bred at their second, rather than first, post-weaning oestrus may be due to their improved
metabolic status 26 d after weaning compared with 5 d after weaning (Clowes et al.,
1994). After weaning, first and second parity sows selectively partition nutrients into
renewed lean tissue growth at the expense of fat. Sows of low parity have reduced feed
intakes, are still growing and may, therefore, be compromised in achieving an adequate
rate of protein accretion until the second post-weaning oestrus.

King (1987) and Britt et al. (1988) have suggested that the loss of protein during
lactation may be of greater relevance to subsequent reproductive performance than loss of
fat. Skeletal muscle accounts for about 45% of body protein, of which 40-50% is labile.
These reserves support the free amino acid pools of the body and enable the sow to
maintain metabolic functions, such as milk production, during periods of prolonged
nutritional stress. How much of this labile protein can be mobilized before sow
performance is impaired is not known. However, there is considerable evidence that if
excessive maternal protein reserves are mobilized during lactation to supply amino acids
for milk synthesis, sows will support inferior piglet growth rates and have reduced
subsequent reproductive performance (Aherne et al., 1995; Neil, 1996; Close and Mullan,
1996; Whittemore, 1996). Whittemore (1996) has suggested that a lipid to protein ratio in
primiparous sows of less than 1:1 may indicate potentially impaired reproductive
function. Subsequent weaning to oestrus interval in primiparous sows is positively
related to the estimated loss of protein during lactation, as a percentage of total body
protein at parturition, while a negative relationship exists between the estimated size of
the maternal protein body mass at weaning and the weaning to oestrus interval. These
relationships appear to be curvilinear above a 10% loss of total body protein, as depicted
in Figures 6a and 6b. Reproductive performance may potentially be affected by factors
that integrate both degree or rate of tissue (especially protein) loss at parturition and loss
during lactation. Consequently, protein intake during lactation may have consequences
for subsequent fertility (Figure 6¢; personal communication, E.]. Clowes.).
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as a percentage of protein at farrowing and c). daily protein intake during lactation, modelled
from data contained in cited studies.
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There is some evidence that increased fatness of the sow at parturition is associated
with decreased feed intake in lactation (Whittemore et al., 1988; Matzat et al., 1990;
Mullan and Williams, 1989; see Revell and Williams, 1993 for review). Until recently, a
candidate metabolite or hormone linking 'fatness' to the reproductive axis has proven to
be elusive. Leptin [a product of the obese (ob) gene] is synthesized by adipocytes
(Campfield et al., 1995), within the hypothalamus (Lee et al., 1996) and ovary (Zamorano
et al., 1997) of rodents, and has been implicated as a potential mediator of reproductive
cyclicity in humans (Chehab et al., 1996).

Leptin receptors are present in the hypothalamus (Lee et al., 1996; Zamorano et al.,
1997) and leptin has been reported to interact with actions of both neuropeptide Y
{Schwartz et al., 1996) and insulin (Kolaczynski et al., 1996). The possibility of a role for
leptin in modulating metabolic/somatic effects on the reproductive axis of the sow is
currently under investigation. However, the physiological and biochemical consequences
of fat accretion may not be significant until reaching an extreme, as indicated by P2
backfat thickness in the order 25 mm or greater. The inverse relationship between
gestational and lactational feed intake appears greatest in early lactation and in
primiparous sows (Noblet et al.,, 1990; Young et al.,, 1990), although the relatively poor
appetites of young sows and sows in early lactation may mask this relationship.
Whittemore et al. (1988) suggested that factors other than level of fatness are involved
because they observed that when sows were fed the same amount in lactation the fatter
sows at farrowing mobilized more body reserves. Therefore, the reduced feed intake in
lactation associated with over feeding in gestation may also be partly caused by increased
insulin resistance (Weldon et al., 1994) or reduced insulin secretion (Xue et al., 1996) in the
sows after farrowing.

Primiparous sows usually consume 15% less food during lactation than do
multiparous sows (NRC 1986). Because sows increase their voluntary feed intake
gradually or are restricted in feed intake over the first two weeks of lactation, longer
lactation lengths usually result in higher average daily feed intakes. The average daily
feed intake of sows weaned after a 10 d lactation may be 25% lower than that of sows
with a 28 d lactation. In a large scale survey, Koketsu et al. (1996¢) reported that 38% of
lactating sows showed a major dip (reduced feed intake of >1.8 kg/d for more than 2 d)
in feed intake during lactation. A further 28% showed a minor dip in feed intake. The
major dips in feed intake were associated with an increased occurrence of reproductive
failure after weaning. They suggested that the more important risk factors affecting the
reductions in feed intake were lower parity, thicker backfat and higher temperatures in the
farrowing barn.

With the trend toward shorter lactation lengths it is interesting to note that the
productivity of sows with different lactation lengths is influenced by feed intake. The
effect of short lactation length (<18 d) on weaning to service interval was much more
pronounced in sows eating less than 4.2 kg/d throughout a 19 d lactation than it was for
sows eating more than 4.2 kg/d (Dial et al., 1996b). Sows eating in excess of 5.7 kg/d
were protected from the negative effects of shorter lactation lengths on weaning to service
interval, subsequent litter size, and farrowing rate (Dial et al., 1996b). Neil (1996)
reviewed the data from 14 experiments and found that the correlation between daily
energy intake during lactation and the interval from weaning to oestrus was high (r=-
0.71).

Post weaning

The major objectives of nutrition during the postweaning period are to shorten the
interval to effective mating, synchronise the onset of oestrus, and maximize ovulation and
conception rates. From a review of the literature, King and Martin (1989) suggested that
approximately 50% of first-litter sows fail to exhibit oestrus within 7 d of weaning,
whereas almost 80% of older sows were mated within the same period. Increasing the
level of feed intake after weaning has been reported to shorten the interval to service in
primiparous sows and to increase the number of such sows exhibiting oestrus within 10 d
of weaning, but it has no such effect on more mature sows in good body condition (Neil
1996). Thus, the response of sows to increased postweaning feed intake is determined by



J.R. Cosgrove, R.N. Kirkwood, F.X. Aherne, E.J. Clowes, G.R. Foxcrbft and L.]. Zak 49

parity, the amount of weight or condition lost during lactation and sow weight and body
condition at time of weaning. In fact, weight loss during lactation has a clear effect on
weaning to oestrus interval in first and second parity sows. Vesseur et al. (1996) reported
that greater than 7.5% weight loss during lactation increased weaning to oestrus interval
in first and second parity sows, respectively. The effect of of this scale of weight loss
was less pronounced in second parity sows. However, the majority of experiments have
failed to show any effects of postweaning feed intake on weaning to oestrus interval,
particularly when the interval was short.

King (1987) reported that there is a lack of agreement on the effects of feed intake
between weaning and mating on subsequent ovulation rate and litter size. Baidoo et al.
(1992a) showed that levels of feeding after weaning had no significant effect on ovulation
rate and pregnancy rate. Embryo survival was significantly lower for sows fed restricted
levels of feed both in lactation and postweaning. These data suggest that if sows lose an
excessive amount of body weight and backfat during lactation, then a high level of feeding
after weaning may improve embryo survival. :

Management options for early weaned sows

From the foregoing discussion and from the accumulated experience of the authors
and their colleagues, it is evident that different genotypes may respond differently to
early weaning. Furthermore, within genotype, fertility responses may differ on different
farms, reflecting genotypic sensitivity to nutritional management. If early weaning is
found to result in an unacceptable reduction in fertility, the simplest management option
available is to increase lactation length to a point where the specific genotype, under a
particular management regime, suffers an acceptable loss of fertility. Field experience
with individual producers and anecdotal evidence from colleagues has suggested that
some genotypes exhibit unacceptable levels of fertility (especially a prolonged and
unpredictable remating interval) if weaned at less than 17 or 18 d of lactation while
others do not show an appreciable drop in fertility unless weaning age is less than 14 d.
Most, if not all, genotypes show depressed fertility if weaning age is less than 10 d. On
occasion, it has been noted that a small shift in weaning age can have a large effect on
fertility (authors’ observation). One farm reported farrowing rates of 91% following
lactation lengths of 16 to 18 d but, if lactation length was reduced to 14 or 15 d,
farrowing rates of 70% were reported. The message from field evidence is clear; the
fertility response to short lactation lengths must be evaluated on the individual farms.
Industry averages are useful guides but are by no means an accurate reflection of likely
specific fertility outcomes.

As discussed in the introduction, the choice of lactation length may be dictated by a
particular herd health protocol, e.g., the control of Mycoplasma in multiplier herds, and so
changes in lactation length are not an option. In this case, an intervention strategy may be
necessary. Currently, the available protocols are to use exogenous gonadotrophins to
stimulate a rapid post weaning oestrus or to delay breeding to allow recovery of
metabolic status and so the reproductive axis. The latter implies the use of skip-a-heat
breeding or the use of pharmacological agents to predictably suppress the post-weaning
oestrus.

Table 1. The effect of PG600 at weaning, following a 12 d lactation, on reproductive
performance of primiparous sows (LS means + sem) (Kirkwood et al., 1998).

Control PG600 P<

Number of sows 62 56 -
Number of sows bred by 7 d post-partum 36 (58.1%) 54 (96.4%) 0.0001
Number of sows bred by 7 d post-partum 53 (85.5%) 56 (100%) 0.002
Weaning-oestrus (d) 7.7 £ 0.6 47+03 0.0001
Farrowing rate 81.1 78.6 0.50
Second litter size: total born 10.1 £ 0.5 9.0+ 04 0.09
Second litter size: born alive 9.7 £ 0.5 8.5+ 05 0.06

Pigs weaned per sow 4.76 6.82 -
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As mentioned earlier, variance in weaner output is largely driven by the ability to
meet breeding targets. Constraints to the achievement of breeding targets are the duration
and variance in the weaning to oestrus interval. A recent study of the effect of injection of
the gonadotrophin preparation PG600 into early weaned (12 d) primiparous sows
suggested that treated sows had a more prompt and synchronous return to oestrus
(Kirkwood et al., 1998) (Table 1). There was a small depression in litter size for PG600-
treated sows but pigs born per sow weaned (percent sows bred x farrowing rate x litter
size) was greater for the treated group. Other work from the USA, also working with
sows weaned at 12 d, confirmed the beneficial effect of PG600 on returns to oestrus but
indicated no effect on subsequent litter size (Yeske, unpublished observation). Based on
available data, the use of PG600 to induce the post wearing oestrus is an economically
viable option for early-weaned sows.

The second option is to delay breeding, either by skip-a-heat or oestrus suppression.
Based on papers of Morrow et al. (1989) and Clowes et al. (1994) and field evidence,
skip-a-heat will likely yield an extra 1.5 pigs per litter. Recent approaches to
management of facilities in North America have emphasized ‘productive’ and ‘non-
productive’ days of a sows life. A figure of 24 pigs/sow/year equates to 0.066
pigs/sow/d or 1.4 pigs per 21 d oestrous cycle. Therefore, the incurred extra non-
productive sow days and, therefore problems of pig flow, indicate that skip-a-heat is
unlikely to be economically justified. The option of using the orally active progestagen,
allyl trenbolone (Regumate), to effect a shorter, controlled and predictable extension of
the remating interval has been reported previously (see review by Martinat-Botté et al.,
1985), and may be associated with increased litter sizes (Kirkwood et al., 1986; Morrow
et al., 1989). Allyl trenbolone can be fed at 15 mg/d from weaning until 5 d before sows
are required to be bred and will effectively block oestrus and result in synchrony of
oestrus after cessation of feeding. Problems have been noted in the field but this may be
due to poor dosing management. Sows respond well to 15 to 30 mg/d but cystic ovaries
are likely if the dose falls to 10 mg/d. Although a potentially useful product, the current
cost of Regumate makes it economically unattractive.

An alternative to Regumate treatment is to induce the sow to ovulate at the time of
farrowing. As discussed earlier, at the time of parturition the ovary has a population of
large follicles. Induced final maturation and ovulation of these follicles by an injection of
1000 IU hCG is currently being investigated by workers in North Carolina (J.H. Britt,
personal communication). The resultant, artificially induced corpora lutea, undergoing
“normal” regression, should result in sows returning to oestrus 21 d after hCG injection.
This timing would not be altered by weaning at, e.g., 14 d of lactation. The North Carolina
group are suggesting an 80% success rate in inducing ovulation. However, studies in
Alberta yielded only about 50% of sows ovulating. This technology does have potential
but needs more research. It is possible that the timing of hCG injection relative to the end
of farrowing is critical, the injection being necessary within the first 12 h after farrowing.

A final possibility is the use of split weaning. It is known that in conventionally
weaned sows, removing the heaviest 50% of the litter 2 to 3 d prior to final weaning
results in augmented basal LH release, improved ovarian follicular development at
weaning and a more rapid return to oestrus (Cox et al., 1982; Grant, 1989). Although the
authors are unaware of any controlled studies using this technology in early weaning
systems, its potential should not be ignored. Most large early weaning systems wean
twice weekly and split weaning would lend itself to this system.

Conclusion

Whilst segregated early weaning undoubtedly optimizes the usage of facilities and
possesses the potential to markedly reduce endemic and transient disease cycles, overall
sow productivity may be compromised following its adoption without due consideration
for genotype and current management approaches. The precise mechanisms underlying
reductions in subsequent fertility following shortened lactation lengths remain poorly
understood. Increasingly, however, the role of nutrition in manipulating the metabolic
status of the sow (particularly the primiparous animal) from'late gestation through
lactation, appears to be important. Catabolism has consequences for the entire
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hypothalamic-pituitary-ovarian axis and this review has indicated the potential impact
of excessive protein mobilization on gross measures of fertility, e.g., weaning to" oestrus
interval. The more subtle but equally important ramifications for follicular/oocyte
maturation and resultant ovulation rate and embryo survival cannot be ignored.
summary, therefore, adoption of SEW strategies must depend on the genotype and
potentially parity distribution of the herd in question. The precise lactation lengths
adopted will depend on a variety of factors and artificial manipulation of ovarian
stimulation post-partum and post weaning (by either management practices or
pharmacological intervention) may offer some means of overcoming  difficulties.
Ultimately, however, management recommendations must-be determined by the herd in
question considering genotype and economic considerations of the operation concerned.
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THE EFFECT OF INCREASED FEED INTAKE DURING
GESTATION ON FERTILITY, LITTER SIZE AND LACTATION
PERFORMANCE OF PRIMIPAROUS SOWS

R.J. Smits, R.G. Campbell and R.H. King*

Bunge Meat Industries, PO Box 78, Corowa, NSW, 2646. *Agriculture Victoria, Victorian Institute of Animal
Science, Werribee, Vic., 3030.

Commercial gestation feeding levels are generally low due in part to the belief that
high intakes adversely affect litter size (Hughes, 1993). Restricting intakes in gestation
may however compromise maternal gain in genetically lean primiparous sows (Everts
and Decker, 1995) affecting breeding longevity. This experiment investigated the effect of
feed intake on the reproductive and lactation performance of primiparous sows. - -

Five hundred and thirteen Large White x Landrace F1 gilts were mated at 32 weeks
of age and weighed 123 1 0.30 kg (mean * SE) with a fat thickness at P2 of 15 + 0.14 mm at
the start of the experiment. Sows were allocated to one of three treatments based on a low
(L) or high (H) level of feeding (2 or 3 kg/d) during three treatment feeding periods of
gestation; 24 h post-mating-35 d; 35-85 d; 85 d-farrowing. All sows were fed a common
diet during gestation (13.5 MJ DE /kg; 0.85% lysine) and were offered a lactation diet (14
M] DE/kg; 1.2% lysine) ad libitum from farrowing for 27 + 0.10 d. Litters were equalised
t0 9.6 £ 0.05 piglets within 2 d of birth.

There was no significant effect of feeding level during gestation on the proportion of
sows which returned to oestrus after mating. The majority of these sows (75%) displayed
oestrus 18-23 d post mating. There was no significant treatment effect on sows removed
for abortion, death or not maintaining pregnancy, however there was a significantly
higher proportion of sows (P<0.05) removed due to leg weakness from the H-H-H group
(2.4%) compared to the L-L-L group (0%) and the H-L-H group (0.8%). Post-partum sow
weight and fat thickness at P2 increased (P<0.01) with feed level during gestation: 165 kg,
17 mm; 181 kg, 19 mm; 183 kg, 20 mm for L-L-L, H-L-H and H-H-H sows respectively.

Table 1. The effect of feeding level during gestation on farrowing rate, litter size, birth
weight and piglet performance during lactation.

Gestation Sows  Total Average Litter weight Litter gain Average
feeding level farrowed born birth- at2d 2 d-weaning  weaning
(No. of sows) (%) weight (kg) (kg) (kg/day)  weight (kg)
L-L-L (165) 89.1 9.7 1.3 14.9° 1.86 6.6°
H-L-H (155) 88.0 9.9 14° 15.6° 191 7.0°
H-H-H (191) 86.1 10.2 14° 15.5° 1.89 6.8°
SED 3.21 0.30 0.03 0.37 0.06 0.12

***Values within a column with different superscripts differ significantly (P<0.05).

Feeding level during gestation had no adverse effect on farrowing rate or litter size
(Table 1). The higher nutrient intake significantly increased birth weight and litter weight
at weaning. Litter gain from day 2 of lactation to weaning was similar among all
treatments and was not affected by gestation intake. These results suggest that low
feeding levels during gestation may restrict the supply of nutrients to the developing
foetus in primiparous sows, reducing piglet birth weight and weaning weight.
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INCREASED SOW WEANING WEIGHT IMPROVES FERTILITY
BUT NOT SUBSEQUENT LITTER SIZE OF FIRST-LITTER SOWS

R.J. Smits, R.G. Campbell and R.H. King*

Bunge Meat Industries, PO Box 78, Corowa, NSW, 2646. *Agriculture Victoria, Victorian Institute of Animal
Science, Werribee, Vic., 3030.

Reproductive performance of first-litter sows is affected by feed intake and
mobilisation of body reserves during lactation, and the amount of reserves at weaning for
subsequent reproductive puposes (Whittemore, 1996). However, there is conjecture as to
the relative importance of each factor separately, or in combination, on subsequent
fertility and litter size. This experiment tests the hypothesis that greater body reserves at
weaning increases subsequent fertility and litter size in first-litter sows.

Four hundred and thirteen first-litter sows fed during their first gestation either
2kg/d (L) or 3 kg/d (H) from mating to day 35; day 35 to 85; or day 85 to farrowing
(Smits et al., 1997) were weaned after 27 d of lactation. Sows were moved to the boar shed
and offered a common diet (13 M] DE/kg; 0.6% total lysine) ad libitum until matmg
During the subsequent gestation, all sows were fed 2.4 kg/d.

Table 1. The effect of lactation intake, loss of body reserves during lactation and body
reserves at weaning on subsequent fertility and litter size.

Gestation Lactation Lactation loss At weaning Mated Subsequent fertility
feeding level intake Weight P2  Weight P2 by5d Farrowed Total

(No. of sows) (kg/d) (kg) (mm) (kg (mm) (%) (%) born
L-L-L (134) 5.1° 4.7° 1.3 160* 16 69° 89* 9.8
H-L-H (144) 47° 133> 25 168° 17° 77° 83 9.9
H-H-H(135) 46" 12.1° 29 171° 17 84° 95° 10.4
SED 0.10 138 043 1.61 0.51 5.34 3.98 0.36

**<Values within a column with different superscripts differ significantly (P<0.05).

Increasing the level of feeding during gestation increased maternal body reserves at
weaning even though H-H-H and H-L-H sows lost more live weight and backfat during
lactation (Table 1). These heavier sows exhibited oestrus sooner than lighter sows whilst
eating less during lactation and mobilising more body reserves. However there were no
effects of body reserves at weaning, intake during lactation or live weight and fat loss
during lactation on subsequent litter size. Although the main effect of lactation intake on
fertility was not significant there was a significant positive interaction between feed
intake in gestation and lactation on the proportion of sows mated within 5 d and
farrowing rate (P<0.05). The H-L-H sows which consumed less than 4.3 kg/d during
lactation had a lower farrowing rate (74%) than H-H-H sows (95%) (P<0.01). Both groups
of sows had similar live weight and backfat P2 after farrowing than at weaning.
Improving body reserves at first weaning by feeding more during gestation and offering
diets ad libitum during lactation improved subsequent fertility, but did not affect
subsequent litter size. The results also indicate that increasing maternal reserves prior to
lactation may overcome poor fertility associated with low intakes during lactation.
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PIGS WEANED AT 14 D REACH SLAUGHTER WEIGHT AT THE
SAME TIME AS PIGS WEANED AT 28 D BUT ARE FATTER

F.R. Dunshea, G.N. Power, P.D. Cranwell*, R.G. Campbell**, D. Harrison**,
D.J. Kerton, ].R. Pluske*** and R.H. King
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Pigs are commonly weaned at 23-27 days of age. However, sow milk production
peaks at 10-14 days of lactation after which it is only sufficient for pigs to attain about 50%
of their growth potential (Dunshea et al., 1995). By weaning earlier and providing pigs
with a suitable diet, it may be possible to capitalize on their potential for rapid growth.
The present study was designed to determine the interrelationships between sex,
weaning age and weaning weight on subsequent growth performance.

Forty eight Large White x Landrace pigs were used in a factorial experiment with
the respective factors being; age at weaning (14 or 28 d), weight at weaning (heavy (H) or
light (L)) and sex (male or female). Pigs were weaned into individual pens and given a
diet containing 15.5 MJ DE/kg and 0.95 g available lysine/M] DE ad libitum. From 3
weeks post weaning, pigs were penned in groups and fed commercial rations.

Table 1. Effect of sex (S) and age (Ai and weight (W) at weaning on pig performance.

Male Female
-28d 14d 28d 14d
H L' H L H L H L sed Significance’
Live weight (kg)
Birth 19 14 18 15 19 13 19 14 015 W
2weeks 54 33 54 33 48 33 53 34 029 W
4weeks 99 59 82 44 86 57 81 57 047 :\“"‘,W“",SXW"'*SXA"

7weeks 19.7 134 162 127 189 143 169 140 1.0 A* W** SxA*
15weeks 622 527 605 523 585 533 588 534 25 W

19 weeks 853 717 848 715 792 721 797 717 28 W*, SxW+

23 weeks 109.6 944 1129 915 1029 952 1044 932 53 W

P2 backfat (mm)

23 weeks 106 112 150 128 107 111 128 116 1.65 W*

'Weight at weaning, H=Heavy; L=Light. **P<0.05; **P<0.01; ***P<0.001.

At 4 and 7 weeks, pigs weaned at 14 d were lighter than those weaned at 28 d. By
15 weeks, these differences were no longer apparent. Pigs which were heavier at weaning
were also heavier at every age, but by 19 weeks, there was a significant SxW interaction
which tended to be still apparent at 23 weeks (P=0.11). Thus, at 23 weeks H boars were
heavier than H gilts (110.4 vs 103.8 kg, P=0.027) whereas this was not the case for L boars
and gilts (94.3 vs 94.0 kg, P=0.96). It is hypothesised that the greater number of muscle
fibres present in H pigs at birth (Dyer et al., 1993) may allow androgenic benefits to be
expressed later in boars. While there were no effects of sex or weight at weaning on
fatness, pigs weaned at 14 d had a greater P2 backfat depth at 23 weeks than pigs weaned
at 28 d (13.1 vs 10.9 mm, P=0.009). While not measured, it is suggested that increased
feed intake during the finisher phase may have contributed to the increase in fatness.
Although pigs can be weaned at 14 d and grow well, there is a potential for increased

fatness.
Supported in part by the Pig Research and Development Corporation
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EMERGENCE OF “NEW” DISEASES RELATED TO
SEGREGATED EARLY WEANING AND ALL-IN ALL-OUT
PRODUCTION SYSTEMS

B. Fenwick
Department of Diagnostic Medicine/Pathobiology, Kansas State University, Manhattan, KS 66506-5606, USA.

Prevention of disease has been a consideration in profitable pork production for
many years. In recent years, the economic importance of health status has been
highlighted because of the positive production effects associated with all-in all-out
(AIAO) and segregated early weaning (SEW) production systems. When applied
correctly, these health-based production systems are effective in controlling or eradicating
a number of important diseases, particularly those caused by Actinobacillus
pleuropneumoniae (App) and Mycoplasma hyopneumoniae.

On the other hand, in association with the use of management systems that
emphasize health status, a number of unrecognized or relatively minor disease causing
organisms have emerged. The most common and important of these organisms include
Actinobacillus suis, Streptococcus suis, Haemophilus parasuis, and porcine colonic
spirochaetosis (Serpulina pilosicoli). Following the adoption of SEW and AIAO production
systems by Australian producers, increases in these diseases can be expected.

The objective of this study was to provide a factual basis to explain the occurrence
of previously unrecognized diseases (particularly those caused by A. suis and H. parasuis)
in high health status herds. Six herds infected with App, A. suis and H. parasuis were
examined in detail. The serologic, clinical disease, and organism isolation rates were
followed prior to, and after, shifting from continuous flow production (>21 d old
weaning) to SEW production (<16 d old weaning).

Prior to adoption of SEW production methods post-weaning mortality and
treatment rates averaged 13 and 27% respectively, due almost exclusively to App. On
average, 15% of the pigs were serologically positive for App by 2 months of age and 78%
were positive by 6 months of age. In contrast, approximately 80% of the pigs were
serologically positive for A. suis at both 2 and 6 months of age. Actinobacillus suis and H.
parasuis were isolated from approximately 65% of the healthy pigs examined at 2 months
of age, yet no clinical disease related to these organisms was recognized.

Following adoption of SEW production methods post-weaning mortality and
treatment rate declined significantly (P<0.05) to an average of 3 and 7%, respectively. In
contrast to the previous experience, all recognized disease was due to either A. suis and H.
parasuis. Interestingly these organisms could now be isolated from only 32% of the
healthy 2 month old pigs examined (P<0.05). There was also a significant shift in A. suis
serologic status in that only 37% of the pigs were serologically positive at 10 weeks of age.
On the other hand, the serological status to A. suis at 6 months had not changed (average
of 78% positive). No App was isolated and all pigs were serologically negative for App at
2 and 6 months of age.

In conclusion, the impact of those diseases that emerge in association with AIAO or
SEW systems on the economic performance of a herd can be significant. Nevertheless, in
all cases where comparative data is available, these losses are more than compensated for
by gains in production associated with improved utilization of facilities and the control of
other more economically significant diseases (e.g., App). The current data indicates that
shifts in the immunological status of the herd associated with SEW production methods
underlie the emergence of diseases caused by A. suis and H. parasuis. Control of these
diseases by changes in management practices while at the same time retaining the
benefits associated with SEW and AIAO does not, at this time, seem practical.
Fortunately, the sporadic nature of the disease outbreaks caused by these organisms and
the ability to reliably control clinical disease through vaccination helps to limit their
economic impact.
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STIMULATION OF CONTINUED OESTROUS CYCLICITY IN
THE POST-PUBERTAL GILT '

G. Philip, P.E. Hughes*, J. Tilton** and F. Koutsotheodoros*

Australasian Pig Institute, The University of Queensland-Gatton, Gatton, Qld, 4345. *Department of
Agriculture and%(esource Manafement, The University of Melbourne, Parkville, Vic., 3052. **Department of
Animal Sciences, North Dakota State University, Fargo, ND 58105, USA.

The stimulation of the attainment of early puberty in gilts using daily boar contact
has become standard practice in commercial pig production. However, many commercial
pig producers encounter problems with apparently post-pubertal gilts failing to return to
oestrus and mate. This experiment was conducted to determine whether continuous boar
contact is necessary for the maintenance of regular oestrous cyclic activity in the post-
pubertal gilt.

Sixty four Large White x Landrace gilts were used in this study. The study was
conducted in two replicates, 16 gilts being allocated to each of two treatment groups in
each replicate. The treatments involved were either continued boar contact (BC) or no
boar contact (NC) on attaining puberty. Four mature boars were used in each replicate on
a rotational basis, with one boar being exposed to the BC treatment groups for 15 min
daily. All gilts were checked daily for signs of behavioural oestrus and changes to the
appearance of the vulva. The gilts were slaughtered after their third oestrous cycle and
their reproductive tracts examined for corpora lutea and corpora albicans to confirm their
reproductive status.

All gilts, irrespective of treatment, appeared to demonstrate a normal pubertal
oestrous cycle. While there was greater variation in oestrous cycle length within the NC
group, no significant difference was detected between treatments. However, a significant
difference was observed in the proportion of oestrous gilts detected between BC and NC
treatment groups over the three cycles (see Table 1).

Table 1. The effects of boar contact (BC) or no boar contact (NC) on oestrous cyclicity
in gilts (mean + SEM)

Treatment
BC NC
Number of gilts 32 31
Age of gilts at puberty (d) 186.9 +12.18 186.4 + 3.98
Proportion detected cycling 0.97° ' 0.66°
(over 3 cycles)
Length of oestrous cycle (d) 20.5+0.36 20.0+2.34

**Within rows means with different superscripts are significantly different (P<0.05).

The results appear to support earlier, unpublished results from this laboratory
which suggested that boar contact was required in the post-pubertal period to maintain
normal oestrous cyclicity in gilts. The observed benefit of improved oestrus detection
through the use of boar contact could be due to either impaired ovarian activity in
physiologically immature gilts due to the absence of boars, or the positive effect of boar
contact on the expression of oestrus. Hemsworth and Barnett (1990) have clearly
demonstrated that oestrus detection rates fall dramatically if boars are used incorrectly or
not at all. Thus further work is required to determine the actual reason for the observed
benefit of improved oestrus detection through the use of boars.
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DOES DIETARY FAT INFLUENCE OVARIAN DEVELOPMENT?

J.B. Gaughan, G.McL. Dryden, and R.D.A. Cameron*

Department of Animal Production, The Umversxgy of Queensland, Gatton College, Qld, 4345. *Farm Animals
Studies Division, The University of Queensland, St. Lucia, Qld, 4072.

Diets high in fat have been shown to increase cholesterol synthesis and serum
insulin concentrations in cows. These increases enhance ovarian function by increasing
the number of follicles (Ryan et al., 1992). The results suggest that high fat diets may
improve fertility. The effect of total fat intake and the type of fat on reproductive
efficiency has been investigated in pregnant and lactating sows and does not appear to
improve fertility (e.g., Weeden et al., 1994). The objective of the present study was to
investigate ovarian activity in gilts fed diets containing different levels and types of fats
(polyunsaturated or saturated).

Thirty-six Large White gilts were used in this study. Following selection at 56 days
of age they were individually fed and housed. Littermates were randomly selected
within a litter of 10 piglets, of which at least five were females. Each litter was sired by a
different boar. Littermates were then randomly assigned to one of the following dietary
treatments: LL, gilts were offered ad libitum a low fat/low cholesterol diet (37 g/100 g and
7.8 mg/100 g respectively); HH, gilts were offered ad libitum a high fat/high cholesterol
diet (61 g/100g and 44 mg/100g); LM, gilts were offered a low fat/medium cholesterol
diet (37 g/100g and 28 mg/100g), at 90 % of the ad libitum intakes of LL and HH gilts for
the first 21 d, and thereafter ad libitum. Blood samples (10 ml, via jugular puncture) were
collected every 3 d until the gilts cycled. Puberty was induced by exposure to a mature
boar for 10 min each day from 160 days of age. The gilts were slaughtered 7 d after
attainment of puberty.

There were no dietary effects on live weight (119.7 £ 1.70 kg; mean * SE) or backfat
(20.8 +1.25 mm) at slaughter. The HH gilts consumed 81% more cholesterol than LL gilts,
and 36% more than LM gilts. Mean daily feed intakes (and DE intake) for the LL, HH and
LM gilts were 2.34 kg (35.6 MJ), 2.03 kg (31.7 MJ) and 1.92 kg (29.4 M]J) respectively.
Reproductive parameters were not affected by treatment (Table 1), and all gilts attained
puberty.

Table 1. Mean reproductive tract weight, ovarian weight, number of follicles, follicle
size, number of CL’s and age at puberty (d).

Dietary Treatment Significance

LL HH LM SEM Diet
Reproductive tract weight (g) 299.7 3014 298.5 20.1 NS
Ovarian weight (g) 8.8 9.5 8.9 0.5 NS
No. follicles 16.7 18.7 18.6 0.82 NS
Follicles size (mm) 4.5 " 39 45 0.25 NS
No.CL’s 6.9 7.6 8.0 0.73 NS
Age at puberty (d) 173.8 1734 174.7 3.17 NS

These data suggest that neither the level of fat intake nor the type of fats used in the
study had significant effects on the measured reproductive parameters. Total individual
energy intakes were high enough to ensure that there was no negative dietary response,
and therefore no negative influence on reproductive development. The long term effects
of different dietary levels of fats and oils on sow health needs to be studied.
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SOW PREFERENCE FOR FARROWING SITE ORIENTATION

G.M. Cronin, E. Leeson and B.W.N. Dunsmore
Victorian Institute of Animal Science, Private Bag 7, Sneydes Road, Werribee, Vic., 3030.

To achieve high piglet survival rates in loose farrowing systems, it is important that
sows farrow in an appropriate place, e.g., a specially provided 'nest’. Specific features to
promote neonate survival can then be incorporated in the design of the 'nest’, such as a
small 'nest' area, protected perimeter zones, heater and bedding. A recent development in
loose housing for individual, farrowing/lactating sows is the Werribee Farrowing Pen
(WFP). The WFP consists of 2 compartments, a 'nest' for farrowing and a 'non-nest’ area
for feeding and dunging. One important consideration by industry affecting the adoption
of this pen as a practical alternative to farrowing crates is that sows choose to farrow in
the ‘nest' rather than the 'non-nest' area. The aims of this experiment were to determine
the effects of (1) the orientation of the nest entrance relative to, and (2) the distance of the
nest from, the human activity area, on the sow's choice of farrowing site.

The experiment utilized four adjacent test pens (8.8 m deep x 2.7 m wide) with non-
experimental pens at either end and a row of eight farrowing crates opposite the front of
the pens. The stockpeople fed and checked the sows from the front of the pens and
human activity at the rear was minimized. Each test pen contained two identical 'nests’
(2.3 m deep x 1.75 m wide), based on the design of the WFP 'nest’ area, and included a
heater in the creep-area and rice hull bedding on the solid concrete floor. The floor
outside the 'nests' consisted of concrete slats. One 'nest' was at the front (near nest) and
the other at the rear (far nest) of each test pen. Across the four pens, the entrance to each
pair of 'nests’ was oriented either opening towards the front or rear of the pen.
Particularly while the sow was in a lying posture, her view of the shed 'activity area’ was
reduced in nests with entrances oriented to the rear of the pen. Eight replicates of 4
primiparous Large White x Landrace sows were observed in the experiment.

Of the 32 litters, 24 were born exclusively in one of the two available 'nests’, five
were born in a mixture of locations and three were born entirely outside the 'nests'
(Table 1). Of the sows in the treatment pens where both nest entrances were oriented in
the same direction, i.e., both to the front vs both to the rear, there was a difference in the
preference of sows to farrow (exclusively) in one nest (8/8 vs 4/8 respectively; Fisher
Exact Probability Test, P=0.038). There was no apparent preference for distance of the
farrowing 'nest' relative to the stockperson activity area, i.e., near vs far position of the
nest in the pen, by the 24 sows that farrowed exclusively in one 'nest' (11 vs 13 litters,
respectively). There was a tendency for the litters born in far nests to be born in nests
oriented to the front rather than to the rear (9/13 vs 4/13, respectively; Fisher Exact
Probability Test, P=0.133). ’

Table 1. Number of litters born in the different locations (in + outside nests) in test
pens with different combinations of the orientation of the nest entrance and position of
the nest within the pen. There were eight sows per treatment.

Nest entrance orientation Location where piglets born
Near nest Far nest Near nest Far nest Mixed OQutside nest
Front Front 3 5 0 0
- Front Rear ' 2 3 3 0
Rear Front , 3 4 1 0
Rear Rear 3 1 1 3

The results suggest that some sows had a preference for a 'nest’ orientation that
provided a view of the activity area in the shed. Thus, in the design of loose farrowing
accommodation, the orientation of 'nests' relative to the shed activity area may be relevant

in influencing the sow’s choice of farrowing site.
Made possible by the support of the Pig Research and Development Corporationa.
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DOES PARTURITION STIMULATE METABOLIC ADAPTATION
TO EXTRA-UTERINE LIFE?

P.T Sangild and B.R. Westrom*

Division of Animal Nutrition, Royal Veterinary and Aﬁricultural University, DK-1870 Copenhagen, Denmark.
*Department of Animal Physiology, University of Lund, 5-223-62 Lund, Sweden.

Birth is a stressful event and accounts for a large proportion of the perinatal losses
in swine herds (Randall, 1992). However, birth may also stimulate adaptation to life ex
utero. The present study examines if the process of birth stimulates some physiological
functions in neonatal pigs, and whether the magnitude of responses are related to fetal
age at birth. The concentrations of serum proteins (e.g., haemoglobin, o-fetoprotein,
albumin, o,-macroglobulin s), liver glycogen and liver glucose-6-phosphatase (G-6P)
activity were used to assess the adaptation to extrauterine life. The above all show
distinct maturational changes around the time of birth (Westrom et al., 1982; Randall,
1992). Pigs were delivered either prematurely or at normal term, and either by elective
caesarean section (ECS) or induced vaginal birth (IVB).

Six pregnant sows (Danish Landrace x Large White, 106 or 113 d gestation) were
anaesthetized (pentobarbitone, 10 mg/kg live weight; i.v.) and fetuses in one uterine horn
were removed. After the operation, parturition was induced (200 pg cloprostenol, i.m.)
and the remaining fetuses were delivered vaginally 30-45 h later. Samples of cord blood
and liver tissue were collected at birth. The results of the biochemical analyses are shown
in Table 1. Within each fetal age at delivery (premature or mature) differences between
means were tested by Student’s ¢ test. '

Table 1. Blood pH and haemoglobin, cortisol and proteins in plasma, and liver
glycogen and glucose-6-phosphatase (G-6P) activity in premature or term pigs (mean *
SEM, n=9-25).

Premature newborn pigs Mature newborn pigs
(ECS) (IVB) (ECS) (IVB)

Blood pH 736+0.02 7.18+0.02* 739+001 7.26+0.01*
Haemoglobin (g%) 85+04 11.0+0.5* 10.8+0.2 13.2+04*
Cortisol (ng/mL) 55+4 115+ 7* 80+8 161 + 10*
o-fetoprotein (mg/mL)  1.09+0.03 1.20+0.03* 1.03+0.03 0.92+0.03*
Albumin (mg/mL) 1.01+012 1.38+0.10* 1.55+0.16 1.76 +£0.23
o,-macroglobulin s (%) 5806 8.0x07* 8507 102+ 1.6*
Liver glycogen (mg/g) 58+4 57+9 93+3 8712
Liver G-6P (U/g) 45+8 141 +21* 66+ 10 96 + 6*

*Means for IVB pigs differ significantly (P<0.05) from corresponding means for ECS pigs.

The stress of vaginal birth is indicated by the increased blood acidity and plasma
cortisol concentrations in IVB pigs compared with corresponding ECS pigs. Across
delivery methods, haemoglobin, cortisol, albumin, a,-macroglobulin s, glycogen and G-6P
concentrations were higher for mature pigs than for premature pigs (P<0.05; pooled
values from the ECS and IVB groups). Within each fetal age at delivery (premature or
mature), these parameters (except liver glycogen) were higher in IVB pigs than in ECS
pigs. Finally, o-fetoprotein levels were increased in premature IVB pigs, but lowered in
mature IVB pigs. Vaginal birth is associated with changes in serum protein
concentrations and liver G-6P activity which reflect the normal developmental changes in
these parameters around birth (Westrém et al., 1982; Randall, 1992; Svendsen, 1992). This
effect of vaginal birth may be related to a parturition-associated rise in fetal cortisol
production.
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EFFECTS OF DIETARY SUPPLEMENTATION OF INSULIN ON
INTESTINAL ENZYME ACTIVITIES IN NEONATAL PIGS

T. Wangand R.J. Xu
Department of Zoology, The University of Hong Kong, Pokfulam Road, Hong Kong.

A high level of insulin has been detected in the milk of several species including the
pig (Westrom et al., 1987; Wang and Xu, 1996). It has been speculated that milk-borne
insulin may play a role in regulating postnatal development in neonatal sucking animals
(Xu, 1996). To test this hypothesis, the present study examined the effects of dietary
supplementation with insulin on small intestinal tissue growth and digestive enzyme
activities in neonatal pigs.

A total of 15 newborn unsuckled piglets obtained from five litters of the Chinese
Meishan breed were bottle-fed for 3 d at 3-hourly intervals with one of three diets at the
rate of 30 ml/kg body weight. One piglet from each litter received artificial milk, one
received artificial milk supplemented with 60 mIU/ml insulin (Novo Industri, Denmark),
and one received pre-hydrolyzed milk. The artificial milk was prepared using whole milk
powder (Dutchlady, The Netherlands) and contained 3% protein, 3.5% fat and 4.2%
lactose. The pre-hydrolyzed milk was prepared by trypsin and chymotrypsin digestion as
described by Wang and Xu, (1996). At the end of the experiment all animals were
euthanased, the entire small intestine was removed and the mucosa was collected for
biochemical analyses following procedures described by Wang and Xu (1996).

Table 1. Effects of dietary treatment on small intestinal tissue weight, total mucosal
protein and total DNA content and total mucosal hydrolytic enzyme activities in
newborn pigs (mean + SEM).

Milk Milk + Insulin ~ Pre-hydrolyzed
milk

(n=5) (n=5) (n=5)
Birth weight (g) 686+ 15 732136 728 £31
Final body weight (g) 640+ 32 666 + 44 660 +29
Small intestinal weight (g) 146111 16.3+0.9 152114
Mucosal protein (mg) 330143 491 +27* 394153
Mucosal DNA (mg) 16.3+2.3 19.2+0.5 17.1+19
Lactase (mM/min) 62115 122+ 1.7% 17.0+£3.7*
Maltase (mM/min) 153+2.6 292+2.9* 17.312.7
Alkaline phosphatase (mM/min) 244153 82.7+9.2% 52.3+14.9*

Aminopeptidase (mM/min) 13.3+1.6 19.0 £ 1.0* 143+1.2
Different from the Milk group: *P<0.05; **P<0.01. o

Dietary supplementation of insulin significantly increased small intestinal mucosal
protein content, and mucosal hydrolytic enzyme activities (Table 1). Although the dosage
of insulin used in the present study was higher than that found in porcine colostrum
(60 mIU/ml vs 400 uIU/ml), the results do suggest that orally-administered insulin can
stimulate intestinal enzyme maturation. Feeding pre-hydrolyzed milk had no effect on
the mass of intestinal tissue or the amounts of intestinal mucosal protein and DNA, but it
significantly increased intestinal mucosal lactase and alkaline phosphatase activities.
How the feeding of pre-hydrolyzed milk affected intestinal enzyme activities is not clear,
but it may be through changes in the concentrations of circulating gastrointestinal
regulatory peptides. Further studies have been planned to address this question.
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WEIGHT AND AGE AT WEANING INFLUENCE PANCREATIC
SIZE AND ENZYMATIC CAPACITY

P.D. Cranwell*, S.G. Pierzynowski****, C. Rippe****, J.R. Pluske***, G.N. Power,
R.G. Campbell**, D.J. Kerton, R.H. King and F.R. Dunshea
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Rosanna, Vic., 3084. **Bunge Meat Industries, Corowa, NSW.,2646. ***School of Veterinary Studies, Murdoch
University, Murdoch, WA. 6150. ****University of Lund, Lund, Sweden.

Many pig producers are moving towards early weaning in an effort to minimise
disease transfer from sow to piglet. However, it is possible that the digestive function of
early-weaned pigs may be immature and incapable of digesting many feedstuffs. The
present study was designed to examine some of the factors that might influence
pancreatic enzymic function in the weaned pig.

Forty-eight pigs (Large White x Landrace) were allocated to a2 x 2 x 2 x 3 factorial
experiment with the respective factors being; age at weaning (14 or 28 d), weight at
weaning (heavy (H) or light (L)), sex (boar or gilt) and days post-weaning (1, 7 or 14 d).
Sixteen pigs (two per treatment group) were weaned and fasted for 24 h prior to
euthanasia. The remaining pigs were weaned into individual pens and offered a diet
containing 15.5 MJ DE and 16.1 g lysine/kg ad libitum. Sixteen pigs were euthanased on
day 7 and the remaining 16 on day 14 post weaning after a 24 h fast. Pancreatic glands
were weighed and the activities of trypsin, amylase, colipase and lipase in pancreatic
tissue were determined. :

Table 1. Effect of sex (S), age (A) and weight (W) at weaning and days post weaning (D)
on pancreas weight and units of pancreatic enzyme activity (U).

Sex Age Weight Day
Boar Gilt 286d 14d H L sed' 1 7 14 sed’ Significance
Pancreas (g) 109 12.6 148 87 137 9.8 16 80 12.0 154 19 A** W D=

U per g of pancreas

Trypsin® 115 153 202 86 15.7 11.1 0.06 9.0 144 17.9 0.08 A** W*D**
Amylase' 8.18 9.86 103 7.77 9.74 830 142 7.42 9.83 9.82 171

Colipase® 11.6 158 14.2 123 155 11.8 0.08 22.1 102 11.0 0.10 D*
Lipase™ 361 470 473 358 513 3.31 0.09 6.10 3.40 3.38 0.11

U per pancreas
Trypsin3 116 167 278 70.0 198 979 0.08 68.1 158 248 0.10 A*** W™ D***

Amylase® 713 914 118 552 110 589 0.09 47.3 90.8 122 0.11 A*,D* W+
Colipase™ 117 173 195 104 195 104 0.09 167 114 152 0.11 A*W*
Lipase™ 36.6 514 65.0 29.0 64.6 29.2 0.10 46.0 38.0 46.8 0.12 A**W**

'sed for main effects of sex, age and weight. ’sed for main effect of time. °Data log-
transformed for analyses, presented as geometric means and log-transformed sed. ‘x10°.

Trypsin activity per g of pancreas was greater in pigs that were larger and older at
weaning and tended to be greater in gilts than boars (P=0.055). Total trypsin activity was
also greater in pigs that were older (four-fold) and larger (two-fold) at weaning and
increased more than three-fold between weaning and 2 weeks post weaning. Amylase
activity per g of pancreas was relatively unaffected by sex or age and weight at weaning,
and so differences in total activity mainly reflect differences in pancreas weight. Colipase
activity per g of pancreas was highest at weaning, possibly due to the high fat content of
sows milk, and tended to be higher (P=0.097) in gilts than in boars. Likewise, lipase
activity per g of pancreas tended to be highest at weaning (P=0.052). In conclusion, total
pancreatic activity of most enzymes was greater in heavy and older pigs and tended to be
greater in gilts than in boars, and may explain the differences in post-weaning

performance observed in these classes of pigs.
Supported in part by the Pig Research and Development Corporation.
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SEX AND AGE AT WEANING AFFECT SMALL INTESTINAL
HISTOLOGY AND ENZYMATIC CAPACITY :
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D.J. Kerton, R.H. King and F.R. Dunshea
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While pigs are commonly weaned at 23-27 days of age, sow milk production peaks
at 10-14 days of lactation after which it limits growth. By weaning earlier and providing
pigs with a suitable diet, it may be possible to increase growth of the young pig.
However, it is possible that the digestive function of early-weaned pigs may be immature
and incapable of digesting many feedstuffs. The present study was designed to examine
some of the factors that might influence small intestinal function in the weaned pig.

Forty-eight pigs were used in a 2 x 2 x 2 x 3 factorial experiment with the respective
factors being; age at weaning (14 or 28 d), weight at weaning (heavy or light), sex (boar or
gilt) and day post weaning (1, 7 or 14 d). Sixteen pigs were weaned and fasted for 24 h
before being euthanased. The remaining pigs were weaned into individual pens and
given a diet containing 15.5 MJ DE/kg and 0.95 g available lysine/M] DE ad libitum.
Sixteen pigs were euthanased on day 7 and the remaining 16 on day 14 post weaning after
a 24 h fast. Samples of the small intestine were taken at 25, 50 and 75% and 10, 25, 50, 75
and 90% of the length from the duodenum to the ileum for histology and enzymology,
respectively.

Table 1. Effect of sex (S) and age (A} and weight (W) at weaning and day after weaning
(D) on small intestinal (SI) weight, histology and enzymatic activity.
Sex Age Weight Day
SI  Boar Gilt 28d 14d H L sed’ 1 7 14 sed’ Significance
Weight (g) 277 277 337 218 316 239 21 188 256 388 26 ﬁ\"‘",D“‘,W"

Villous v
hoight (um) 369 406 392 382 386 389 14 480 329 3% 17 D
(Cu‘g’f)’tdepth 177 174 177 174 175 176 48 143 182 201 59 D

Maltase® 0.85 1.09 128 066 1.04 090 0.09 0.44 0.97 1.50 0.09 S**A*** D***
GLAase* 159 1.62 219 1.03 1.69 1.53 0.18 071 1.75 2.36 0.18 A***D**

'sed for main effects of sex, age and weight. ’sed for main effect of time.
*uM glucose/min per g mucosa. ‘Glucoamylase.

Mean villous height was greater in gilts than boars but was not different between
pigs weaned at 14 and 28 d or heavy and light pigs. Villous height was greatest
immediately after weaning, then decreased and remained low whereas crypt depth
increased with time after weaning. Mean maltase activity was greater in gilts than in
boars and in pigs weaned at 28 d compared to 14 d and furthermore tended to be greater
in the heavier pigs (P=0.081). Mean glucoamylase activity was greater in pigs weaned at
28 d rather than 14 d. It appears that the carbohydrate digestive capacity is lower in
early-weaned pigs, particularly if they are small for age. On the other hand, absorptive
capacity as indicated by villous height may be similar between age and weight groups.
Gilts may be better prepared to handle the transition at weaning as indicated by their
greater villous height and maltase activity. Split sex weaning practices may allow for

separate diets matched to digestive function to be used for newly weaned boars and gilts.
Supported in part by the Pig Research and Development Corporation.
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SUPPLEMENTAL MILK AROUND WEANING CAN INCREASE
LIVE WEIGHT AT 120 DAYS OF AGE

F.R. Dunshea, P.J. Eason, D.]J. Kerton, L. Morrish, M.L. Cox and R.H. King
Agriculture Victoria, Victorian Institute of Animal Science, Werribee, Vic., 3030.

Sow milk yield peaks at 10-14 days of lactation after which it may limit piglet
growth. By providing additional milk to sucking pigs it is possible to capitalize on their
potential for rapid growth. It may also be possible to alleviate the post-weaning growth
check by providing extra milk around the time of weaning. This study was designed to
determine the effects of supplemental milk before and after weaning on the growth of
pigs to 120 days of age.

Twelve Large White x Landrace sows nursing litters of six boars and six gilts were
used in this study. Six litters were suckled the sow only, whereas the other six litters
received supplemental skim milk (20% DM) ad libitum from 1020 d. At 20 d the four
heaviest pigs of each sex were allocated to two pairs and were weaned. Each pair was
offered either pelleted or pelleted plus liquid feed. For the first 2 d post-weaning each
pair of liquid-supplemented pigs received 2 1 of skim milk (25% DM). At 23 d pelleted
feed was added to the milk. Subsequently the volume of liquid was reduced and pelleted
feed increased until at 28 d pigs were provided with pelleted feed only. Pigs remained in
pairs until 41 d when they were housed in groups according to live weight and age. Pre-
weaning data are presented elsewhere (Dunshea ef al. 1997).

Table 1. Effects of supplemental milk during lactation (L), after weaning (W) and sex
(S) on live weight (kg) of pigs to 120 days of age.

L Suckled Suckled + milk

w Solid Solid + liquid Solid Solid + liquid

S Boar Gilt Boar Gilt Boar Gilt Boar Gilt sed Significance

Age
20d 673 631 687 630 733 744 701 736 034 L*

22d 645 598 689 6.65 7.00 717 772 798 035 L*W**
27d 688 650 747 7.28 7.82 8.07 8.67 894 0.40 L*** Wr**
41d 11.88 11.21 13.09 1258 14.14 13.87 14.77 15.94 0.93 L**W**
80d 3193 29.80 33.05 30.10 3524 34.63 3491 3626 224 L***
120d  61.02 5723 6475 59.59 6541 62.06 67.06 63.38 3.69 L*S*

1 *P<0.05; **P<0.01; ***P<0.001

Pigs supplemented with milk during lactation grew more quickly than pigs suckled
by the sow only and these differences were still evident at 41 d (14.7 vs 12.2 kg, P<0.001)
and 120 d (64.5 vs 60.6 kg, P=0.047). Pigs weaned on to skim milk ate more (257 vs 30 g
DM/d, P<0.001) and grew better (213 vs -151 g/d, P<0.001) over the first 2 d post
weaning than pigs weaned on to pellets. Pigs provided with liquid feed after weaning
continued to grow faster beyond 22 d resulting in the benefit of weaning on to liquid feed
being maintained until 41 d (14.1 vs 12.8 kg, P<0.001), although it was diminished by
120 d (63.7 vs 61.4 kg, P=0.20). Gilts ate more (156 vs 132 g/d, P=0.024) and tended to
grow faster (47 vs 15 g/d, P=0.11) than boars over the first 2 d post weaning although
these differences soon disappeared. By 120 d, pigs that received extra milk before and
after weaning were 10% heavier than pigs that were suckled by the sow only and weaned
on to dry pellets (65.2 vs 59.1 kg, P=0.021). Much of this improvement was due to the
extra nutrient intake from supplemental milk prior to and immediately after weaning. In
conclusion, milk feeding for a short period around weaning can improve growth to 120 d.
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SUPPLEMENTAL MILK DURING LACTATION CAN INCREASE
WEANING WEIGHT

F.R. Dunshea, D.J. Kerton, P.J. Eason, L. Morrish, M.L. Cox and R.H. King
Agriculture Victoria, Victorian Institute of Animal Science, Werribee, Vic., 3030.

Sow milk production peaks during the second week of lactation after which time it
may limit piglet growth (Toner et al. 1996). In addition the low protein to fat ratio of
sow’s milk also limits pig growth. By providing supplemental skim milk (which has a
relatively high protein to fat ratio) to sucking pigs it may be possible to capitalize on their
potential for rapid growth. The present study was designed to determine the effect of
supplemental skim milk during lactation on growth of pigs until weaning.

Twelve Large White x Landrace sows nursing litters of six boars and six gilts were
used in this study. Six litters were suckled by the sow only whereas the other six litters
received, in addition, supplemental skim milk (20% DM) ad libitum from day 10 until
weaning at day 20 of lactation. Milk was provided by a gravity fed trough constructed
from 900 mm x 90 mm internal diameter storm water pipe, capped at each end, and with
three 70 mm diameter feeder holes made into the pipe.

Table 1. Effects of supplemental skim milk during lactation (L), and sex (S) on growth
of pigs to 20 days of age.

Suckled Suckled+milk ' Significance

Boar Gilt Boar Gilt sed L S LxS
Live weight (kg) .
Birth 174 163 1.71 1.63 013 0908 0.046 0.838
10d 3.96 3.81 3.75 391 0.24 0804 0989 0.100
20d , 6.26 6.00. 6.53 694 031 0038 0.674 0.086
Live weight gain (g/d)
Birth-10d 223 218 204 223 16.8 0.855 0.217 0.073
Birth-20d 225 218 241 265 15.6 0.037 0.315 0.093
10-20d 228 217 278 304 147 <0.001 0542 0.161

Boars were heavier at birth than gilts (1.72 vs 1.63 kg, P=0.046), but these differences
disappeared by 10 d when the milk supplementation began. Milk supplementation
increased live weight at 20 d (6.13 vs 6.74 kg, P=0.038). Supplemental milk increased
growth by an average of almost 70 g/d between days 10-20 of lactation (223 vs 291 g/d,
P<0.001). Milk intake increased linearly over the 10 d of supplementation from 2.37 to
7.22 kg per litter. Mean (+SE) milk intake was 388 (+21) g/d per pig (97 g DM/d).
Supplemental milk feeding did not alter either sow live weight change (-31.9 vs -30.3 kg
for sows nursing litters with and without supplementation, respectively, P=0.894) or
change in P2 backfat thickness (-5.3 vs -4.2 mm, P=0.279) between farrowing and day 20 of
lactation. The sow performance data suggests that sow milk production was relatively
unaffected when supplemental milk is provided to their litters. In conclusion, pig growth
is limited by sow milk production and providing supplemental milk can readily improve
the growth performance of sucking pigs.
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PORCINE SOMATOTROPIN TREATMENT OF SUCKING PIGS
HAS LITTLE EFFECT ON PRE-WEANING GROWTH RATE

F.R. Dunshea, D.]J. Kerton, R.H. King, P.C. Owens* and P.E. Walton*

Agriculture Victoria, Victorian Institute of Animal Science, Werribee, Vic. 3030. *Cooperative Research Centre
for Tissue Growth and Repair, Adelaide, S.A., 5000.

The growth rate of the young pig is generally less than half its potential and may be
constrained by endocrine status, specifically insulin-like growth factor-I (IGF-I) (Dunshea
and Walton, 1995). Although porcine somatotropin (pST) increases plasma IGF-I and
growth of grower/ finisher pigs, the response to pST is less in younger pigs (Dunshea and
Walton, 1995). Recently, it has been shown that artificially-reared pigs exhibit metabolic
responses to pST as early as 19 days of age (Harrell et al., 1994). The aim of this study was
to determine whether pST could increase growth in sucking pigs.

Fourteen Large White x Landrace sows nursing litters of six (n=7) or 12 (n=7) pigs
were used in this study. On day 4 of lactation the two median weight boars from each
litter were randomly allocated to daily injections of either saline or pST (60 pg/kg per d,
Bunge Scientific) until weaning at 31 d. Pigs were bled at 4, 13, 22 and 31 d and plasma
analysed for IGF-I, IGF-II and IGF binding protein-3 (IGFBP-3). Pigs were weaned with
the rest of the herd and live weight recorded at 63, 91 and 119 d.

Table 1. Effect of litter size (L) and daily pST injection (H) from 9-27 days of age on
growth performance (live weight, kg).

Litter size Six Twelve Significance
Treatment Saline pST Saline pST sed L H LxH
Age

Birth 152 159 155 152 013 0.894 0.630 0306
4d 219 227 212 214 022 0612 0391 0.607
31d 10.16 10.36 823 796 079 0014 0.866 0.309
63d 25.07 27.00 2214 2264 187 0.037 0.264. 0.504
91d : 48.14 5193 4543 46.14 403 0277 0166 0.334
119d 7157 7129 6729 6840 561 0512 0825 0.703

Pre-weaning growth rates were greater for pigs from litters of six compared to pigs
from litters of 12 (281 vs 213 g/d, P=0.011) with the former being 2.2 kg heavier at
weaning (10.3 vs 8.13 kg, P=0.014). By 63 d, pigs from litters of six were 3.5 kg heavier
(26.0 vs 22.5 kg, P=0.037). While the magnitude of this difference was maintained until
119 d, the difference failed to reach significance. Although there was no difference in
daily gain between days 4 and 31 of lactation in pigs injected with either saline or pST
(260 vs 258 g/d, P=0.684), pigs treated with pST grew more quickly over the last 3 days of
lactation (241 vs 294 g/d, P=0.010). Daily pST injections had no effect on plasma IGF-I
(182 vs 195 ng/ml, P=0.451), IGF-II (340 vs 328 ng/ml, P=0.478) or insulin-like growth
factor binding protein-3 (IGFBP-3; 0.93 vs 0.94 pg/mi, P=0.848). While there was an
indication that pigs previously treated with pST grew faster post weaning (623 vs 587
g/d, P=0.155) and were heavier at 91 d (49.0 vs 46.8 kg, P=0.166), there was no difference
in live weight at 119 d (69.8 vs 69.4 kg, P=0.825). It is concluded that pST has little effect
on growth of sucking pigs until day 28 of lactation even when nutrient intake and
consequently individual growth rate is relatively high.
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THE EFFECT OF PIG WEANING WEIGHT ON POST-WEANING
PERFORMANCE AND CARCASS TRAITS

S. Kavanagh, P.B. Lynch, P.]J. Caffrey* and W.D. Henry**

Pig Husbandry Department, Teagasc, Moorepark, Fermoy, Co. Cork, Ireland. *Department of Animal Science
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The severity of the growth check and the nutrient requirements of the weaned pig
are influenced by age and weight at weaning. Mahan and Lepine (1991) found that pigs
weaned at 4.5-5.5 kg live weight (LW) took 10-15 d longer to reach market weight than
pigs weaned at greater than 8 kg LW. The objective of the present experiment was to
quantify the effect of weaning weight on performance from weaning to slaughter and its
effect on some carcass traits.

Twenty-four litters of sucking pigs (Large White x Landrace) were used in this
experiment. From each litter at weaning two heavy (one male and one female) and two
light pigs (one male and one female) were chosen. Pigs were selected from the heaviest
30% and lightest 30% of each litter. Sex was evenly distributed across weight categories.
Pigs were weaned at 24-28 days of age. Animals were individually housed from weaning
until they were transferred at approximately 40 kg LW to the finisher house where
animals were group-housed. In the finisher house individual feed intake was recorded
using the Hunday FIRE feeding system (Hunday Electronics, Newcastle-upon-Tyne,
United Kingdom). Pigs were weighed on a regular basis from weaning to slaughter at 85-
88 kg LW. Data on percentage lean, (Hennessey Grading Probe) and carcass weight were
collected for each of the 96 pigs.

Table 1. Effect of weaning weight on post-weaning weight and carcass traits.

Category Heavy Light SE P value
Weight at weaning (kg)

Mean ' 8.9 7.5 0.12

Range 7.3-10.5 6.0-9.0
54 day post-weaning weight (kg) 41.3 38.0 0.53 0.01
Slaughter weight (kg) 88.4 85.9 0.93 0.09
Slaughter age (d) 133 135 0.40 0.01
Average daily gain (g)

Weaning to 26 d 491 460 11.10 0.09

Finisher (day 54 to slaughter) 857 838 12.30 0.34

Weaning to slaughter 750 726 9.40 0.12
Carcass weight (kg) 68.2 66.3 0.80 0.12
Carcass lean (%) 55.4 55.4 0.40 0.78
Dressing (%) _ 77.2 77.3 0.31 0.87 -

Heavier pigs at weaning (Table 1) were 2.5 kg heavier than lighter pigs at slaughter
and took 2 d less to reach market weight. The results of the experiment suggest that
heavier pigs at weaning perform better up to slaughter. However, lighter pigs performed
equally well in the finisher stage. There was no evidence of a sex X weight interaction.
Regression analysis showed that weaning weight explained 42, 8, 8, 7 and 7% of the
variation in pig weight at 26 d and 54 d post weaning, slaughter weight, feed intake
(weaning to slaughter) and daily live weight gain (weaning to slaughter) respectively.

In conclusion, while weaning weight explained a considerable amount of the
variation in pig weight at 26 d post weaning, its effect on the variation in other traits such
as slaughter weight, daily gain, daily feed intake and carcass traits was minimal.
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PREVENTION AND CONTROL OF ACTINOBACILLUS PLEURO-
PNEUMONIAE BY SEGREGATED EARLY WEANING AND ALL-
IN ALL-OUT PRODUCTION

B. Fenwick
Department of Diagnostic Medicine /Pathobiology, Kansas State University, Manhattan, KS 66506-5606, USA.

Years of research on Actinobacillus pleuropneumoniae (App) have resulted in the
development of numerous vaccines and the use of several antibiotics in an attempt to
limit the economic impact of infection. Nevertheless, the disease continues to present a
significant threat to profitable pork production throughout the world, including
Australia. As a consequence, a number of novel production systems have been developed
in the past few years to gain the production benefits related to preventing both clinical
and subclinical infections. Prominent among these are segregated early weaning (SEW)
and all-in all-out (AIAO) production. The objective of this study was to evaluate the
factors that help assure success of these production systems, and to document the
circumstances which increase the potential of failure as related to porcine
pleuropneumonia.

Swine herds (n=12) with documented App infections (serotypes 1 and/or 5) were
selected because of recent changes in production systems from one-location continuous-
flow to either AIAO or SEW production methods. Health status were assessed by
comparisons of treatment frequency, mortality rate, slaughter check records, and
serologic status. When clinical disease or subclinical infections were found, attempts
were made to determine the basis of these failures.

Regardless of production system, greater than 90% of the App herds (n=11/12) that
weaned pigs at 21 d or older had evidence of infection as demonstrated by slaughter
checks and/or positive serologic results. While shifting to ALAO production without
changing the weaning age failed to reliably prevent App transmission as measured
serologically by ELISA or Hemolysin Neutralization Test, there was a marked reduction
in clinical disease and improvement of lung scores on slaughter checks (P<0.05) as
compared to when the continuous-flow production systems were used.

The ability of SEW production schemes to reliably prevent transmission of App was
dependent on weaning age, which in turn was dependent on the degree and uniformity of
sow herd immunity. In three of the eight herds that changed to SEW, transmission of
App could be reliably prevented if weaning occurred prior to 16 d of age. Weaning at less
than 11 d prevented transmission in the remaining five herds. As with AIAO production,
the occurrence of clinical disease was reduced or eliminated even in those cases where a
few pigs had become infected (e.g., serologically positive).

Gilt replacement rate was determined to be a risk factor for the transmission of App
as well as the occurrence of clinical disease in the SEW systems. As the pereentage of
serologically negative replacement gilts increases, the weaning.age must be reduced in
order to prevent App transmission. Exceptions to this finding were noted when
replacement gilts were serologically positive at the time they were added to the breeding
herd or when they were selected and raised in close proximity to the sows for several
months prior to breeding. Interestingly, the influence of shed type and environmental
conditions could not be demonstrated as being significant risk factors for the occurrence
of clinical disease due to App.

The results presented here indicate that when applied correctly, both SEW and
AIAO reliably control App. In SEW programs where pigs are weaned at the appropriate
age for the immunologic status of the herd, transmission of App from the sows to piglets
is reliably prevented. Some SEW and AIAO production systems do not totally prevent
App transmission, yet the transmission frequency is reduced and accordingly the
occurrence of clinical disease declines.
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EFFECT OF GROWTH VARIABILITY ON FINISHING PERIOD
UNDER ALL-IN, ALL-OUT AND CONTINUOUS PRODUCTION

M.J.M. Bent and W.]J. Coleman
Muresk Institute of Agriculture, Curtin University of Technology, Northam, WA, 6401.

To calculate the production costs per kg of pigmeat it is necessary to know (a) the
annual cost of accommodation per pig space and (b) the time the space is occupied.
Calculating the length of occupation from daily live weight gain (DLWG), and start and
finish weights is straightforward when all pigs in a group grow at the same rate.
However, in practice, DLWG varies within a group. The length of occupation will
therefore depend on a producer’s choice of marketing strategy. The extreme options are
(a) to sell all pigs in a group at the same time (pure all-in, all-out (AIAO) system), or (b)
to sell each pig at the optimum sale weight. Both approaches will have costs and
benefits, such as price penalties, selection and marketing costs and understocked
accommodation. A modified AIAO would involve selling pigs in two or three drafts per

oup.
& pData for 1186 commercial hybrid pigs in eight groups (four groups of males, four
groups of females; approximately 150 pigs per group) housed at an average weight of
22.4 kg in low-cost shelters in Western Australia (Payne, pers. comm.) were analysed to
establish the distribution of DLWG. The DLWG was calculated for the first 84 d of the
trial and expressed as a percentage of the group average (Table 1).
Non-optimising marketing  rules Table 1. DLWG as % of group average

(Bent and Coleman, 1997) were modelled DLWG as % of average
for groups of pigs to determine the Decile observed model
average weight and age and length of 1 84.6 84.0
occupation of accommodation for groups 2 90.8 90'0
with specified target weights (Tables 1 3 93.9 93.8
and 2). o 4 96.5 96.4
Although average finishing time for 5 98.8 98.9
AIAO was less than under continuous 6 101.1 101.1
production because of higher DLWG, the 7 103.7 103.6
length of occupancy under the modified 8 106.4 106.2
AIAO was similar. Much lighter average 9 110.0 110.0
weights needed to be produced under a 10 116.3 116.0

pure AJAO system to avoid price
penalties.

A full economic analysis showed that the modified AIAO had the lowest cost of
production per kg in spite of the understocked accommodation shown in Table 2.
Production costs per kg in continuous production were estimated to be 3-5% higher than
in ATAO systems (Bent and Coleman, 1997).

Table 2. Average sale weight, finishing time and length of occupancy (target
weight=95 kg)

Sale weight (kg)  Finishing time (d) Length of occupancy (d)

Pure all-in, all-out 88.78 84.0 84.0
Modified all-in, all-out 93.80 90.3 98.0
Continuous flow 93.10 98.0 98.0

Supported in part by the Pig Research and Development Corporation
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THE INTERRELATIONSHIP BETWEEN PARITY AND LITTER
WEIGHT ON THE MILK PRODUCTION OF SOWS

J.M. Boyce, R.J. Smits, R.G. Campbell and R.H. King*
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Science, Werribee, Vic., 3030.

There are many factors which influence sow milk yield, e.g., piglet size, piglet
sucking demand and litter size. There is also a strong positive relationship between piglet
body weight, milk consumption and sow milk production (King et al., 1997). However,
the extent to which the relative milk production capacity of young and older sows is
influenced by maternal and piglet factors remains to be established. The present
experiment investigated the effects of both parity and piglet weight on the lactational
performance of sows.

Twenty-seven first-litter sows (P1) and 30 third parity sows (P3) of a lean genotype
suckled either heavy (H) or light (L) litters which had been standardised to 10 piglets at 2
days of age using fostered piglets from mixed parity sows. Piglets were individually
weighed and transfeired to sows between 6-24 h post partum. Average individual piglet
weights at day 2, as allocated to H and L sows, were 1.9 £ 0.02 kg and 1.5 + 0.04 kg
respectively. During a 26 d lactation, all sows were offered a single diet (14.0 MJ DE/kg
and 1.2% lysine) ad libitum. Piglets were weighed at day 2, 14 and 26, and milk yield was
estimated using the relationship between milk consumption and growth rate published
by King et al. (1989). -

Table 1. Parity and litter weight effects on the lactational performance and estimated
milk production of sows.

Main effects
Parity Litter weight (kg) SED  Probability (P)
1 3 L H P Lw?
Litter weight day 2 (kg) 17.2 17.6 15.1 197 0.850 0.675 <0.001

Litter gain 2-14 d (kg/d) 1.96 2.04 1.74 225 0142 0569 0.001
Litter gain 14-26 d (kg/d) 223 243 213 253 0132 0131 0.003
Litter gain 2-26 d (kg/d) 2.09 223 193 239 0123 0249 <0.001
Estimated milk yield (kg/d) 10.12  11.08 9.31 11.89 0.693 0.161 <0.001
'Parity. “Litter weight. ‘

The P3 sows ate significantly more food (6.5 + 0.09 kg/d; P<0.01) during lactation
than the P1 sows (5.6 £ 0.08 kg/d). There was no effect of parity on piglet or litter growth
rate during any period of lactation (Table 1). In contrast, piglet and litter growth rates
were significantly higher for heavier litters. Sows nursing heavier litters lost more weight
during lactation (14.0 + 1.09 kg) compared to those nursing light litters (5.5 + 1.63 kg),
however there was no difference between P1 and P3 sows in loss of live weight during
lactation. The results suggest that litter, and in particular birth weight, rather than
age/weight of the dam, is the major factor affecting milk production and the pre-weaning
performance of pigs. The development of technologies which improve birth weight have
the potential to maximise milk output from the sow herd and consequently weaning
weight. .
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AUTOMATED OESTRUS DETECTION OF INDIVIDUALLY
HOUSED SOWS BY MONITORING BODY ACTIVITY

L. Freson, N. Bos, S. Godrie, J. Jourquin*, F. Mulkens and R. Geers

Agricultural Buildings Research, K.U.Leuven, Kard. Mercierlaan 92, B-3001 Heverlee, Belgium. *Seghers
Hybrid, Buggenhout, Belgium.

Financial losses within a 200-sow herd related to non-productive days may vary
from 12,000 to 70,000 US$ per year (Polson et al., 1990). A key issue is accurate oestrus
detection, particularly the onset of oestrus so that the optimum time for insemination may
be determined. Therefore, automated oestrus detection may assist the pig farmer in
making day-to-day management decisions about individual sows. Increased body
activity at the time of oestrus was reported by Altman (1949), who used a pedometer
attached to the trunk of the sow. In the present study, a method of remote oestrus
detection, based on the measurement of increased body activity with an IR-sensor, has
been investigated for application with individually housed sows.

Eighty-five multiparous hybrid sows (Landrace type) were housed individually in
stalls (2 x 0.65 m) on partially slatted concrete floors. Temperature conditions were
around the lower critical temperature. Feed and water were restricted according to the
general practice prevalent in Belgium. Lighting was provided naturally and artificially
(0800 to 2000 hours). Body activity of the sows was monitored continuously with an IR-
sensor, mounted about 50 cm above the shoulder area of each sow. Changes to the
reflected IR-waves were translated into electrical signals and digitalized. Every 5 min a
mean value was calculated and recorded for further analysis. Oestrus was also detected
by the standing reflex before the boar, which was carried out each morning. Ovulation
was checked by measuring the progesterone content of saliva samples using the method
described by Moriyoshi et al. (1996). Descriptive statistics were calculated to investigate
the distribution of data and potential rhythmicities using an SAS programme. Based on
these results some algorithms have been tested to facilitate oestrus detection.

Sows were classified according to their mean daily activity level and the standing
reflex before the boar: (1) standing, increase in activity (true positive); (2) standing, no
increase in activity (false negative); (3) no standing, no increase in activity (true negative);
(4) no standing, increase in activity (false positive) (Table 1). The increase in mean daily
activity had to be significantly different from zero.

Table 1. Detection of oestrus in individually housed sows using an IR-sensor to detect
behavioural differences compared with the standing reflex in the presence of a boar.

Classes (1) true (2) false (3) true (4) false
positive negative negative positive
% of sows 52.0 13.5 28.5 6.0

Based on the detection of changes in daily mean body movement alone 80.5% of the
sows were classified correctly. When the peak value per day was added to the algorithm,
positive and false positive sows could be distinguished with a probability of 93%.
However, for the method to be useful under commercial conditions it needs to be more
precise. Further research using a larger number of sows, measurement of body
temperature (Geers et al., 1995), and other algorithms will concentrate on detecting the
false negatives.
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OESTROUS BEHAVIOUR: CAN IT BE USED TO PREDICT
OVULATION?
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The optimum time for insemination to achieve high reproductive performance is
related to the timing of ovulation. The present study aimed to identify specific changes in
behaviour during oestrus that may be useful in predicting ovulation.

Twenty-three 11-month old gilts (Large White x Landrace) were studied. The
oestrous period can be divided into three consecutive behavioural stages; "B1, I and B2".
The B stage is defined as the period in which the standing response (defined as standing
immobile for 10 sec) is displayed to the back-pressure test (BPT) by the stockperson in the
presence of the boar, while in the I stage the standing response is also displayed in the
absence of the boar. If repeatedly tested with the BPT in the presence of boars, oestrous
females may temporarily become refractory to the BPT (called the "refractory stage”).
Furthermore, oestrous females may display the standing response near the boar but in the
absence of the BPT (defined as the spontaneous or "S" stage). Over a 21-day period, the
behavioural responses of all gilts were observed twice daily in the following sequential
tests: (1) an area adjacent to a mature boar for the S stage, (2) at 0 and 15 minutes in an
arena surrounded by 6 mature boars for the B stage and refractory response respectively,
and (3) in their home pens in the absence of boars (at 5 minutes after detection of the B
response in Test 2) for the I stage.

All gilts displayed a standing response in Test 2 at 0 minutes in at least one test (B
stage), but 57% (13 gilts) showed the refractory response at 15 minutes after showing the
B stage for the first time in Test 2. Seventy percent of the gilts displayed the S and I
stages. Significant correlations between these responses are listed in Table 1.

Table 1 Correlation coefficients between the duration (number of test sessions) of some
behavioural responses of oestrous gilts.

Variables Oestrus I stage
Onset of oestrus to S stage +0.55 -0.08
B1 stage +0.26 -0.69
Refractory stage +0.58 -0.52
Non-refractory stage +0.59 -0.54
Bl + B2 stages +0.42 -0.84

Critical values for r, df=21: 0.413, P<0.05; 0.526, P<0.01.

These temporal relationships indicate the possibility of predicting the duration of
either oestrus or the I stage using some of the behavioural changes that occur early in the
oestrous period. Since there is evidence that ovulation occurs at about two-thirds of the
duration of oestrus, observation of behavioural change early in oestrus may allow
insemination to be timed relative to the occurrence of ovulation. Therefore, further
research is required to examine the temporal relationships between these behavioural
changes during oestrus, particularly early in the oestrous period, and the occurrence of
ovulation. :
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A SEASONAL INFLUENCE ON PLASMA GROWTH HORMONE
IN THE DOMESTIC PIG

S.L. Telfser and R.J. Love
Dept. of Animal Health, University of Sydney, Camden, NSW, 2570.

A seasonal pattern in the plasma concentration of growth hormone (GH) in the pig
was suggested by observations in mature boars by Trudeau et al. (1988) who found that
plasma GH was lower during the summer compared to other times of the year. An
experiment was designed to define more clearly the relationship between season and the
plasma GH concentration in the pig.

Forty Large White x Landrace prepubertal gilts (20 weeks of age) were randomly
selected each month from the finisher herd of a commercial piggery located in NSW (34°S
latitude). All gilts were group housed and were offered a finisher diet ad libitum. At
monthly intervals, for a period of one year, single blood samples were taken by jugular
venipuncture, while the animals were restrained with the aid of a nose snare. The
sampling procedure was completed within 1 min for each animal. Plasma was analysed
for GH using the method described by Chung et al. (1985). Outliers, considered to be
associated with a secretory pulse, were identified as those which lay above two standard
deviations of the monthly mean and were excluded from analysis. The monthly mean
GH concentrations together with the mean daily photoperiod for each month are
presented in Figure 1. The data were statistically analysed by analysis of variance.

The concentration of GH in the plasma of prepubertal gilts was distinctly seasonal.
Plasma GH was significantly lower during the late summer - early autumn when
compared to the remainder of the year (P<0.001). The lowest average concentration of
GH was recorded during March (2.7 ng/ml) and the highest concentration in June (6.7
ng/ml). Daylength and GH concentration appeared to be inversely related, with a lag
period of approximately 2 months providing the best alignment between the two
variables.
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Figure 1. Mean plasma GH concentration for prepubertal gilts plotted with the corresponding
mean daylength for each month. '

- Plasma GH concentration in the domestic prepubertal gilt is significantly affected by
season, in a manner similar to that suggested by Trudeau et al. (1988). Growth hormone
influences a wide variety of physiological functions which in turn play a role in
determining an animal’s productivity. The seasonal differences in plasma GH
concentrations which have been shown to exist in the prepubertal gilt may explain some
of the variation in production and reproduction which occurs throughout the year in the

p1g.
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INFLUENCE OF SEASON AND HOUSING METHOD ON
PLASMA GROWTH HORMONE IN THE EARLY-PREGNANT
GILT

S.L. Telfser and R.J. Love
Department of Animal Health, University of Sydney, Camden, NSW, 2570.

It is well established that farrowing rate (the proportion of mated sows which
farrow) is reduced during the summer and autumn. Maintaining sows in individual stalls
rather than in groups dramatically reduces the adverse effect of season on fertility (Love
et al., 1995). Growth hormone (GH) is increasingly recognised as having a critical role in
reproduction in a variety of species. In the rat low endogenous secretion of GH delays
puberty, an effect which can be overcome with GH administration (Advis et al., 1981).

The following study was undertaken to investigate changes in plasma GH with
season and housing method in pigs. Twenty-four gilts were selected at mating during
autumn (March; n=12) and spring (September; n=12) and randomly placed into either
individual stalls (n=6) or a group pen of six pigs (n=1). Logistical constrictions prevented
the replication of group pens. At 15 d after mating the gilts were fitted with an
indwelling jugular catheter using a non surgical technique. Blood samples were collected
at 15 min intervals for 12 h on the day following cannulation. The concentration of GH
was measured using a RIA validated for use with porcine plasma (Chung et al., 1985).
Basal GH was calculated as the lowest 25% of values for each pig over the 12-hour
sampling period. Pulse amplitude was defined as the percentage increase of a pulse from
the preceding basal level (Cluster © v5). All data were analysed using ANOVA and least
significant differences. »

Plasma concentration of GH was affected by season, with lower basal and average
levels in the autumn relative to spring. The influence of season was significant in the
group housed gilts. Group housing was associated with lower basal and average
concentrations of GH, compared to individual housing, this effect being significant during
autumn. There was no significant effect of either season or housing method on GH pulse
frequency or amplitude in these gilts.

Table 1. Basal, average, pulse frequency and amplitude for plasma GH from gilts in
individual and group housing during autumn and spring (mean + SEM).

Autumn Spring
Individual Group Individual Group
Basal (ng/ml) 5.0+ 0.38° 32+0.25° 5.8+ 0.54° 4.8 £0.35°
Average (ng/ml) 6.1+ 0.36° 421033 6.8+ 0.62° 5.7+£0.33"
Frequency (min) 255 +£60.7 156.9+16.3 167.0£19.7 24251474
Amplitude (% increase) 127.1 +14.2 116.2 £1.36 1145+2.44 11441133

**Treatments with different superscripts within rows are significantly different (P<0.05).

Group housing during autumn, previously associated with lower fertility (Love et
al., 1995) also resulted in lower plasma concentrations of GH in pregnant gilts. These
results complement those obtained in the prepubertal gilt, where plasma GH was
significantly lower in the summer-autumn period compared to winter (Telfser and Love
1997). The results from this experiment provide preliminary evidence for an association
between GH and seasonal infertility in the pig. Whether the lower plasma GH observed
in this experiment is responsible for lower fertility during summer and autumn remains

to be established.
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RELATIONSHIPS BETWEEN REPRODUCTIVE PERFORMANCE
AND SEROLOGICAL TITRES TO LEPTOSPIRAL SEROVARS
hurstbridge AND bratislava IN A VICTORIAN PIG HERD

K.M. Moore, 1.D. Connaughton, A.P.L. Callinan, D.A. Khalik* and R.J. Chappel*

Department of Natural Resources and Environment, Bendigo, Vic., 3550. *Agriculture Victoria, Victorian
Institute of Animal Science, Attwood, Vic., 3049.

Many Australian pig herds have in recent years experienced reproductive
difficulties consistent with leptospirosis.  Infection of many Australian pigs with
Leptospira inadai serovar hurstbridge or L. interrogans serovar bratislava is recognized
{(Chappel et al., 1992, 1996). Serovar bratislava has been associated with pig reproductive
losses overseas, and serovar hurstbridge was discovered in Australia in 1994. A study is
presented here of the relationships between reproductive performance and titres to these
serovars in a Victorian herd. S

A total of 165 mixed parity Large White x Landrace sows was randomly selected as
they entered the farrowing shed. Sera from blood samples collected between 1 week
before and 1 week after farrowing were subjected to the microscopic agglutination test
(MAT). Titres of 264 to serovar hurstbridge were given by 41 sera (25%), and to bratislava
also by 41 sera.

Table 1. Relationship between MAT titres to serovar hurstbridge and percentage of
foetal deaths. :

MAT titre hurstbridge <32 32 64 128
Mean % foetal deaths 35 21 53 25.0
Number of sows : 53 35 24 4

There were no significant relationships between titres to either serovar and the total
number of piglets born alive, or the percentage of stillbirths. Foetal deaths in utero (10 d
or more before full term) were more frequent with higher titres to serovar hurstbridge
(Table 1), and the relationship approached statistical significance (P<0.075). The interval
from weaning to first mating was longer with higher titres to either serovar (P<0.01).
Table 2 shows the mean increases in weaning-to-first-mating interval associated with
titres of 264 to each serovar.

Table 2. Increased weaning-to-mating interval associated with MAT titres of 264 to
serovars hurstbridge and bratislava.

Serovar hurstbridge bratislava
MAT titre <64 264 <64 264
Weaning to mating (d) 5.0 9.0 5.7 7.1

These results suggest that leptospiral serovars hurstbridge and bratislava may both
be reproductive pathogens in Australian pigs.
Supported in part by the Pig Research and Development Corporation
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CHARACTERIZATION OF COLD-SHOCK IN EXTENDED BOAR
SEMEN: DIRECT EFFECTS ON SPERMATOZOA AND
FERTILITY

G.C. Althouse, M.E. Wilson*, C. Kuster and M. Parsley*

Department of Veterinary Clinical Medicine, University of Illinois, 1008 W. Hazelwood Drive, Urbana,
Illinois 61802, USA. *United Feeds Inc., Sheriden, IN 46069, USA.

It is commonly assumed that irreversible damage (e.g., cold-shock) occurs if boar
semen drops below 15°C in a prepared medium (i.e., semen extender). The proposed
15°C lower critical temperature appears to have originated from work performed by Ito
et al. (1948) who studied storage temperatures for unextended, raw semen. Therefore,
the aims of the present study were to: 1) identify the cold-shock critical temperature and
time for extended boar semen as assessed by sperm viability, motility and morphology;
and 2) determine the effects on fertility of using extended porcine semen exposed to the
critical temperature and time identified in the first objective.

Objective 1: Ejaculates from 19 Al
adult boars (>160 kg live weight, LW;
PIC Line 326) were collected, analyzed
and diluted with Androhep extender to
50 x 10° sperm/ml. Doses (4 x 10°
sperm/dose) from each ejaculate were
held at each of 5 storage temperatures (8,
10, 12, 14 and 17°C). Sperm viability,
motility and morphology (including
acrosome integrity) were assessed on the
raw ejaculate immediately following
collection (Althouse, 1997), and at all
temperatures at 12 h intervals for 48 h.
Results were compared using polynomial
regression analyses. Both sperm viability
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604 and motility (Figure 1) had similar
decreases over time at each temperature.
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Figure 1. Effects of time and temperature on d}el:crease _throgx ghout the 48 h perlog. No
sperm motility changes in abnormal sperm morphology

occurred at any temperature or time.

Objective 2: Ejaculates collected from 9 adult boars (>160 kg LW; PIC Line 326)
were processed, and extended doses divided into treated (12°C for 60 h) and control
(17°C for 60 h). A total of 103 sows (PIC Cambrough 15’s and 22’s) were bred twice
by AI using either treated (n = 50) or control (n = 53) semen. All 50 sows bred with
treated semen and 51 of 53 sows bred with control semen were diagnosed as being
pregnant using real-time ultrasonography. Litter size data is not yet available.

This study demonstrated no differences in the in vitro quality of extended boar
semen when stored at 12-17°C for up to 48 h (Figure 1). Extended semen, however, is
sensitive to temperatures at or below 10°C, with detrimental effects apparent within 12
h of exposure. Storing semen at 12°C for up to 60 h had no negative effect on pregnancy
rate. The results of this study thus far support the need to re-establish critical
temperature guidelines for storing extended porcine semen.
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A SYMPOSIUM - STRATEGIES TO IMPROVE CONSISTENCY OF
PORK QUALITY - TOWARDS 2010

R.D. Warner
Agriculture Victoria, Victorian Institute of Animal Science, Werribee, Vic., 3030.
Introduction

In the production of pork for human consumption, the aim is to provide a lean
product that is safe, of consistently accepiatle quality, cesirable economic value and
grown and slaughtered under acceptably humane conditions. The quality of pork is
defined by the consumer-desirable traits of attractive zppearance in retail display and
satisfying palatability when consumed. Undesirable traits in the appearance of fresh
pork include meat which is too pale or too dark, exudes fluid from the surface, and the
lean or the fat appears soft in texture. Undesirable traits in palatability include off-
flavours or odours, lack of juiciness, mushy texture and toughness. Factors that
contribute to these undesirable variations in appearance and eating quality are often
beyond the abattoir's or retailer's control. Factors which influence changes in muscle
glycogen content pre-slaughter and the rate of glycolysis post-slaughter can have
significant effects on pork quality and can be controlled through modifications to the
genetic, nutritional and handling management of the pig. Boar taint causes off-flavours
and odours in pork which are unacceptable to the consumer. Research in this area
suggests potential for control of taint through manipulation of genetics, nutrition and
stressors pre-slaughter.

It is being recognized that there is a minimum fat level required for acceptable
juiciness of pork. Control of fat quality and content (marbling) through nutritional and
genetic manipulation is an area of increasing emphasis and interest in the pork industry.
Pork is particularly susceptible to developing off-flavours due to the onset of oxidative
rancidity and this can be controlled through nutrition.

Other factors that define a high quality pork carcass include the absence of blood
splash or bruising in the meat and the absence of blemishes on the skin. These can be
controlled by designing systems -to manage the pig from farm to slaughter so that the
animal’s welfare is maximised. In the future, attention to the welfare of the pig will be an °
integral and essential component determining consumer acceptability -of pork products.
Consumers in Europe are starting to demand certain minimum standards for welfare
when they buy meat and it is almost guaranteed that Australian consumers will follow.

Recent research has clearly shown that best practice procedures to improve pork
quality must encompass all sectors of the production and marketing chain. The National
Pork Quality Improvement Program has demonstrated that the occurrence of Pale, Soft,
Exudative (PSE) meat can be reduced by 40% if abattoirs implement comparatively low
cost changes to pre-slaughter management practices and chil'ar management and
efficiency.

The aims of this symposium are to examine the current knowledge of the major
factors that may influence pork quality, to discuss opportunities to manipulate these
factors and predict the important areas for future development.

Symposium continued on next page
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GENETIC INFLUENCES ON PORK QUALITY

S. Hermesch
Animal Genetics and Breeding Unit*, University of New England, Armidale, NSW, 2351.
Abstract

The genetic influences on pork quality including that of the major genes, the
halothane gene and the RN gene, are discussed in this paper. Breed differences and
genetic parameters for meat quality traits are summarise. In addition, genetic influences
on boar taint and further developments in genetic improvement of meat quality are
discussed. The effect of the halothane gene on meat quality traits and the relationship
between this gene and muscle morphology is discussed. In addition, the RN gene is
described which has a high frequency in Hampshire and marker information to this gene is
presented. Indications for further major genes influencing meat quality traits are
summarised. Breed differences in meat quality are due to different levels of the halothane
gene as well as different levels of leanness. Special reference is given to Durocs, the breed
with a higher intramuscular fat content. The summary of genetic parameters shows
moderate heritabilities for meat quality traits pertaining to PSE and dark, firm, dry (DFD)
while intramuscular fat content is highly heritable. Genetic correlations between meat
quality traits reflect characteristics of PSE and DFD meat. Components of boar taint
differ between breeds. In addition, these components are highly heritable and might be
influenced by major genes. Currently, DNA tests exist for the halothane and RN gene. It is
most likely that further major genes or marker related to quantitative trait loci (QTL) will
be detected. Meat quality traits should be incorporated into selection decisions in order to
prevent further deterioration in these traits as a consequence of selection for higher lean
meat growth. -

Introduction

The phenotypic performance of an animal is dependent on its genotype as well as
environmental influences. For meat quality traits, environmental influences include
feeding, housing, handling and slaughter practices. In order to achieve improvements in
pork quality, improvements of management practices have to be accompanied by genetic
improvement. Other contributions in this symposium concentrate on environmental
influences, while in this paper genetic influences on pork quality will be discussed.
Genetic influences on pork quality comprise differences among breeds as well as
differences among animals within breed. These differences can be caused by a large
number of genes with small effects - polygenic effects, or can be due to a few genes with
large effects - major genes. Examples of major genes are presented firstly followed by a
description of breed differences and a summary of genetic parameters for meat quality
traits.

Pork quality

Pork quality is a very broad term and different people will answer the question
“what is good quality pork” differently. In order to define the term “quality”, Hofmann
(1994) distinguished between quality in the meaning of “goodness” and in the meaning of
“condition”. The latter definition of quality implies that it can be described through
objective measurements of the properties and characteristics of a product. These
objective measurements include pH measurements, colour and drip loss percentage which
Hofmann (1986) described as technological properties of pork (hereafter called meat
quality). The pork quality deficiencies pale, soft and exudative meat (PSE) and dark,
firm and dry meat (DFD) are defined by these meat quality traits. Other pork quality
characteristics include tenderness, juiciness and flavour which can be used to describe the
eating quality of pork. However, the methods used to measure these traits are labour
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intensive and costly. Indirect improvement of eating quality through selection for higher
intramuscular fat content, which is related to enhanced eating quality (Bejerholm and
Barton-Gade, 1986; de Vol et al., 1988), might be an alternative to direct selection for
eating quality traits. In addition, for pork to be of good eating quality, it has to be free of
any undesirable flavours such as boar taint. Because of the trend to increase carcase
weight in Australia, the problem of boar taint is also increasing.

Aspects of meat quality reviewed here will include technological traits (pH, colour,
drip loss) along with intramuscular fat content since these traits are most likely to be used
in genetic improvement programs. In addition, an examination of genetic influences on
components causing boar taint will give an indication whether it is possible to reduce boar
taint through genetic selection programs.

Major genes
Halothane gene

Depending on the reaction to halothane anaesthesia, pigs are classified as
halothane-positive or halothane-negative. The effect of these phenotypes on meat quality
traits has been analysed frequently over the last 20 years. However, the halothane test
does not distinguish between homozygous non-carriers and heterozygotes. Since Fujii et
al. (1991) and Otsu et al. (1991) developed a gene probe to distinguish between these two
halothane genotypes, it has been possible to analyse the performance of the three
genotypes. Results are summarised in Table 1 for pH recorded 45 min after slaughter
(pH45), colour of the M. longissimus dorsi and drip loss percentage. The halothane gene
does not influence ultimate pH (Guéblez et al., 1995; McPhee and Trout, 1995; Peschke et
al., 1993; Wittmann et al., 1995). In contrast, pH45 was lower for homozygous halothane
pigs, with the mean being below 6.0, and therefore the majority of carcases from pigs in
this group exhibited PSE meat. Although heterozygotes were intermediate in meat quality
traits relative to the homozygous genotypes, their performance is generally more similar to
homozygous non carriers for pH45 and colour. Based on a few studies only, colour and
drip loss percentage were inferior for homozygous halothane pigs in most analyses.

The differences between the homozygous halothane free group and heterozygotes
(NN-Nn) are also listed in Table 1. Comparing different breeds and selection lines, for
pH45 the difference between the halothane free and heterozygotes is largest for the
Pietrain. In the study by McPhee and Trout (1995) the difference between halothane free
and heterozygotes is larger in the line that had been selected for increased lean meat
content for all three meat quality traits than for the control line. These differences
between breeds and selection lines might indicate an interaction of the halothane gene
with changes in muscle morphology at different levels of animal leanness.

Relationship between halothane gene and muscle morphology

The effects of the halothane gene on stress susceptibility and meat quality are
influenced by muscle hypertrophy and associated changes in muscle fibre size and type,
and these were summarized by Schmitten (1993) and are illustrated in Figure 1. The
effects of the halothane gene are due to a change in the amino acid sequence of the
sarcoplasmic reticulum Ca® - release-channel-membrane protein (the ryanodine-receptor
protein). As a consequence, when pigs carrying the halothane gene are exposed to stress,
Ca™ release from the sarcoplasmic reticulum is increased due to a reduced release-limit of
Ca™ from the sarcoplasmic reticulum (Knudson et al., 1990).  Therefore, Ca®
concentrations are elevated in muscles of stress susceptible pigs.

The ryanodine-receptor protein, located in the surface membrane of the
sarcoplasmic reticulum, determines the rate of release of Ca® and is altered in all of
muscles of the carcass of pigs carrying the halothane gene. However, the negative
influences of the halothane gene on meat quality occurs mainly in muscles with a higher
muscle mass, which are generally those exhibiting muscle hypertrophy with the associated
properties shown in Figure 1.
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Table 1. Meat quality traits for homozygous non-carriers (NN), heterozygotes (Nn)
and homozygous carriers (nn) of the halothane gene along with the difference
between homozygous non-carriers and heterozygotes (NN - Nn).

Study and trait Breed NN Nn mn NN-Nn
pH45
Wittmann et al. (1993) German Landrace 6.43 6.18 5.64 0.25
Schmitten (1993) Seven hybrid origin  6.55  6.20 5.66 0.35
Peschke et al. (1993) : Pietrain 6.52 594 554 0.58
Guéblez et al. (1995) Large White/Pietrain 6.46  6.24 5.77 0.22
McPhee and Trout (1995) Control line 640 6.23 596 0.17
McPhee and Trout (1995) Selected line 6.56 6.29 0.27
Colour (L-value)
Guéblez et al. (1995) Large White/Pietrain 55.9 56.0 59.4 -0.1
McPhee and Trout (1995) Control line 454 459 479 -04
McPhee and Trout (1995) Selected line 424 447 -2.3
Luxford (1995) Large White 52 55 -3.0
Luxford (1995) Landrace 53 55 -2.0
Drip loss percentage (%)
Guéblez et al. (1995) Large White/Pietrain 5.20' 6.00 6.40
McPhee and Trout (1995) Control line 3.62 376 273 -0.14
McPhee and Trout (1995) Selected line 2.28 3.62 1.34
Luxford (1995) Large White 135 2.18 0.83
Luxford (1995) Landrace 1.57 1.90 0.33

'Drip loss after 5 d storage.

unknown
Muscle hypertrophy < > [ Ryanodic-receptor Nn* and nn* ]

Higher stream of Ca * through
decreased release-limit in SR*
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fibre diametre
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of glycolytic IIB % Unfavourable energy metabolism
muscle fibres \J/

Stress susceptibility
inferior meat quality

Figure 1. Relationships between effects of halothane gene and muscle hypertrophy (Schmitten,
1993). *Nn: heterozygotes for the halothane gene; nn: homozygous carrier for the halothane
gene; SR: sarcoplasmic reticulum in the muscle cell.

Muscle fibres are classified into two major classes, muscle fibre type I (red,
oxidative) and muscle fibre type II (white, glycolytic); the latter are subdivided into type
IIA, OB and IIC (Essen-Gustavsson, 1993). The proportion of each muscle fibre type
differs among muscles. For example the M. longissimus dorsi (loin muscle) has 80-90%
type IIB fibres (Essen-Gustavsson et al., 1992; Karlsson ef al., 1994) while the M. vastus
intermedius has 70-80% type I fibres (Essen-Gustavsson, 1993). As discussed in the
subsequent paper, the proportion of different fibre types in a muscle determines its
physiology, metabolism and subsequent meat quality. Higher muscle mass caused by
muscle hypertrophy post-parturition is generally achieved by increases in muscle fibre size
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and in the number of glycolytic muscle fibres (type IIB). In the studies of Solomon et al.
(1990) and Wegner and Ende (1990) the higher glycolytic metabolism associated with an
increase in muscle fibre size resulted in a higher incidence of PSE meat.

Rendement Napole (RN) -Gene

“Napole” technological yield was described by Naveau et al. (1985) and measures
the yield of a muscle after brine injection and cooking. A major gene, called the
Rendement Napole (RN) gene, was found in two commercial pig lines in France and
Naveau (1986) postulated that “Napole” yield is influenced by the presence of the gene.
Le Roy et al. (1990) used segregation analysis of the two commercial lines to confirm that
the RN gene influences “Napole” yield. They found that the unfavourable RN gene is
completely dominant, and an allele frequency of 60% was estimated for both lines. This
allele frequency implies that 36% of the animals in the two lines were homozygous for this
gene and 48% were heterozygotes. The RN gene causes a 70% increase in the glycogen
content of glycolytic muscles (Estrade et al., 1993). Lundstrém et al. (1996) and Enfilt et
al. (1997) used the known differences in muscle glycogen content to classify pigs into RN
genotypes and found that the RN gene detrimentally affects the water-holding capacity of
fresh and processed meat. For heterozygous RN pigs drip loss and cooking loss were 21%
and 12% greater respectively, while the Napole yield was 7% lower compared with the
homozygous non-carriers (Lundstrém et al. 1996). The drip loss, cooking loss and Napole
yield for RN free pigs was 4.8%, 29.4% and 89.9% respectively. It was suggested that the
detrimental effects of the RN gene on meat quality traits are a result of an increase in
muscle glycogen and a decrease in protein content, together with a lower ultimate pH
value.

The RN gene is found at a high frequency in Hampshire pigs which explains their
inferior meat quality. Compared with other breeds (e.g., Large White, Pietrain, Large
White x Landrace and Yorkshire) meat from Hampshires is characterised by having a
lower ultimate pH, together with a higher cooking loss (Monin and Sellier, 1985), a higher
water content, a lower protein content (Fjelkner-Modig and Tornberg, 1986; Wassmuth et
al., 1991), and a higher glycogen content (Monin and Sellier, 1985).

The molecular background of the RN gene has been investigated in France (Milan et
al., 1996), Sweden (Mariani et al., 1995) and Germany (Rudat et al., 1995). These studies
have agreed that the location of the RN gene is on chromosome 15 in swine. Milan et al.
(1995,1996) reported the specific location of the RN locus to be between markers Sw120
and Sw936 at a distance of 2cM from marker Sw936. Based on this knowledge, a DNA-
test for detecting the RN gene has been developed and validated by de Vries et al. (1997).
This DNA-test predicts large differences in ultimate pH and phosphate-free processing
yield.

Indications for major genes for intramuscular fat content

Evidence for the presence of a major gene for intramuscular fat content was
presented by Janss et al. (1994) based on a segregation analysis of F2 crosses between
Meishan and Dutch pig strains. Gerbens et al. (1996) investigated the heart fatty acid-
binding protein (H-FABP) as a candidate gene for intramuscular fat content since H-
FABP is involved in intracellular fatty acid transport expressed predominantly in muscle
cells. The H-FABP gene was located on porcine chromosome six and first results showed
that it accounts for 10% of the variation in intramuscular fat content.

Breed differences

Differences in the rate and extent of postmortem pH fall explain a large proportion
of the variation in quality of pork. The variation in rate of pH fall (pH,) and extent of pH
fall (pH,) among different pig breeds is illustrated in Figure 2. Large White and Duroc,
which are both halothane free breeds show a slow rate of postmortem pH fall and a
normal ultimate pH. Consequently a low incidence of meat quality defects is observed in
these breeds. Sellier (1988) explained that pork quality in Landrace pigs is dependent on
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the frequency of the halothane gene in the considered population. Landrace populations
with a high frequency of the halothane gene are characterised by a rapid fall in
postmortem pH and thus high levels of PSE meat. However, in populations with a low
frequency of the halothane gene, as is now the case in most Landrace populations, the
rate of postmortem pH decline is reduced and pork quality is similar to that of Large
White pigs. Pietrain and Belgian Landrace pigs have a high frequency of the halothane
gene and are characterized by a fast rate of pH fall. However, in Belgian Landrace the
unfavourable effects of a rapid pH fall on pork quality are somewhat counterbalanced by
the high ultimate pH.

Breed differences in meat quality are not only due to a different frequency of the
halothane gene but can also arise from different levels of leanness. Pork from breeds
which have been selected for higher lean meat content is less firm, has a poorer water
holding capacity and is paler in colour (Warris et al., 1996). The Pietrain breed, which
represents the leanest breed had by far the poorest meat quality while traditional breeds
like Tamworth, Large Black and Berkshire produced meat with the best meat quality. In a
US study, meat quality was best in Berkshire and Spotted, the breeds with the highest fat
content (Johnson and Goodwin, 1995).

Durocs are known for their higher intramuscular fat content, as demonstrated by
Sellier (1988). For the Duroc breed, the average intramuscular fat content in the M.
longissimus dorsi is higher (3.9%) than the Hampshire breed average of 2.0% and well
above the intramuscular fat content of Large White, Landrace, Pietrain and Belgian
Landrace breeds (1.4%-1.6%). In comparison, Duroc pigs in Australia have an average
intramuscular fat content of 2.5% in M. longissimus dorsi. Australian Large White and
Landrace have a lower intramuscular fat content than Durocs with means of 1.6% and
1.7%, respectively (Hermesch et al., 1997). In order to improve eating quality, de Vol et al.
(1988) suggested a minimum level for intramuscular fat content of 2.5% which is only
achieved in Duroc populations.

5.4 ! 1 1 1 L 1 ] I
5.6 5.8 6.0 6.2 6.4
pH1

Figure 2. Mean values of muscle pH shortly after slaughter (pH,) and ultimate pH (pH,) in 6
pure porcine breeds (after Sellier, 1988).

Note: These values refer to a white muscle of the ham, in case of moderate slaughter stress;
pHy:pH measured 45 minutes after slaughter; pHu: ultimate pH (pH 24 h after slaughter);
BL: Belgian Landrace; La: Landrace;  Pi: Pietrain;, LW: Large White; Du: Duroc;
Ha: Hampshire; +: halothane positive; -: halothane negative;

Hypothesis on frequency of halothane sensitivity: 90% in Pietrain, 80% in Belgian Landrace;
5% in Landrace and 0% in the other breeds.

Cameron et al. (1990) and Oliver et al. (1993) found that Duroc pigs have a darker
meat colour associated with a higher ultimate pH compared to other breeds. Edwards et
al. (1992) reported similar muscle reflectance and pH values between Durocs and other
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breeds whereas McGloughlin et al. (1988) found Duroc meat to be slightly paler than that
from Large White and Landrace pigs. McGloughlin et al. (1988) argued that there was
considerable variation between the Duroc populations investigated in the various studies
and therefore, some variation in the reported relative merit of the Durocs would be
expected. The average intramuscular fat content differed substantially among studies
ranging from 1.6% (Cameron et al., 1990) to 2.9% (McGloughlin et al., 1988; Oliver et al.,
1993) but the level of intramuscular fat content was consistently higher in Durocs than in
the compared breeds. Although the studies have shown that Duroc pigs consistently have
a higher intramuscular fat content than other breeds, the meat quality characteristics were
not consistently better or worse for Durocs then for the other breeds investigated
(McGloughlin et al., 1988; Cameron et al., 1990; Edwards et al., 1992; Oliver et al., 1993).
It can therefore be concluded that a higher intramuscular fat content in Duroc populations
is not phenotypically associated with improved meat quality.

Genetic parameters for meat quality traits

Besides differences among breeds, variation in meat quality traits also exists among
animals within a breed. The proportion of variation that is explained by genetic
differences -among animals is expressed -as the heritability of a trait, while genetic
correlations describe the genetic relationship between traits. Mean estimates of these
genetic parameters, as summarised by Hermesch (1996), are presented in Table 2. On
average, meat quality traits pertaining to PSE and DFD meat are 20% heritable with
estimates ranging from 0.10-0.35. Intramuscular fat content is highly heritable with a
mean estimate of 0.45. Genetic correlations between pH measurements, colour and drip
loss percentage reflect characteristics of PSE and DFD meat. Low pH measurements are
genetically related to a light colour of the meat with a high drip loss percentage. Selection
for higher intramuscular fat content will mostly improve other meat quality traits in regard
to PSE. A higher intramuscular fat content is genetically related to a higher pH45, a
slightly darker colour and a reduced drip loss percentage.

Table 2. Mean literature values of heritability values and genetic correlations (r,) for
meat quality traits along with genetic correlations between meat quality traits and
growth rate and backfat (Hermesch, 1996).

pH45min pH24h Colour' Drip loss % Intra-

pm pm muscular fat

Mean heritability 0.20 0.17 0.24 0.17 0.45

Range 0.04/0.29 0.07/0.35 0.11/0.37 0.07/0.20 0.36/0.61

No. of studies 3 8 5 2 8
r, with pH45 0.28 -0.59 -0.32 0.25

Range 0.10/0.49 -0.70/-0.38 -0.55/0.01 -0.04/0.36
r, with pH24 -0.33  -0.52 0.11

Range -0.73/-0.08 -0.99/-0.30 -0.18/0.39
r, with colour 0.67 -0.08

Range -0.06/0.81 -0.33/0.07
r, with drip loss -0.15

Range . -0.23/-0.07
r, with growth rate 0.05 -0.01 0.25 0.18 0.10

Range -0.02/0.14  -0.17/0.26  0.04/0.50 -0.55/0.48 -0.16/0.36
r, with backfat 0.26 0.05 -0.09 -0.07 0.42

Range - -0.22/0.22 -0.48/0.05 -0.20/0.06 0.05/0.60

'High values represent a light colour.
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Currently, genetic improvement is mainly based on selection for growth rate and
against backfat. This selection has an indirect influence on meat quality traits (Table 2).
Selection for higher growth rate will lead to a lighter colour, a higher drip loss percentage
and a slightly higher intramuscular fat content. A decrease in backfat has the strongest
influence on intramuscular fat content leading to a further decline in this trait. Although
genetic correlations with other meat quality traits are mostly low, further selection for
increased leanness will also increase the incidence of PSE if these unfavourable
relationships are not taken into account in selection decisions.

Boar taint
Breed differences in boar taint

The concentration of the two main components of boar taint, androstenone and
skatole, seem to differ among breeds. Bonneau et al. (1979) found a higher concentration
of androstenone in the fat of Pietrain pigs compared with that in Belgian Landrace pigs.
In a review of European studies, Willeke (1993) concluded that androstenone
concentrations in fat are higher in Large White breeds than in Landrace breeds. This was
recently confirmed by Xue et al. (1996) who found that Landrace had the lowest average
concentration of steroids and skatole. The highest average concentration of steroids and
skatole were found in Duroc and Hampshire pigs in comparison to Landrace and Large
Whites.

Indications for major genes

Applying segregation analyses Fouilloux et al. (1997) found indications of a major’
gene that affects androstenone concentration in fat. The “low androstenone” allele (A)
was completely dominant over the “high androstenone” allele (B). The sexual maturity of
pigs is indicated by the thickness of the bulbo-urethal glands, and Fouilloux et al. (1997)
have preliminary evidence indicating that the average thickness of the glands is influenced
by a major gene. They suggest that both traits might be influenced by a single major gene.

Canadian work (Squires, 1996) is now focusing on the development of genetic
markers for high concentrations of cytochrome P402E and low concentrations of
cytochrome b5 in the liver. This is based on the knowledge that males with high
concentrations of skatole in fat were found to have low concentrations of cytochrome
P450 in the liver and that pigs with low concentrations of androstenone have a low
concentration of cytochrome b5 in the liver (Squires, 1996).

Genetic variation in boar taint

Willeke (1993) reviewed heritability estimates of androstenone concentrations in fat
samples obtained from pigs of the Danish Landrace, Large White and German Landrace
breeds. Estimates were moderate to high ranging from 0.25 to 0.87. These high estimates
were in agreement with the findings of Fouilloux et al. (1997) who presented a heritability
estimate of 0.55. Although no information was given on the actual additive genetic
variance, which determines possible genetic response, these high heritabilities would
suggest that selection against androstenone is possible. :

Selection for reduced boar taint?

Genetic improvement has to consider all aspects of pig production. Some genes can
influence a number of traits and this has to be taken into account when selecting against
androstenone for the purposes of reducing boar taint since the reproductive traits of gilts
and boars may also be affected. In an experiment in which selection was for high and low
concentrations of androstenone, Willeke et al. (1987) showed that gilts from the high
androstenone line had their first oestrus 14 d earlier than gilts from the low androstenone
line. In addition, males from the high androstenone line had higher concentrations of
testosterone and conjugate oestrogen than males from the low androstenone line. I
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addition, Bonneau and Sellier (1986) suggested that selection for reduced androstenone
content could adversely affect testicular growth and the development of the genital
system in the male pig. Although it is possible to select against components of boar taint
the effects on herd performance and their consequences need to be carefully considered.

Future developments
Major genes

In the section on genetic maps in the review by Nicholas (1997) there is a
comprehensive description of the nature of genetic markers. Marker information can be
used in two ways in breeding programs, namely by using marker assisted selection (MAS)
and marker assisted introgression (MAI). The additional information provided by
markers in MAS is most beneficial for traits that are costly to measure or cannot be
measured in the breeding animal itself. This is the case for meat quality traits and MAS
potentially might become a valuable tool to improve pork quality. In addition, marker
information can be used to introduce favourable genes into another population (MAI). An
example might be the major gene influencing intramuscular fat content.

Halothane gene

The utilization of the molecular genetic test for the halothane genotype permits the
elimination of the halothane gene from breeding herds. Although there seems to be no
doubt that the halothane gene should be eliminated from maternal lines in order to avoid
homozygous halothane-gene-positive pigs at slaughter, opinions differ whether the
halothane gene should be totally eliminated from terminal sire lines. In a comparison of
the effects of the halothane gene and level of leanness on the occurrence of PSE meat,
Rempel et al. (1995) and de Smet et al. (1996) found that the effect of the halothane
genotype was the predominant factor determining meat quality. Therefore, if meat quality
is the only consideration, elimination of the halothane gene from breeding populations is
desirable. However, the halothane gene has also a major influence on lean meat content
(Rempel, et al. 1995) and development of a halothane free terminal sire line might
substantially reduce the production efficiency and associated economic advantages
associated with lean, heavily muscled carcasses. De Vries et al. (1995) suggested
therefore to use homozygous halothane positive terminal sire lines with halothane free
maternal lines in order to produce heterozygous slaughter pigs. In contrast, Glodek (1996)
proposed to develop a halothane free Pietrain line arguing that the increased level of PSE
meat is unacceptable. Furthermore, in western societies where animal welfare issues are
of high importance it might become ethically unacceptable to use a stress susceptible
terminal sire line. Therefore, the benefits and disadvantages of the halothane gene have to
be evaluated within each market and breeders must make their decisions accordingly.
However, given the availability of the molecular gene test the level of the halothane gene in
a breed can be now controlled.

RN gene

Given the availability of a commercial DNA-test (de Vries et al., 1997) the RN gene
could also be controlled and eliminated from a population as was done with the
halothane gene in some instances. However, advantages in better meat quality attributes
would have to be compared with possible losses in growth rate and carcase traits as
Enfilt et al. (1997) found a higher growth rate, a higher lean meat content and a larger
proportion of ham for carriers of the RN gene.

Further major genes

There are indications based on segregation analyses that single genes influence
cooking loss, drip loss, pH measurements, intramuscular fat content, shear force and
backfat thickness (Janss, 1996). Currently, genes are mapped for growth, carcase and
meat quality traits targeting chromosome four, six, eight and 15 (Nezer et al., 1996) while
the Swedish group found significant effects on meat quality traits on chromosomes two
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and 12 (Andersson-Eklund et al., 1996). It is therefore most likely that further major
genes or markers that are linked to quantitative trait loci (QTL) will be found in the
future.

Selection for meat quality traits within a breed

Ignoring meat quality traits in breeding programs will lead to a further decline in
these traits. Consequently, meat quality traits should be included in selection decisions.
For meat quality traits to be included in a selection index, knowledge of genetic
parameters for meat quality traits as well as genetic correlations with other production
and carcase traits is required. Such a set of genetic parameters has been obtained for
Australian pigs (Hermesch, 1996). However, meat quality traits are only measured within
the abattoir on relatives of breeding animals. Even if it is possible to record meat quality
traits in commercial abattoirs and return the information to breeders, information on meat
quality traits that is available when animals are selected is still limited thus inhibiting
possible genetic progress. These drawbacks would be overcome by the availability of a
measurement of meat quality on the live animal, enabling measurements of meat quality
on the breeding animal itself. Real time ultrasound in combination with integrated image
analysis might be a possibility to obtain some information.

Today’s consumers not only want pork of high quality but they also want this high
quality consistently. In the future, it will therefore not only be necessary to improve meat
quality but also to decrease variation in pork quality. Given that meat quality traits are
also influenced to a large extent by environmental effects (Hermesch, 1996) the joint
efforts of genetic improvement and improvement of all other aspects of pork production
influencing meat quality are required. .
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Abstract

Pork quality is still evolving as an area of intense interest as consumer demand for
tender, juicy and tasty meat strongly influences the focus of the industry towards the
quality of its products. The metabolism of glycogen is highlighted as a key determinant of
pork quality through its influence on the rate and extent of pH decline post-slaughter.
There is considerable genetic and nutritional scope for increasing muscle glycogen
concentration pre-slaughter so as to prevent dark, firm, dry (DFD) pork but the resulting
associated risk of increased pale, soft, exudative (PSE) pork would suggest that
increasing muscle glycogen is not beneficial. However dietary manipulation to reduce the
rate of glycolysis in muscle pre- and post-slaughter is of special interest since it will be
associated with a reduced incidence of PSE pork. The role of dietary tryptophan and its
effects on brain serotonin levels is discussed as a way of ‘calming’ pigs pre-slaughter. An
additional approach is to utilize dietary magnesium as a means of reducing the secretion
of catecholamines and so reduce the rate of post-slaughter glycolysis and PSE pork. The
regulation of fat texture at both the subcutaneous and intramuscular sites is then
discussed. The modern pig tends to show low rates of lipogenesis de novo and so
relatively small changes in the ratio of saturated/unsaturated fatty acids in the diet can
influence fat texture with decreases in the ratio being associated with softer fat. While the
consumer associates more unsaturated fat with the perception of improved health,
unsaturated fat has a softer texture and it is less desirable for the meat processing sector.
This dichotomy needs to be addressed. Finally the role of vitamin E in promoting meat
colour and reducing the incidence of PSE is discussed. Vitamin E supplementation is
associated with improved meat colour during storage and reduced lipid oxidation,
however the incidence of PSE is not reduced.

Introduction

Meat quality is a complex term involving many attributes that affect the
technological and sensory quality of pork. This review focuses on the potential for
nutritional modification of meat quality. The regulation of glycogen metabolism and the
potential for dietary control is first discussed. It is followed by considering the dietary
factors which can modify fat texture and quality.

Glycogen and pH
Regulation of glycogen metabolism

The rate and extent of post-slaughter change in the pH of pork is considered the
single most important cause of variation in pork quality (Bendall and Swatland, 1988).
The rate of pH and temperature decline in meat post slaughter influences protein
denaturation, and when the rate of muscle pH decline is rapid while the carcass
temperature is still high, then pale, soft, exudative (PSE) pork eventuates. When the
decline in pH is not sufficient the meat becomes dark, firm and dry (DFD), and when the
decline is too extensive the meat becomes pale and loses water resulting in lower cooking
yield (‘acid’ pork; Sellier and Monin, 1994). The post-slaughter change in pH is largely
based on the degradation of glycogen to lactic acid by glycogenolysis and glycolysis.

Glycogen represents the store of body carbohydrate with the quantitatively most
important reserves found in the liver and skeletal muscle. The role of hepatic glycogen is
primarily for the maintenance of blood glucose while the glycogen in skeletal muscle
represents an energy reserve that can be rapidly mobilised. Typically glycogen in muscle
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is mobilised during exercise, especially when the exercise calls upon a significant level of
anaerobic metabolism.

Glycogen is a large (MW=10") branched polymer of glucose with each glycogen
molecule associated with a protein primer and the enzymes of glycogen metabolism. The
protein primer, glycogenin is required to form the template for initial synthesis of glycogen.
The physiological role of glycogenin in the regulation of glycogen concentrations is poorly
understood. However there is potential for regulation of glycogen concentrations at this
step since it is the number of glycogenin primer molecules that will determine the number
of glycogen granules (Alonso et al., 1995). The maximum size of each granule is thought to
be limited due to inhibition of glycogen synthase as the glycogen molecule increases in size.

The relative balance between glycogen biosynthesis and breakdown is controlled by
regulation of glycogen phosphorylase and glycogen synthase. Anaerobic breakdown of
glycogen is designed to allow for a very rapid acceleration (<5 secs to attain Vmax) and
high final activity (high Vmax) (Sahlin, 1986). In contrast, synthesis is a more chronic
process lasting hours to days.

Glycogen synthesis in skeletal muscle typically requires blood glucose as the
substrate and is classically thought to be regulated at two steps; firstly, by the entry of
glucose into the cell, which is regulated by the transport protein GLUT4, and secondly by
the activity of glycogen synthase (Sugden and Holness, 1997). There is evidence for
regulation at both levels with glucose availability and insulin concentration in the blood
being key positive influences. Hormones such as the catecholamines strongly inhibit
glycogen synthesis as a result of 3',5'-cyclic adenosine monophosphate (cAMP) induced
phosphorylation of glycogen synthase. In addition, there is a more novel pathway for
glycogen resynthesis in muscle which has been shown to exist in the type IIb muscle fibres
of the rat after high intensity (sprint) exercise. During the resting phase glycogen
resynthesis occurs within the muscle fibre via a reversal of glycolysis which can become
thermodynamically favourable as a result of very high lactic acid accumulation (Palmer
and Fournier, 1997).

Regulation of glycogenolysis is the most relevant metabolic pathway affecting pork
quality, since this determines the rate and extent of pH decline. Glycogenolysis involves
activation of glycogen phosphorylase which breaks down glycogen to release glucose-1-P
for entry into glycolysis. The regulation of this step in skeletal muscle is by three primary
mechanisms (Murray et al., 1996). The classical pathway for activation of glycogen
phosphorylase is by the cAMP dependant cascade resulting in phosphorylation of the
enzyme. Catecholamine hormones and/or neurotransmitters are thought to be the
primary agents initiating this process, and accordingly physical activity and/or stress is
sufficient to elevate catecholamines concentrations which initiate glycogenolysis (Sahlin,
1986). This could lead to glycogen depletion pre-slaughter and associated DFD meat.
Alternatively, acute stress before or at stunning may result in an accelerated muscle pH
decline while the carcass temperature is still high, resulting in PSE pork. The mechanisms
for this are not entirely clear but may be related to changes in calcium metabolism.
Calcium is a potent activator of muscle contraction and glycogenolysis and the resultant
effect is for the rate of muscle glycolysis and pH decline to increase. Stunning procedures
such as CO, are associated with lower rates of PSE (Barton Gade, 1997) and this is likely
related to reduced catecholamine and calcium release at and after stunning,.

Muscle fibre type

Skeletal muscle is not a uniform tissue but instead consists of several different fibre
types. Type I fibres are slow contracting, while type II are fast contracting. The type I
fibres are split further into type Ila and type IIb. Type Ila fibres are fast contracting but
also have good aerobic activity and give muscle a red colour (along with type I fibres).
The metabolism of glycogen is different in the various fibres - type I fibres have low levels
of glycogen. Type Ila fibres have high levels of glycogen, a high rate of glycogen
resynthesis and loss of glycogen is least affected by acute stress. Type @b fibres have
lower glycogen levels, slower rates of glycogen synthesis and are the most susceptible to
acute stress-induced glycogen depletion (Monin, 1981; Holness ef al., 1997). The
metabolic differences between muscle fibres can be largely explained by the different



D.W. Pethick, R.D.Warner, D.N. D’Souza and F.D. Dunshea 93

enzyme complement of each fibre type (Table 3). The very high activity of glycogen
phosphorylase in combination with low activities of glycogen synthase and hexokinase
mean that type Ilb muscle fibres rapidly deplete and slowly replete glycogen levels.

Table 3. Enzyme activities for carbohydrate metabolism in rat skeletal muscle
(Adapted from Saltin and Gollnick (1983).

Enzyme activity for each fibre type
(umol of glucose converted /min/ g of muscle)

Typel Type lla Type Ib
Enzyme
Glycogen phosphorylase 14 115 171
Glycogen synthase 6 10 5
Hexokinase 2 2 0.8

The skeletal muscle of the pig generally has much higher levels of type IIb fibres than
the ‘red meat’ animals such as sheep and cattle. For example the m. longissimus dorsi of
ruminants has a ratio of type L:Ila:IIb muscle fibres of 50:40:10 (Suzuki, 1971;. Aalhus and
Price, 1991) while in the pig the ratio is 8:8:84 (Karlsson et al., 1994). Theoretically this
would make the pig susceptible to (i) loss of glycogen from muscle pre-slaughter
(i.e., DFD) and (ii) to an accelerated rate of glycogenolysis post-slaughter (i.e., PSE). In
practice the incidence of DFD in pigs is not different to those rates reported in ruminants.
(Barton Gade, 1997; Fabiansson et al., 1989). This may be attributed to the pig having a
reduced sensitivity to catecholamines when compared to the ruminant (Pethick and
Dunshea, 1996). In addition the decline in muscle glycogen during fasting is slower in
type II fibres compared to type 1 (Fernandez et al., 1995).

Fasting and sugar feeding

Fasting of pigs for up to 72 h pre-slaughter, in the absence of other stressors, has
minimal effect on muscle glycogen content, certainly insufficient to cause DFD . meat
(Fernandez and Tornberg, 1991). It is well-known that the stressful events that occur
between farm and slaughter, including loading and unloading, trucking, unfamiliar
environments, mixing and fighting in lairage can induce muscle glycogen depletion and
cause the occurrence of DFD pork (Fernandez and Tornberg, 1991). Activation of the
sympathetic nervous system is enhanced in rats undergoing food deprivation (Weick et al.,
1983) and this may also occur for pigs although no evidence has been produced to date.

A long waiting time at the abattoir is known to increase the occurrence of DFD pork
(Fernandez and Tornberg, 1991), thus sugar feeding to prevent the depletion of muscle
glycogen has been investigated. Diet composition does not generally affect the muscle
glycogen content of pigs if conventional energy sources are used. Sugar feeding in the last
tew days prior to slaughter can increase muscle glycogen content (Sayre et al., 1963).
Compared to controls, pigs provided with glucose in the water overnight during lairage
have higher muscle glycogen concentrations. This has the effect of reducing the ultimate
pH (pHu) of the meat from the high levels seen in DFD pork (pHu > 6.0) to the pHu of
normat pork (5.5-5.9), and thus prevents the occurrence of DFD pork (Fernandez et al.,
1979; Gallwey and Tarrant, 1979; Gardner and Cooper, 1979). It is not clear from these
studies whether muscle glycogen depletion was prevented or if repletion was enhanced.
The mechanisms need to be understood so that sugar feeding can be used optimally under
the range of situations which occur in commercial practice, and to determine if the sugar
feeding should occur on the farm or at the abattoir. The advantage of sugar feeding is
that it increases muscle glycogen content but by decreasing the propensity for the
occurrence of DFD, the propensity for PSE may be increased. The occurrence of DFD
pork has negative welfare implications as well as problems with reduced shelf life and
potential problems with food safety. Thus DFD is as undesirable as PSE and both need
to be prevented. The tendency towards producing PSE with sugar feeding would
particularly be the case for stress susceptible animals or abattoir systems where pre-
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slaughter stress is high. Also, it is clear that the occurrence of PSE pork results in an
economic loss to the pig industry as it is unacceptable to the consumer due to its poor
appearance and unacceptable palatability. However, the palatability of DFD is highly
acceptable to the consumer as the meat is very tender and juicy due to its high water-
holding capacity (Warner, 1994), and it is preferred for sausage manufacture. Thus a
decrease in the occurrence of DFD at the expense of a possible increase in the occurrence
of PSE pork is probably undesirable.

Exercise

Physical training is known to increase glycogen concentrations of skeletal muscle of
the pig (Essen-Gustavsson et al.,, 1988). The mechanism is poorly understood but in part
relates to changes in fibre type. The pig is usually housed intensively and so this mode of
control is probably of little practical importance.

Genetic influences

The discovery of the RN gene points to some level of genetic control of glycogen
concentrations in skeletal muscle . This gene is associated with an 80% increase in
glycogen level of muscle and a lower ultimate pH (pHu) of meat. The rate of muscle pH
decline in pigs carrying the RN gene is similar to genetically normal animals (Monin and
Sellier, 1985; Hermesch, 1997) suggesting that PSE pork is not associated with elevated
glycogen in muscle at slaughter. The high drip loss and poor cooking yield in pigs carrying
the RN gene is thought to be directly related to the lower than normal pHu (Lundstrém et
al., 1996). It is thought that the elevated glycogen levels drives the pHu lower than
normal. However the relationship between the pHu of meat and glycogen levels of the
muscle in RN gene carriers is not strong (Lundstrom et al., 1996) suggesting that factors in
addition to glycogen levels are involved.

The report of positive effects of the RN gene on taste and aroma intensity of cooked
pork is of interest and may be related to the low pHu (Lundstrém et al., 1996). However
it is possible that flavour- and aroma-facilitating compounds arise from the interactions
between protein and the ‘extra’ carbohydrate during cooking (i.e., the Maillard reaction;
Farmer, 1992). On this basis, elevated residual glycogen levels in meat may be associated
with improved flavours upon cooking.

Given the current level of understanding producers need to make a decision on
managing glycogen levels. Options include procedures for manipulation of glycogen levels
or utilising nutritional tools for slowing glycogen breakdown. The most appropriate ‘post
farm’ gate procedures will depend upon the financial incentives offered by processors.

Dietary regulation of glycogen breakdown
Tryptophan

The main hormonal responses to sudden stress are the release of neurotransmitters
in the brain which results in stimulation of the nervous system, and the release of stress
hormones into the blood stream which results in stimulation of muscle metabolism. The
relationship between stress and neurotransmitters in the brain may indicate ways of
reducing the response of pigs to stress and thus reduce glycogen breakdown pre- and
post-slaughter. Dietary tryptophan has been used to alleviate ‘hysteria’ in laying hens
(Laycock and Ball, unpublished), reduce the stress response of horses to transport, and
reduce pain sensitivity in mice and rats. Ball (1988) reported a relationship between
brain serotonin and stress susceptibility in market pigs and subsequently showed that
adding 5g of tryptophan/kg to the diet of finisher pigs for 5 d pre-slaughter resulted in
increased concentrations of serotonin in the hypothalamus and a reduction in the
incidence and severity of PSE (Ball et al., 1988). Warner et al. (1990) fed S5g of
tryptophan/kg of feed to finisher pigs for 5 d pre-slaughter and monitored their
behaviour in pens on the farm and at the abattoir. There was no difference in behaviour
on the farm between treated and untreated groups of pigs. When the pigs were exposed
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to the unfamiliar environment of the abattoir and mixed in lairage pens (within
treatments), the tryptophan-treated pigs were markedly less aggressive (see Figure 3) and
exhibited less mounting activity in the lairage pens than the control pigs. The tryptophan-
treated carcasses also had less blemishes but there was no difference in the meat quality.

200+
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—0O— Tryptophan

150

100+

Cumulative number
of aggressive acts

504

0

Time after arrival in the lairage pens (h)

Figure 3. Cumulative number of aggressive acts of pigs in separate lairage pens for the control
and tryptophan-treated pigs during the 3 h in lairage subsequent to arrival at the abattoir.

Magnesiﬁm Compounds {

Niemack et al. (1979) and Kietzman and Jablonski (1985) have shown that dietary
magnesium supplementation is effective in reducing the effect of stress in pigs by reducing
plasma cortisol, noradrenaline, adrenaline and dopamine concentrations. This has led to
the suggestion that magnesium supplementation may be a viable option for reducing
glycolysis pre- and post-slaughter and therefore improving meat quality (Kuhn et al.,
1981) .and reducing the incidence of PSE (Otten et al.,, 1992; Schaefer et al., 1993).
Magnesium is an essential cofactor for numerous metabolic and enzymatic pathways
(Stryer, 1988). Magnesium directly depresses skeletal muscle activity by antagonising
calcium at the site of the voltage gated channels in the pre-synaptic terminal which
prevents migration and exocytosis of vesicles containing the neurotransmitters to the
surface of the pre-synaptic junction. Thus magnesium causes a reduction in the secretion
of acetylcholine by motor-nerve impulses, which in turn reduces neuromuscular
stimulation (Hubbard, 1973; Hagiwara et al, 1974). Magnesium may be similarly
involved in reducing the release of catecholamines (noradrenaline and adrenaline) from
both nerve terminals and the adrenal glands (Classen et al., 1983; Herman and Brown,
1983; Kuhn et al., 1981; Kietzmann and Jablonski, 1985).

Otten et al. (1992) have reported that long-term (from grower to slaughter weights)
dietary magnesium fumarate supplementation (10 and 20 g magnesium fumarate/kg diet;
30-100 kg live weight) in pigs resulted in higher initial muscle pH and conductivity values
and less pale meat compared to pigs which were fed a standard finisher diet. Schaefer et
al. (1993) also reported that meat from pigs fed short-term dietary supplementation of
magnesium aspartate (40 g magnesium aspartate-HCl/pig per d for 5 d) displayed
reduced muscle temperatures at 45 min post-slaughter and a reduced % drip loss.
Dietary supplementation of pigs with magnesium aspartate at 40 g/pig per d for 5 d
increased plasma magnesium concentrations by 6%, reduced plasma noradrenaline
concentrations and resulted in lower % drip loss and less pale meat compared to pigs fed
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the control diet (D’Souza et al., 1997; see Table 4). While negative handling significantly
increased the % drip loss (2.4 %) in pigs from the control diet, there was no difference in
% drip loss in pigs fed the magnesium aspartate supplemented diet irrespective of the
handling treatment. The results presented in Table 4 demonstrate that the use dietary
magnesium aspartate supplementation in pigs can be used to reduce the effects of pre-
slaughter 'stress' in pigs and hence improve meat quality and reduce the incidence of PSE
meat.

Table 4. The effect of dietary magnesium aspartate (Mg Asp) supplementation and
pre-slaughter handling (minimum or negative) on plasma noradrenaline and
adrenaline concentrations, muscle glycogen and lactic acid concentrations in the
Longissimus thoracis at slaughter, and muscle pH decline and meat quality indicators
in the Longissimus thoracis at 24 h post-slaughter.

" Diet (D) Control Mg Asp P - values

Handling (H) Minimum Negative Mininum Negative sed D H DxH

Noradrenaline' 1.79 1.24 0.89 1.05 0.380 0.048 0.470 0.194
(nmol/ml)

Adrenaline' 0.40 0.43 0.32 0.33 0.085 0.150 0.729 0.945
(nmol/ml)

Glycogen' 8.4 6.9 9.6 9.4 0.818 0.003 0.136 0.292
(mg/g)

Lactic acid’ 3.8 4.2 3.2 3.5 0.420 0.036 0.229 0.671
(mg/g)

pH at 40 min 6.60 6.59 6.79 6.69 0.074 0.007 0.285 0.431

post-slaughter

Ultimate pH* 5.48 5.51 5.61 5.57 0.045 0.004 0.864 0.224

% Drip Loss® 4.0 6.4 3.5 3.5 0.824 0.006 0.047 0.047

Lightness-L* 48.7 49.1 452 . 474 1109 0.002 0.115 0.247

% PSE™ 8 33 0 0 - 0.050 0.280 0.093

'Measured at slaughter. *Measured at 24 h post-slaughter. °Exact contingency table test
used.

Recently reported compounds

The addition of high levels of L-carnitine (Vitamin Bt, up to 300mg/kg) has been
reported to improve the in vitro digestibility of muscle (Bonomi, 1995; as cited by
Mordenti and Marchetti, 1996) and reduce the paleness of pork (Sardi et al., 1996; as
cited by Mordenti and Marchetti, 1996). The addition of up to 150 mg/kg of niacin
(Vitarmun PP) in the diet for 7 d pre-slaughter may increase muscle glycogen content
although the effects on meat quality would need to be investigated in more detail (Piva et
al., 1995; as cited by Mordenti and Marchetti, 1996).

Acid and alkaline salts administered in the drinking water for 4 d pre-slaughter
have been found to influence pork quality; oral loading with 8g/1 of ammonium chloride
detrimentally affected pork quality whereas 12.6g/1 of sodium bicarbonate tended to
improve pork quality (Boles et al., 1993; 1994).

Dietary and other regulation of fat quality
Dietary fat and fat texture
Genetic selection and nutritional manipulation over the last 15 years have focused

on reducing the amount of subcutaneous fat with a corresponding increase in feed
conversion efficiency by the animal. However, anecdotal and scientific reports suggest
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that these putative improvements have been to the detriment of eating or processing
quality (Wood, 1993). Many of the flavour components (both positive and negative) are
found in fat and the reductions in fat content of the pig can lead to alterations in eating
quality. Although from a productive efficiency point of view it is desirable to reduce
excessive deposition of fat subcutaneously it may be advantageous to ensure that
intramuscular fat is not reduced to levels that compromise meat quality. Coupled to this
is the desire by consumers and health authorities to reduce the consumption of saturated
fatty acids while increasing the consumption of some of the n-3-polyunsaturated fatty
acids. Thus, many in the butchering and processing sector would prefer fat rich in
saturated fatty acids whereas the marketing sector and the health professionals would
prefer unsaturated fatty acids.

From a processors perspective poor fat quality manifests itself as soft fat and
lean/fat separation. With the trend towards producing leaner carcasses through either
genetic selection, use of intact males or dietary and hormonal manipulation there has been
an increase in the incidence of soft fat. In a review of the genetic effects on fat quality in
the growing pig, Metz (1985) concluded that the prevalence of soft fat in lean pigs was
due to decreased de novo lipogenesis and increased reliance on dietary fatty acids rather
than to any genetic predisposition towards preferentially depositing unsaturated fatty
acids. Subcutaneous adipose tissue triglyceride fatty acids are derived from either de
novo lipogenesis or are incorporated directly from dietary fatty acids. The principle fatty
acids produced de novo in pigs fed a fat free diet are the saturated fatty acids, palmitic
acid and stearic acid and the mono-unsaturated fatty acid, oleic acid (Leat et al., 1964;
Metz and Decker, 1981). However, inclusion of vegetable oils in the diet dramatically
increases the unsaturated fatty acid content of adipose tissue triglyceride (Leat et al.,
1964; Metz and Decker, 1981; Marchello et al., 1983; St John et al., 1987; Leskanich et al.,
1997). Fat firmness is largely governed by the degree of saturation of the triglyceride fatty
acids with soft fat being associated with unsaturated fatty acids. Therefore, there is
potential for dietary fatty acids to influence carcass fat quality. For example, in pigs fed
an isocaloric diet but differing widely in source and type of fat, there were high
correlations between individual fatty acids in the diet and in carcass fat (Hertzman et al.,
1988) with diets high in unsaturated fatty acids resulting in softer fat. Howevet, carcass
fat can be influenced by even moderate changes in dietary fat. Leskanich et al. (1997)
recently conducted an experiment with a relatively lean genotype where changing the
added dietary fat from 3% tallow: soybean oil (4:1) with 3% canola: fish oil (2:1) resulted
in softer subcutaneous fat, particularly over the shoulder.

In many parts of the world high dietary copper levels are used to promote growth
but high dietary copper has also been shown to increase the ratio of oleic to stearic acid in
the backfat of pigs through stimulation of desaturase activity (Moore et al., 1969).
However, the effects upon backfat softness are more profound than can be attributed to
gross fatty acid composition alone and other factors need to be considered. For example,
Moore et al. (1969) selected some back fat samples with similar fatty acid composition
but widely different melting points. After chemical randomisation of the position of the
fatty acids on the triglyceride molecule in vitro, the melting points of the backfat were
more uniform. Although individual fatty acids are preferentially incorporated into
specific positions in the triglyceride molecule, considerable scope does exist for positional
isomers (Brockerhoffe et al., 1966). The synthesis of positional isomers in turn may be
related to whether the fatty acid is synthesised de novo or of dietary source. Therefore, in
addition to fatty acid composition, position of the fatty acids within the triglyceride
molecule can be an important determinant of fat quality. Leskanich et al. (1997) cites
work from his PhD dissertation where inclusion of dietary polyunsaturated fatty acids
actually increased backfat firmness in the presence of high levels of linoleic acid,
presumably through specific changes in the distribution of triglyceride molecular species
(Leskanich, 1995).

Biotin is an important vitamin involved in the formation of malonyl CoA, a rate
limiting step in de novo fatty acid synthesis and chain elongation of linoleic and linolenic
acids. Therefore, lipid obtained from the subcutaneous adipose tissue of biotin deficient
pigs has low levels of the major saturated fatty acids synthesised de novo (palmitic and
stearic acids) while linoleic acid accumulates (Glattli et al., 1973). Increasing the level of
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biotin reduces the ratio of unsaturated to saturated fatty acids and so can have marked
effects upon fat quality.

While there is little evidence of genetic control over the deposition of
polyunsaturated fatty acids in subcutaneous fat (Metz, 1985), there are quite marked
genetic influences on the amount and type of fat deposited intramuscularly (Hermesch,
1997). There is also potential to alter the composition of intramuscular fat by dietary
means although not to the same extent as subcutaneous fat (Marchello et al., 1983). For
example, inclusion of sunflower oil in the diet increased the linoleic acid and decreased
the oleic acid content of intramuscular fat of pigs (Marchello e al., 1983). Leskanich et al.
(1997) were able to use dietary manipulation with canola and fish meal to increase the
levels of desirable unsaturated fatty acids in intramuscular fat. However, changes in the
fatty acid profile were not at the expense of saturated fatty acids nor was total
intramuscular fat altered. Rather, monounsaturated fatty acids were decreased. Many
fish meals are also rich in oils containing n-3 fatty acids and fishmeal is often used as a
protein supplement in pig diets. A problem with this approach is that meat can become
tainted with a “fishy flavour” if fishmeal is included at too high a level or for extended
periods of time. However, recent research has suggested that feeding 20% Porcmega
fishmeal for 6 to 10 weeks followed by a one week withdrawal can increase intramuscular
n-3 fatty acids without compromising handling and processing quality (Howe et al.,
1996).

A potential novel method of altering fat deposition for the future may be through
the dietary inclusion of conjugated linoleic acid (CLA). Conjugated linoleic acid has one
double bond in the cis and the other in the trans configuration with no methylene
interruption probably giving it a shape more like oleic acid. The fatty acid is found in
appreciable levels in dairy products and has been shown to increase feed efficiency in
rats, mice and chickens (Chin et al., 1994), and to decrease carcass fat content in mice
(Albright et al., 1996). It is possible that this fatty acid can be used to manipulate the
amount and type of fat deposited in pigs. It is worth noting that CLA itself is a potent
antioxidant and anticarcinogen. The former characteristic may ensure some protection
against oxidative rancidity while the health and marketing benefits of any anticarcinogen
effects are obvious. _

Vitamin E

The beneficial effects of dietary supplementation with Vitamin E on aspects of meat
quality in all major meat-producing species has been reported by various investigators
{see Mitsumoto et al., 1993 for review). The improvement in lipid and colour stability
during retail display of beef from cattle supplemented with Vitamin E (Mitsumoto et al.,
1991) and in the colour and lipid stability of pork from pigs supplemented with Vitamin
E (Monahan et al., 1992) can be attributed to the antioxidant effect preventing both lipid
and myoglobin oxidation. Dietary vitamin E has been shown to reduce drip loss of
thawed pork (Asghar et al., 1991; Monahan ef al., 1994) and fresh beef muscle (Mitsumoto
et al., 1995). It has been suggested that the basic mechanism reducing drip loss in muscles
from carcasses of vitamin E-fed pigs is alterations in muscle cell membrane permeability
to calcium. This is postulated to result in the reduction in rate of muscle glycolysis at
slaughter. Rapid rates of glycolysis post-slaughter result in the PSE defect, particularly in
pigs di-mutant for the ryrl gene (previously called the 'halothane' gene) (Duthie ef 4l.,
1989, 1992; Cheah and Cheah, 1985). Pigs which are di-mutant for the ryrl gene have
increased requirement for anti-oxidant defence mechanisms in the cells which results in
sustained oxidative stress. This oxidative stress that ryr1 pigs undergo is reported to be
alleviated by supplementation of the diet with Vitamin E (Duthie et al., 1989). However,
Asghar et al. (1991) and Monahan et al. (1994) attribute the reduced drip loss in the meat
of Vitamin E-fed pigs to a reduction in lipid oxidation in cell membranes. Conceivably,
this could reduce the movement of water across the muscle cell membrane post-slaughter.
Warner et al. (1995) found that feeding pigs di-mutant for the ryr1 gene 200 IU of Vitamin
E/kg of feed for 40 d pre-slaughter did not prevent the PSE condition and had no major
effects on water-holding capacity. However dietary supplementation with vitamin E
prevented lipid oxidation until 9 d post-slaughter whereas lipid oxidation in control
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samples increased to unacceptably high levels after 2 d post-slaughter and continued to
increase (Figure 4).
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Figure 4. Changes in lipid oxidation (TBARS value, mg malonaldehyde/kg of meat) for each
treatment with days of suspension post slaughter. Each point is a least squares mean of 3
(control; SE £ 0.093) or 5 (vitamin E; SE + 0.072) pigs.

Conclusion

Given the relative intensive nature of modern pig production and the increasing use
of specific diets, there is considerable potential to improve meat quality through
nutritional manipulation. The key role of glycogen and its metabolites in determining final
meat quality suggest that manipulation of muscle glycogen depletion and repletion is an
area to target. There is a risk that increasing muscle glycogen may result in an increase in
PSE pork. On the other hand, reducing the rate of glycolysis in muscle pre- and post-
slaughter through inclusion of dietary magnesium may be useful. The relatively low rate of
de novo lipogenesis in the modern pig means that deposited fat reflects dietary fat and so
can be easily manipulated. The difficulty here is balancing the requirements of the
‘processor with that of the consumer. Another means of manipulating meat quality is
through the inclusion of Vitamin E which has been shown to improve meat colour and
reduce lipid oxidation during storage.

Sympasium continued on next page
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THE EFFECT OF PRE-SLAUGHTER HANDLING ON MEAT
QUALITY IN PIGS

P. Barton Gade
Danish Meat Research Institute, 2 Maglegaardsvej, DK-4000 Roskilde, Denmark.
Abstract

Pre-slaughter handling affects the incidence of PSE and DFD meat, bruising, blood
splashing and other damage, and in addition, animal welfare. There are three implicated
parties in pre-slaughter handling: the farmer, the haulier and abattoir personnel and all
three must collaborate to get the best possible result. For the incidence of PSE and DFD it
is the interaction between genotype and energy reserves in muscle at slaughter that is
particularly important - at least until 24 h after leaving the farm. Over longer periods
energy levels can be built up again from body fat reserves with consequences for meat
quality. However, the few meat quality results that are available for long pre-slaughter
periods are conflicting. On-farm factors such as group size in pens and rearing pigs
outdoors affects behaviour at the abattoir, particularly aggressiveness, and hence the
incidence of DFD and unacceptable skin blemish. Stunning method affects the incidence
of PSE meat with electrical stunning leading to more PSE than CO,-stunning. Stunning
method is also important for the incidence of fractures and blood splashing. Stunning
with CO, does not cause fractures and gives a lower incidence of blood splashing
compared to electrical stunning. Better welfare during the pre-slaughter period reduces
trauma and mortality during transport and lairage, and the incidence of DFD. The
emphasis of research in recent years has mainly been on improving welfare. Loading and
off-loading have been found to be the most stressful parts of transportation, and
optimisation of these processes reduces stress and trauma. Optimal stocking densities
during transport are still a matter of debate but will vary depending on transport time,
genotype and climate. At the abattoir keeping pigs in small groups of 15 in the lairage
reduces aggression and promotes resting behaviour. Elimination of the lining up process
for stunning can remove the necessity for force completely, other than guidance from
moving gates. There are advantages and disadvantages in both electrical and CO,-
stunning in terms of welfare. In the future the industry must expect increasing demands
both with respect to meat quality and welfare, and customer requirements will be the
driving force behind future implementation of new developments.

Introduction

Denmark has always concentrated on quality rather than quantity in pig meat
production. Nearly 80% of the 20 million pigs produced annually are exported and this
export is important for the Danish economy, amounting to about 8% of the total export
earnings and employing about 6% of the working population.

Seen in a worldwide perspective, however, Danish pig meat exports amount to only
3% of the total export. This fact, together with higher production costs in the industry,
means that the country can never compete on quantity alone but must concentrate on
producing quality. Previously, quality was mainly defined in relation to the export of
bacon sides, but in recent years quality aspects have become much more diversified to
accommodate the requirements of different customer groups.

Denmark’s strength lies in the degree of integration within the industry. Most
producers are members of co-operative slaughterhouses. These in turn can have
processing facilities, sometimes in the slaughter plant itself, sometimes centralised in
processing factories. Members receive a bonus at the end of the financial year that
depends on the factory’s economy. Thus, in contrast to most other countries factory
economy does have consequences for Danish producers.

All producers are paid according to warm carcass weight and an objectively
measured lean meat percentage for both slaughter pigs and sows. They mainly buy
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breeding animals - or use semen - from the nationally approved system run by the
National Committee for Pig Breeding and Production.

There is a close collaboration between research institutions with respect to breeding
and disease prevention, and the Danish Meat Research Institute, which is owned and
financed by the industry, ensures that the latest developments in meat science, meat
processing and plant design are available to the whole Danish industry. Finally, a
national network of pig advisers ensures that the latest knowledge in breeding, feeding
and management reaches producers directly.

This integration means that quality goals are national and that quality aspects,
which do not have direct economic consequences for producers via the payment system
can, if necessary, be taken into account.

The pre-slaughter handling period can be divided into three main phases with three
implicated parties:

- farmer: preparation of pigs for slaughter
-haulier: loading, transport, off-loading
- abattoir personnel: resting period, moving to stunning, stunning and sticking.

Al three of these areas must be optimised to get the best result. The highly
integrated nature of Danish pig production has meant that there is the possibility of
improving all three concomitantly and the export orientation of the country has given the
impetus for this to occur.

The objectives of this review are to describe Danish experience in optimising pre-
slaughter handling as well as relevant results from the literature to give an update on
knowledge of its effect on meat quality and welfare, and to look into the next 15 years or
s0 to try to predict coming trends in this area.

What factors are affected by pre-slaughter handling?

Not all meat quality characteristics are affected by pre-slaughter handling, so that
this review will be restricted to the following:

- the incidence of pale, soft and exudative (PSE) and dark, firm, dry (DFD) meat
- transport and lairage mortality

- bruising, trauma and blood splashing

- ethical aspects

Previously, ethical aspects were not mentioned as a separate area, although they
have always been taken into account. They have been included in the term “meat quality”
as, all things being equal, better welfare leads to better meat quality. Today, welfare is a
quality factor in its own right, irrespective of whether a better treatment leads to better
meat quality or not, and hence must be taken into account when selling pig meat to
customers emphasising welfare. Emphasis on welfare is not yet universal and at present
is mainly a Northern European phenomenon, and although good welfare is difficult to
define (specifications vary with different customers), it nevertheless is a factor of
increasing importance. _

Great efforts have been made to get a definition of good welfare from customers
with a consensus that good welfare is equivalent to a treatment which “looks good”.
Exactly what is meant by this is then laid down in specifications that must be fulfilled for
that particular customer. Thus, observations of pig behaviour during pre-slaughter
handling are necessary to take ethical aspects into account. Pigs that move willingly
through a given system will “look better” than squealing pigs forced forward using goads.

Effect of pre-slaughter handling on the incidence of PSE and DFD
Much research has been carried out over the years on the effect of transport and

handling procedures on the incidence of PSE and DFD in pig carcasses. This research has
shown clearly that the effect of any pre-slaughter handling will be dependent on the
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genetic predisposition of the pigs concerned. Pre-slaughter handling is a chain of
interacting events that must be considered as a whole and treatment on-farm during
fattening and at the abattoir after slaughter can affect the incidence of DFD and/or PSE.
Identical experiments carried out in different countries can therefore give quite different
results, as such factors are seldom similar.

The Danish Meat Research Institute has worked extensively in the field of transport
and handling of pigs in the practical situation. The results of this work will be used to
illustrate important factors influencing meat quality. Experiments have shown that for all
practical purposes only those factors which affect energy reserves in the muscle at the
point of slaughter are important. Nielsen (1981) proposed the following scheme for the
relationship between genotype, energy reserves and meat quality:

Genetic Energy content in the Meat quality
disposition muscles at sticking
high normal
Normal medium normal
low DFD
high PSE
PSE medium normal - PSE
low DFD

Figure 5. Meat quality in relation to genotype and energy content in muscle at slaughter

Genetic disposition for PSE is, of course, highly (but not completely) dependent on
the halothane gene (Hovenier et al., 1992), and the energy content in muscles at the time of
slaughter by the presence of the RN2 gene (see review by Sellier and Monin, 1994).
However, the scheme does point to the factors that must be changed to get the required
quality.

The genotype of any group of pigs is fixed, so that it is only by regulating the energy
reserves in muscles that meat quality can be influenced in the practical situation. Various
conditions are important for the energy content of muscles (Figure 6).

Energy supplement « Feeding
v
Energy storage P | Muscles + liver + fat tissue
v
Energy consumption — Fighting, treatment, time
v |
Energy content at sticking _ Meat quality

Figure 6. Factors affecting energy levels in muscle at slaughter
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Through their daily intake of food pigs are supplied with sources of energy for their
growth and maintenance. Surplus energy is stored in the liver, muscles and fat tissue.
The longer the time between feeding and collection, the less is the available energy for
withstanding the rigours of transport and lairage.

During transport and lairage the energy consumption of pigs will be dependent on
the treatment they receive. Energy consumption will be quite different from pig to pig.
Some pigs will consume large amounts of energy - especially if they fight, other will have a
low consumption. Pigs genetically pre-disposed to the PSE-condition have a more rapid
energy turnover than pigs not so disposed. The duration of the transport and holding
period also affects energy consumption, the longer the time, the higher the energy
consumption. Weather conditions during transport also have an effect - hot weather
leads to a greater PSE-frequency, while extremely cold weather leads to a greater energy
consumption, and hence a higher DFD-frequency (Barton Gade, 1971, 1974).

Using the above information it would be expected that the PSE-frequency of any
group of pigs will increase with feeding on the day of slaughter, short transport and
lairage times and hot weather, while DFD-frequency, will increase with no feeding for
prolonged periods before slaughter, long transport and lairage times, fighting and/or
inconsiderate treatment and finally very cold weather conditions. This is indeed what is
found.

Nielsen (1981) compared pigs that had not been fed on the day of slaughter with
pigs that had been fed in the morning of the day of delivery for varying holding periods in
the lairage. The results showed higher percentages of PSE-meat in pigs which had been
fed and which had a short holding period at the factory, than was the case from pigs with
no feeding and with a long holding period. Carcasses from pigs which had not been fed
had the most DFD-meat and furthermore the DFD-frequency increased during the first
couple of hours of the holding period due to fighting.

Table 5. Incidence of PSE and DFD in relation to holding period for pigs fed or not
fed on the day of slaughter.

Meat quality Holding period (h)  No. of pigs Unfed (%) Fed (%)
% PSE' 0 204 7.8 13.1

2 206 5.8 7.5

4 205 2.9 4.0

24 104 1.9 2.5
% DFD? 0 175 2.9 3.4

2 174 17.0 10.3

4 177 12.2 6.2

24 81 20.2 7.4

'PSE was subjectively evaluated in M. gluteus medius and M. semimembranosus.
*Pigs were considered DFD when ultimate pH in at least one muscle >6.5 or in at least
two muscles >6.1.

The pigs in the experiment of Nielsen (1981) were Danish Landrace, i.e., did not
contain the RN2 gene. In pigs with this gene it would be expected that PSE-incidence
would remain higher for longer and that DFD-incidence would remain lower for longer.
Fernandez et al. (1992) confirmed that pH, did not increase with overnight lairage,
irrespective of whether or not pigs were held in mixed groups, when Hampshire crossbred
pigs (with a high frequency of RN2 but no Hal" gene) were used. On the other hand
Martoccia et al. (1995) and Warriss et al. (1996) showed that respectively longer transport
and longer lairage times increased pH, relative to short transport and lairage times in pigs
that were more or less free of the RN2 gene. The latter work also showed an increasing
frequency of pigs with unacceptable skin damage which has previously been shown to be
related to ultimate pH and DFD meat (Warriss and Brown, 1985).

The general scheme shown in Figure 5 is certainly valid at least up to 24 h after
leaving the farm. Over longer periods - such as with transport over long distances and/or
prolonged fasting periods, which can be with or without access to water - energy reserves
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in muscle can be built up again from fat depots with consequences for meat quality. The
published data (Lambooij, 1983, 1988; Lambooij and Engel, 1991) give conflicting results
with respect to meat quality, although the effects on loss of body weight are quite
consistent. Extensive British work in this field has shown that body weight loss begins 9-
18 h after the last feed and continues thereafter at 0.1% per h at least up to 48 h (Warriss,
1982; Warriss et al., 1983).

The scheme does not imply that increased stress levels at slaughter lead to.a higher
incidence of PSE in pigs. Some work does seem to show that severe short term stress,
particularly just before slaughter, does increase the incidence of PSE in pigs with high
energy reserves (Klingbiel and Naudé, 1976; Barton Gade, 1984), while Nielsen’s (1981)
and other unpublished Danish work seem to point to the fact that any increase in stress in
animals that have already been subjected to many unfamiliar situations will only lead to a
greater degree of exhaustion and hence a higher DFD-frequency.

Some on farm factors have been found to affect pig behaviour at abattoirs and
hence energy consumption before slaughter. Rearing pigs in groups of 12 led to more
aggression during 1 h of mixing in the lairage than pigs reared in groups of 36 and this
increased ultimate pH levels but decreased reflectance values (Hansen et al., 1989). Pigs
raised outdoors do not show the same exploratory behaviour and lay down to rest more
quickly in the lairage than pigs raised intensively indoors. Fighting, as such, did not occur
in the lairage (Barton Gade and Blaabjerg, 1989). Meat from pigs raised outdoors had
lower pH, and a low incidence of DFD-meat but also had a tendency to higher internal
reflectance values. Free range pigs must also be expected to have a better physical
condition than intensively raised pigs. Essen-Gustavsson et al. (1988) showed that
moderate exercise increased glycogen levels and oxidative capacity in muscles before
slaughter, thus leading to the possibility of lower ultimate pH-values and less DFD-meat.

Two other factors not associated with the above scheme affect the incidence of PSE-
meat: the method of stunning and the chilling regime. Only stunning method will be
considered here. Danish experiments have shown quite consistently that CO,-stunning
systems, irrespective of type of equipment, give less PSE than electrical stunning systems
(Table 6).

Table 6. Incidence of PSE in relation to stunning system: Overview (Barton Gade,
1996). -

L. dorsi Biceps femoris
Stunning No. of Probe value Probe value
Factory Method pigs Ave s % PSE' Ave s % PSE’
1 CO,-oval 3464 67 25.2 5.5 77 18.7 2.1
2 CO,-oval 1696 68 225 3.8 79 18.3 2.5
3 CO,;compact 3012 60  20.7 2.7 72 17.0 0.8
4 CO,;compact 524 63 20.1 23 66 18.4 2.3
5 El-restrainer, 255 81 269 12.2 76 18.2 2.0
70V v
6 El-restrainer, 1612 77 35.2 10.5 81 20.7 4.0
70V
CO,compact 1760 65 209 3.1 78 19.3 2.6
7 El-restrainer, 2639 82  33.3 18.5 84 28.8 15.1
300V
CO;compact 1587 66  21.9 4.0 71 17.5 1.4
8 El-restrainer, 1174 83  30.0 15.1 85 23.3 9.0
700V

'PSE was evaluated using a probe that measures internal reflectance values in the near
infrared range; values 2120 = PSE meat.
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The experiments in Table 6 were carried out under practical conditions on pigs with
a relatively low incidence of the halothane gene. In pig populations with a high incidence
of the gene, no difference between stunning methods has been found, as the genotype
dominates (Holscher et al., 1989).

One controlled experiment, which casts further light on the effect of stunning
systems in relation to meat quality has been carried out in Denmark (Barton Gade, 1984).
The aim of this experiment was not directly to investigate stunning systems as such. Its
aim was to investigate the effect of a stressful treatment immediately pre-slaughter on
pigs of known halothane genotype. However, different stress levels were attained by
using different stunning systems. -All other variables up to the point of driving to the
stunning were the same ,ie., breed, feeding/management, transport and lairage.
Transport was short (40 min) and pigs went to stunning directly from the vehidle, so that
variations in lairage conditions were eliminated. Treatment up to the point of driving to
stunning was extremely considerate and no force, such as electrical goads, was used to
move the pigs. ,

Some pigs were then slaughtered at abattoir A, where low voltage (70V) manual
stunning in a restrainer was used. Conditions at the entrance to the race were less than
optimal at this factory, so that a considerable amount of stress was unavoidable at this
point. Passage through the race, which was about 15 m long and contained a sharp bend,
also required force as did the transition between the race and restrainer. Slaughter speed
was 190 pigs per h.

The other pigs were slaughtered at abattoir B either using low voltage (70V)
electrical stunning on the floor or CO,-stunning in the compact equipment. Conditions in
abattoir B, which was used for training apprentices (slaughter speed 40-50 pigs per h)
were relaxed, and stress before stunning was minimal, e.g., no electrical goads were used.
With CO,-stunning pigs were driven singly or in small groups into a short (ca. 5 m) race
before entering the stunning equipment itself. The slaughter process was similar at both
factories and both used traditional batch chilling.

The results, which are summarized in Table 7, indicate that halothane susceptible
nn-pigs were relatively insensitive to changes in pre-slaughter treatment nearly always
showing PSE-meat irrespective of stunning method. On the other hand heterozygotes
(Nn-pigs) and pigs free of the halothane gene (NN-pigs) were highly affected by pre-
slaughter treatment. Electrical stunning in a restrainer thus gave 53% PSE in Nn-pigs as
compared to 25% for electrical stunning on the floor and 13% for CO,-stunning. The
corresponding figures for NN-pigs were 41%, 8% and 0%. Rigor development and pH-fall
after slaughter were fastest with electrical stunning in a restrainer and slowest with CO,-
stunning,

Table 7. Meat quality in pigs of known halothane genotype in relation to pre-
slaughter stress (Barton Gade, 1996).

Genotype nn-pigs Nn-pigs NN-pigs
Abattoir A B A B A B
Stunning method el-restr. el CO, elrestr. e CO, elrestrr e CO,
% in full rigor 2 63 48 19 31 17 0 8 0 0

l.dorsi 100 97 95 62 30 41 25 15 0
% pH<5.9? .

semimem. 69 69 62 17 25 6 25 0 0
% PSE® 100 93 90 53 25 13 41 8 0
% DFD* 0 0 0 2 0 0 0 0 0

'Handling at abattoir A was stressful; at abattoir B stress was minimal.

’Rigor and pH were measured objectively in M. semimembranosus 45 min after slaughter.
°Pigs were considered PSE if the soluble sarcoplasmic and myofibrillar proteins in M.
longissimus dorsi and/or biceps femoris was <0.150 units.

‘Pigs were considered DFD if at least 5 of the 7 muscles measured were higher than
normal.
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It should be stressed that the treatment in abattoir B in this experiment is much
more considerate than that possible under normal abattoir conditions where slaughter
speeds and stress levels are much higher. However, the results do supplement those
found with the previous random sampling very well (Table 6).

There is no doubt that the higher PSE-frequency with electrical stunning is due to the
stimulation of the carcass as the electrical effect is applied. Electrical stunning can
therefore be considered as a form of electrical stimulation, which is used in other
situations to accelerate post-slaughter processes. The clonic convulsions often seen after
electrical stunning also contribute to a faster pH-fall (McGloughlin and Davidson, 1966;
Overstreet et al., 1975) and the use of cardiac arrest, which reduces these convulsions
considerably, has been shown to reduce PSE-incidence in German pigs (Fehrenburg et al.,
1991). Similarly, Troeger and Woltersdorf, (1991) showed that convulsions during the
excitation phase of CO,-stunning increased when low (60%) CO,-concentrations relative
to high (280%) concentrations were used and this had a negative effect on pH-fall after
slaughter in both halothane positive and halothane negative pigs.

Effect of pre-slaughter handling on mortality during transport and lairage

Mortality during transport and lairage is highly affected by the frequency of the
halothane gene in a pig population. A comparison of transport mortality in seven
European countries carried out in 1993 showed clearly that mortality was highest in
countries where a significant proportion of the population was halothane sensitive
(Table 8).

0.14 —
0124 —— Transport
0.10 —24— Lairage
) —O— Total
-3
2 0.08
g
o 0.06
=
0.04
0.02
0y T T T T T T T T — 1
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996

Year

Figure 7. Transport and lairage mortality statistics for Danish pigs (Baltzer, 1997; unpublished
material).

In Denmark efforts to eliminate the gene from the breeding pig population were
started in 1986 and the effect of this can clearly be seen in the annual mortality statistics
in all slaughter pigs (Figure 7). In 1996 transport mortality reached a new low of 0.015%
and lairage mortality 0.006%.

Within any one genotype transport and lairage conditions do have an effect on
mortality. Nielsen (1981) showed that mechanical ventilation in single decked transport
vehicles reduced transport mortality by almost 50% compared to transport in similar
vehicles using natural ventilation only. Christensen and Barton Gade, (1996, unpublished
material) showed that transport deaths occurred only in the front compartment of the
lower tier in a double-decked vehicle optimised for pig comfort, i.e., in the compartment
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with the least effective ventilation. Group size in lairage pens affects lairage mortality,
and keeping pigs in groups of 15 corresponding to compartment sizes on most Danish
vehicles reduced mortality by more than half (Christensen, 1991, unpublished material).
Small group sizes reduce fighting and hasten resting behaviour (Barton Gade et al., 1992)
and this result would seem to indicate that lower stress levels do reduce mortality in
lairage. Extreme stress, which often occurs at the entrance to or in races can increase
heart rates so much that the heart goes into fibrillation. Deaths occurring in the race area
are undoubtedly due to heart failure.

Table 8. Transport mortality in relation to halothane genotype (Christensen et al,,
1994).

Country Pig population Transport mortality
Portugal - mixed '0.16%
Italy halothane negative - 0.10%
Belgium halothane positive' 0.30%
Germany halothane positive 0.50%
Holland halothane negative 0.16%
UK halothane negative 0.09%
Denmark halothane negative 0.03%

'"Tranquillizers used during transport
Trauma, bruising and blood splashing

Trauma, bruising and blood splashing are mainly caused by pre-slaughter handling,
whereas genotype and on-farm treatment play only minor roles.

Bruising and broken bones with massive haemorrhaging are due to inappropriate
handling procedures, where excessive force has been used or to poorly maintained
facilities, such as gaps in walls, where pigs can become trapped, or gates that come down
on pigs with too much force. Forcing pigs down steep slopes also increases the risk of
broken bones. . Slippery flooring, whether in the transport vehicle or at the abattoir, can
cause hip dislocation.

Forcing large pigs through small races causes bruising on the back and sides of the
animals, and race profiles that prevent animals getting under and over one another in the
race will reduce bruising in loins. The design proposed by Grandin (1982/83) is a good
example of this. :

The use of the V-belt restrainer where pigs are held, feet off the floor, and
automatically moved to electrical stunning has also been implicated in increasing skin
damage and bruising especially for pigs that do not enter the restrainer willingly and those
that do not lie quietly during restraint. Similarly, the restrainer in the compact equipment,
where the floor falls away as the gondola descends into the pit, has been shown to
increase skin damage compared to CO,-stunning with no race system or restraint
(Blaabjerg et al., 1990, unpublished material). The new development of a band restrainer
for pigs (Lambooij ef al., 1992) is said to reduce this problem for electrical stunning and in
the present CO,-equipment, at least in Europe, no restraint is allowed.

Superficial skin damage, which in the worst instances also affects underlying tissue,
is mainly due to aggression when unfamiliar pigs are mixed or, in the event of entire males
being produced, by animals riding one another.

Trauma, bruising and blood splashing can be affected to some extent by on-farm
factors. Some pigs are excitable and difficult to handle which will increase the need for
force to move animals forward and hence the risk of bruising and other damage. The
reason for this excitability is complex and there are probably both genetic and
management components. Grandin (1986) showed that regular positive handling and the
use of toys such as chains and pieces of rubber hose in farm pens to relieve boredom
made pigs easier to handle in general. Positive handling during fattening has also been
shown to affect a pig’s response to other humans and the behavioural response of a pig to
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one handler is likely to be extended to other handlers (Hemsworth et al., 1994, 1996a,
1996b).

Skin damage is also affected by on-farm factors. Group sizes on farms and whether
pigs are raised outdoors or raised intensively indoors have been previously mentioned.
Entire males are known to be more aggressive than females and castrates. In addition,
some pig breeds have been found to be more aggressive than others. A survey of
purebred animals, which had had little opportunity for aggression (no lairage), showed
that unacceptable skin damage was particularly associated with the Large White breed
(Table 9) and it has been commonly observed that crossbreeds containing Duroc and/or
Hampshire are less aggressive than crossbreeds containing Landrace and Large White
only. However, there is a wide variation in aggressiveness within a breed or crossbreed,
which may indicate a genetic component.

Table 9. Incidence of unacceptable skin damage in relation to breed (Barton Gade,
1984; unpublished material).

Breed Landrace Large White Duroc Hampshire
No. of pigs 1142 1553 565 148
Skin damage, % 1.0 4.9 0.2 0

At present the aetiology of blood splashing is not known completely. Two types are
distinguished, the so-called petechial haemorrhages which are circular up to pea-sized
(0.5 cm) and the so-called diffuse haemorrhages which are patches of varying shapes up
to 5 ¢m in diameter (Warrington, 1974). Blood splashing depends on the type of
stunning process used; electrical stunning leads to more blood splashing than CO,-
stunning (Table 10).

Table 10. Grams of blood splashed meat per shoulder in relation to stunning system
(Nielsen, 1976; unpublished material).

El-restrainer Co, Pre-slaughter
El-floor 70V Manual Autom. Oval Comp  treatment
Expt' Abattoir 70V 300V 700V
1 A 201 1-2 h transport
1 hlairage
2 A 278 Unknown
B 193
C 123
3 D 194 37 2-3h transport
1-6 h lairage
4 E 20 2-3h transport
F 5 1hlairage
5 G 145 Unknown
H 59
I 8

'Pigs were randomly chosen at different abattoirs, normally there was only one stunning
method per abattoir. The number of animals per experimental group was above 500
(Expts 1-4) or above 145 (Expt 5).

Diffuse haemorrhages occur in specific parts of the carcass with the shoulder area
being particularly affected. Blood pressure increases much more with electrical stunning
than with CO, and it is likely that the differences between the stunning methods with
respect to blood splashing are caused by the violent contraction that occurs as the
electrical current is applied in combination with the higher blood pressure.



P. Barton Gade ) 109

Fractures without massive bleeding, sometimes without bleeding at all, are found
exclusively with electrical stunning, again as a result of the initial application of electrical
current. Klovborg Larsen (1982) showed that high voltage stunning led to fractures in
over 1% of the pigs and it is well known that electrical stunning on the floor, irrespective
of voltage used, can give blade bone fractures, if stunning personnel do not follow the pig
down properly. Electrode placement is extremely important for just exactly where
fractures occur. Automatic electrode placement behind the ear mainly leads to spinal
fractures but, if head to back stunning is used, they can occur in the hip area and even in
the leg depending on the position of the rear electrode. Wotton et al. (1992) confirmed the
importance of electrode placement for fracture positions.

Effect of pre-slaughter handling on welfare

-The previous sections have considered many of the aspects that are important for
pig welfare pre-slaughter, since treatment that leads to low incidences of DFD (and
perhaps PSE) meat, skin damage and trauma as well as transport and lairage mortality
implies better welfare. However, such a conclusion does not take the psychological factor
into account. Moving pigs at the high speeds used on many abattoirs today is visibly
quite stressful to pigs as noise levels are high, especially on transfer from lairage pens and
during the lining up process immediately before stunning. Many such pigs will give good
meat quality if genotype is optimal and the pig avoids damage, so that welfare aspects
are insufficiently addressed using these measurements. Apart from behavioural studies
and registration of noise levels physiological measurements have been used for this

ose. :

PP Blood and saliva cortisol concentrations or heart rate are often used as a measure of
psychological stress, and blood lactate or creatine . kinase (CK) concentrations as a
measure of physical stress (Broom, 1996; Grandin 1997). Lysine vasopressin measured in
plasma is used as a measure of travel sickness during transport (Broom, 1996).
Physiological measurements can give information on differences among given treatments
but they still have the disadvantage that absolute values corresponding to unacceptable
or optimal welfare are not known exactly. Moreover, other factors than the ones being
investigated may affect levels, e.g., the halothane genotype has been associated with
higher blood CK concentrations. Lactate concentrations can be affected by the degree of
fighting to which a pig has been subjected. One possible approach is to use resting
concentrations as a basis for comparison but this presupposes that pigs should not be
stressed at all during the pre-slaughter handling period. In practice, of course, all animals
will be stressed in some way on leaving the home pen, being exposed to unfamiliar
individuals and unfamiliar situations such as transport and lairage. The important thing
is to ensure that stress levels are as low as possible throughout the handling period. The
decision as to exactly what constitutes good welfare in the last instance is a moral one
reflecting the ethics of society (Broom, 1988).

It is generally accepted that loading and off-loading are the most stressful parts of
transport and many studies have shown that heart rate increases at loading and then
gradually falls as the pig becomes accustomed to the transport, only to rise again at off-
loading (Schiitte et al., 1996; Christensen and Barton Gade, 1996). Moreover, careful
loading/off-loading lowered heart rates compared to a more conventional treatment, but
only slightly. Bradshaw et al. (1996a) showed that plasma cortisol concentrations
increased in pigs after loading and remained higher for longer for rough rather than
smooth journeys. Plasma concentrations of lysine vasopressin coincided with behavioural
observations of travel sickness. The quality of the transport vehicle, in particular its
vibration characteristics, have been found to be extremely important for pig comfort
during transport (Randall et al., 1996) and the vehicle used in this work was not optimal
in that respect. Bradshaw et al. (1996b) also investigated the effect of mixing unfamiliar
pigs during transport to slaughter in a commercial livestock vehicle for 1.5 h. Plasma
cortisol was highest in the mixed groups.

Similarly, it is generally accepted that ventilation in transport vehicles should be
sufficient for the climatic conditions encountered and ventilation requirements have been
based on practical experience rather than scientific research. Hence, transport vehicles in
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Finland, where outside temperatures can vary from -30°C in winter to +30°C in summer,
are enclosed with forced ventilation, whereas vehicles in Spain and Portugal, where
summer temperatures can reach +40°C are open with natural ventilation only. Danish
research into optimal ventilation openings and tier heights (Barton Gade and Christensen,
1996, and unpublished material) showed relatively little effect of the openings and tier
heights used on blood cortisol, lactate or CK concentrations for transport in a two-tiered
vehicle with optimal vibration characteristics (Randall et al., 1996) driven over good
roads. However, extremes of temperature were not encountered in this work, the
temperature range being mainly between +5°C and +25°C. Natural ventilation only was
used in these experiments to reflect current practice but the vehicle’s forced ventilation
was used in the routine transports when temperatures were above 25°C, as was the
showering (misting) system, which was used intermittently. Present recommendations are
to use forced ventilation and intermittent misting to cool pigs at temperatures above 25°C
but the effects of these procedures have not yet been scientifically investigated.

Optimal stocking densities during transport are still a matter of debate. The survey
of transport conditions in seven European countries (Christensen et al., 1994) showed that
the stocking density lay between 0.35-0.39 m?/100 kg pig for the majority of journeys
(Table 11).

Table 11. Stocking density during transport in seven European countries.

Country Stocking density
: m’/100 kg pig
Portugal 0.36 - 0.38
Italy 0.37 - 0.40
Belgium 0.38 - 0.39
Germany 0.36 - 0.46
Holland 0.32 - 0.35
UK 0.37 - 0.49
Denmark 0.34 - 0.36

Lambooij et al. (1985) suggested a figure of 0.425 m’/100 kg pig as a suitable
compromise between welfare, meat quality and transport economy for journeys of long
duration (2 d). Guise and Penny (1989) compared 0.3 and >0.4 m®/100 kg pig for a 200
km journey and concluded that welfare was compromised at the highest stocking density.
Skin blemish scores were higher and fibre optic probe values lower with 0.3 m?/100 kg
pig, probably as a result of higher ultimate pH values. Guise and Warriss (1989)
compared 0.3 and 0.4 m?/100 kg pig for a 192 km journey and found no significant effect
on meat quality, as did Nanni Costa et al. (1996) in a comparison of <0.4 and >0.6
m?/100 kg pig. Christensen and Barton Gade (1997) compared four different stocking
densities, 0.35, 0.39, 0.42 and 0.50 m*/100 kg pig for journey times of 2-3 h and found
that plasma cortisol and lactate were unaffected but that 0.50 m*/100 kg pig resulted in
lower CK concentrations. This was not, however, accompanied by differences in ultimate
pH levels. Of the meat quality characteristics investigated significant effects were only
found for skin damage, being least with 0.35 m’ /100 kg pig and most with 0.42 m’/100
kg pig. However, for most characteristics measured there was a significant interaction
with day of experiment, indicating that factors other than stockin% density have affected
the results. Pigs could support one another at 0.35 and 0.39 m® /100 kg pig but had
difficulty maintaining balance on cornering or on rough roads at 0.42 and 0.50 m’/100 kg
pig. More pigs sat and lay down at the higher stocking densities in this work. Follow-up
behavioural studies have confirmed this pattern for journeys of up to 2.75 h, and shown
moreover that pigs will fight during transport if given the space to do so. Fighting during
transport was also seen by Bradshaw et al. (1996) when pigs were mixed. Optimal
stocking densities will undoubtedly vary with transport time, genotype and climate, so
that it is not possible to give standard values which are applicable for all types of
journeys.

Investigations of treatment at the abattoir itself have mainly concentrated on
optimal lairage times and stress levels on movement to, and through, stunning systems.
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Lairage times vary widely in practice, from zero, when pig supply is outstripped by pig
slaughter, to overnight, when a reserve is needed to start-up next morning. In Europe
average lairage times are usually short. Geverink ef al. (1996) showed that average lairage
times in five Dutch abattoirs varied from 1-2 h, and in four Belgian abattoirs the average
was about 1.5 h. In Danish abattoirs the average is about 1 h. Holding pigs for such
short periods does not allow them sufficient time to recover from the stresses of
transport. Warriss et al. (1992) showed that 2-3 h were necessary to reduce cortisol
concentrations significantly. Optimal lairage times are, of course, dependent on
environmental conditions and Santos et al. (1996) showed that at temperatures above
35°C and 85% relative humidity pigs should be slaughtered within 30 min of arrival.
However, this conclusion was based on meat quality rather than physiological
measurements. '

In lairage, stocking densities of about 0.55 to 0.67 m’/100 kg pig have been
recommended (Warriss, 1994). In Danish experience 0.50 m?/100 kg pig is sufficient
when pigs only need access to water. Group sizes in lairage pens are generally large - 40
to 60 individuals and this has been found to reduce resting behaviour, as animals which
fight disturb others that are resting (Barton Gade et al., 1992; Geverink et al., 1996).
Fighting increases when unfamiliar pigs are mixed (Guise and Penny, 1989; Karlsson and
Lundstrém, 1992; Warriss et al., 1992), and Warriss and Brown (1985) showed that
lactate increases significantly in pigs that had been fighting before slaughter. Dividing
lairage strings into pens of 15 has been found to reduce aggression and promote resting
behaviour in Danish pigs, despite the fact that the group could be composed of pigs from
different farms or from different pens on the same farm. Using a group size of 15
corresponds to compartment sizes in most Danish vehicles, i.e., there is no further mixing
of individuals at the abattoir. The ideal would, of course, be no mixing at all during
transport and lairage but this is generally not possible in practice.

The use of water sprays or misting systems to cool pigs in hot environmental
conditions affects pig behaviour in lairage pens, especially when this is used intermittently
to maximise evaporative cooling (Weeding et al., 1993). Cooling reduces surface and
rectal temperatures and respiratory rate in pigs. Heart rates are also reduced and the
effect was observed at environmental temperatures as low as 10°C in German pigs
(Schiitte et al., 1996).

- Movement of pigs from the lairage to the stunning area, particularly the lining up
process immediately before stunning is very stressful for pigs, and stress levels increase
with higher slaughter rates. Warriss et al. (1994) showed that sound levels immediately
before stunning increased at higher slaughter rates, and that blood lactate and CK levels
were elevated in pigs subjectively assessed as stressed. Line speed varied between 100
and 300 pigs per h in this work, i.e., still relatively moderate. Weeding et al. (1993)
showed that there were differences between abattoirs with respect to CK and cortisol
concentrations in blood and that the difference was due to a combination of system
design and personnel experience at the factories concerned. There is much published
work on optimal design of this area (Grandin, 1982/83). All authors stress the need to
adapt plant design to pig behaviour to facilitate forward movement and this aspect
becomes increasingly important as slaughter rates increase.

Adapting plant design to pig behaviour has been extensively researched in Denmark
during the last 10 years, both in the lairage itself and in the area immediately before
stunning. In this work it has been the aim to adapt lairage design to accommodate pig
behaviour rather than the reverse. If systems are adjusted so that they facilitate forward
movement of pigs, then high slaughter rates can be achieved without undue use of force.
In fact, the aim of the research was to eliminate the use of force entirely, including that of
electrical goads, but with the exception of guidance from push hoist gates. Such gates
must clearly be finely adjusted to prevent animals becoming trapped in the system and
generally all gates are adjusted so that they stop when a counterpressure of 100 kg is
attained.

It proved impossible to move large groups of pigs from lairage pens without undue use of
force, simply because it was impossible for personnel to reach pigs causing a blockage.
Thus, keeping pigs in smaller groups was the only option. A system was therefore
developed that divided lairage strings into groups of 15 pigs using a series of flap gates
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and a push hoist gate for moving pigs into and out of compartments (Barton Gade et al.,
1992; Christensen and Barton Gade, 1997). Filling this system presented no problems
whatsoever. Pigs moved calmly and noise levels were equivalent to background level.
Emptying the small pen system is also easy. The push hoist gate moves above the heads
of the resting pigs as the flap gates open, thus alerting them, so that many stand up and
move along of their own free will. Correct lighting facilitates this forward movement.
Both filling and emptying pens is thus carried out without human intervention and with a
minimum of force being used, and is a major improvement in pig welfare. Heart rate
measurements could reach low levels (90 bpm) in resting pigs. The fully automatic system
has now been running since 1989 at one Danish factory, where pig movement out of the
lairage is presently carried out at a rate of 800 pigs per h. At lower speeds fully
automatic systems can be replaced by manually operated systems, that retain the welfare
level provided that design and utilisation is optimal.

Solving the problems in the lairage highlighted the difficulties that occur in the lining
up process and this formed the basis for a final development - how to get pigs
automatically from the small pen system to and through stunning with no use of force
other than guidance from moving gates. This precludes the use of a race completely. The
system was also designed to eliminate two other known stressors: isolation and restraint.
Pigs are social animals and do not like to be separated from one another. Restraint, such
as that seen in V-belt restrainers, is known to increase adrenaline and noradrenaline
concentrations relative to that in pigs electrically stunned standing freely on the floor
(Troeger and Woltersdorf, 1989). Moreover, post-slaughter glycolysis is accelerated
(Hunter et al., 1994). The alternative rail restrainer (Lambooij et al., 1992) is probably an
improvement to the V-belt restrainer, as pigs are mainly calm on the rail. The newly
developed system assumes therefore that stunning occurs in groups of pigs that are not
restrained in any way. Thus, CO,-stunning is used.

The total system, which has been tested in practice with 400 pigs per h but with a
potential of 800 pigs per hour, is comprised of three main elements:

- anarea where groups of 15 pigs divide themselves into smaller groups
- automatic transfer of these smaller groups to and through the stunning equipment
- asystem for presenting the stunned animals for shackling and sticking.

System for dividing pigs into
5 small groups (3x5 pigs)

Driveway D||4 D3
—ﬂ D2 - © ! R Cr
HG3 HG2 HG1
D1
: Box Box Box :
1 s3 S2 S1 - CO2-system
1 Rollers 1 1
| —Belt S —L
Shackling
Sticking

Figure 8. Drawing of the experimental system (Christensen and Barton Gade, 1997).

Pigs are driven manually with a pig board in groups of 15 into the system and a
sliding door, D1, is activated to close off the system. Pigs advance into areas A, B and C
and at the same time push hoist gate, D2, moves behind the pigs. Video cameras are
mounted above areas A and B. The number of animals are counted and when 5 have
entered A the sliding gate D3 closes and similarly for area B and gate D4. The remaining
pigs are brought up to area C by D2, and D5 is closed.
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In any group of 15 pigs there are 2-3 leaders, a number of followers and 2-3 timid
pigs and it is important that the leaders do not lose contact with the followers or the flow
will be interrupted. The labyrinth design slows down the lead pigs and keeps the group
together. Push hoist gate, D2, ensures that timid pigs enter area C. Again all moving
gates/parts are designed to stop at a maximum counter pressure of 100 kg so that pigs
are not forced forward or trapped in the system.

After subdivision, hoist gates HG1, HG2 and HG3 are raised and the opposite
walls in the dividing area guide the pigs into the stunning boxes, 51, 52 and S3. When the
walls reach their final position, the box wall is raised from the floor to close off each box
and the boxes are lowered sequentially into CO,. Pigs are rapidly exposed to high
concentrations of CO, (90% within 15 secs) and the through time is 120-140 secs. This
length of exposure allows a long stun-stick interval to be used, i.e.,, up to 60 seconds,
without pigs regaining consciousness before death intervenes via exanguination. This long
stun-stick interval was necessary in the experimental set-up, as the pigs are not orientated
when they are tipped out of the system and those from boxes B and C have a certain
distance to travel before reaching the point of shackling. When the box regains the top
position with the stunned pigs, they are tipped out on to rollers, where they glide down
on to a rapidly moving belt, which moves them along to the shackling point. Pigs are then
shackled and stuck. :

Pigs moved through the system easily without apparent stress, no vocalisation and
no intervention from slaughterhouse personnel. Noise level was on average 85 dB(A),
i.e.,, background noise. Heart rates actually fall as pigs move through the system from an
average of 155 bpm as they leave the lairage pens to 149 bpm after division into stunning
groups to 136 bpm on transfer to the stunning box.

The welfare aspects of stunning are still under debate. Here, an optimal process is
one that leads to a rapid loss of consciousness and a degree of unconsciousness that
ensures that the animal never regains consciousness before death intervenes via de-
bleeding. Two methods are in use for pigs: electrical stunning and CO,-stunning,

In theory the induction of unconsciousness is very rapid with electrical stunning,
although some concems have been voiced as to how fast animals actually lose
consciousness (Gregory and Wotton, 1985; Anil, 1991). This presupposes, however, that
sufficient current passes through the brain immediately on application of the tongs. In the
real world, tongs are sometimes placed incorrectly, insufficient current is often used, there
can be repeat stunning and contact to the skin can be poor. Pain before loss of
consciousness and in the worst instances paralysis without loss of consciousness can be
the result. The use of automatic systems and restraining devices eliminate many of these
problems but introduce a new stress factor - restraint. There is a conflict between
requirements for a correct stun and requirements for a low stress environment immediately
pre-stun that have not yet been solved for electrical stunning. The new rail restrainer
(Lambooij et al., 1992) is a step in the right direction.

Fast stun to stick intervals are necessary with electrical stunning (within 15-20
seconds) to prevent return of consciousness before death intervenes via exanguination.
The use of cardiac arrest eliminates this problem.

CO,-stunning suffers from the disadvantage that loss of consciousness is not imme-
diate. There are three phases in CO,-stunning:

- a phase of analgesia, where the pig progressively loses the ability to feel pain

- a phase of excitation, which sets in immediately after the animal loses
consciousness, where there is uncoordinated movement and vocalisation from
some animals

- a phase of anaesthesia, where the animal is deeply unconscious.

The first phase can be as short as 10-12 seconds, the second as short as 6-8 seconds
but depends on the CO,-concentration used. In paternoster systems with CO,
concentration of 85% at the bottom of the pit the first phase is typically between 20-25
seconds. Research carried out in Sweden and Germany has clearly shown that pigs
become unconscious immediately before the phase of excitation begins (Forslid, 1987; Ring
et al., 1988), so that welfare concerns are restricted to the first phase, where pigs
increasingly lose their ability to feel pain.
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In humans high concentrations of CO, are pungent and cause breathlessness
(Gregory, cited in Lambooij, 1990). Research carried out under laboratory conditions has
shown that the majority of pigs will avoid an atmosphere of high concentrations of CO, if
given the choice to do so (Raj and Gregory, 1995). Raj and Gregory (1996) have
interpreted the increase and depth of respiration as respiratory discomfort. The same
authors also reported that some of the pigs exhibited escape attempts during exposure to
CO,. On the other hand research carried out under both laboratory and practical
conditions in Germany, Sweden and Denmark show that pigs react very little to exposure
to high CO,-concentrations provided that exposure is rapid (Ring et al., 1997; Barfod,
Ring and Erhardt, Barton Gade - cited in Lambooij, 1990; Troeger and Woltersdorf, 1991;
Barton Gade, 1996). These workers consider the faster and deeper respiration as an
advantage because it facilitates the uptake of CO, and shortens the time to loss of
consciousness. The lack of reaction under optimal conditions could be due to fast
induction of analgesia so that, in effect, pigs do not feel discomfort during this phase.
However, this has yet to be confirmed via investigation.

Alternatives to high concentrations of CO, have been suggested (Raj and Gregory,
1995, 1996). 90% argon in air or a mixture of 60% argon and 30% CO, in air eliminate
oxygen and there is no reaction from the pig during the phase before loss of consciousness |
occurs. However, killing rather than reversible stunning is recommended with these gases,
as return to consciousness can be rapid, and the time needed to ensure killing means that
existing CO, stunning systems cannot be used. Moreover, the convulsions that occur after
loss of consciousness are extreme and may affect meat quality.

Codes of Practice for pre-slaughter handling of pigs

Any code of practice for the pre-slaughter handling of pigs must emphasise a
considerate treatment, which at the same time leads to a certain decrease in energy
reserves. Fighting among pigs should be minimised at all times. Improvements in handling
must be accompanied by genetic improvement via breeding programmes to keep the
number of susceptible pigs in the population at an acceptable level for the maximum
effect to be obtained. .

In Denmark the knowledge gained by the Danish Meat Research Institute during
many years of research has been assembled in a 13 point programme which was
introduced at the beginning of the 1980’s. This programme lays down guidelines for
producers, hauliers and abattoir personnel which ensure the following:

- good welfare

- good, uniform meat quality

- low transport and lairage mortality

- delivery ensuring protection of a herd’s health
- rational collection and transport.

Producers must slap-mark the pigs before the day of collection. The use of dye is
recommended as this means that the tattoo number remains visible and slap-marking can
be carried out at feeding or weighing pigs at a time convenient to the producer. The pigs
should not be fed in the 10-12 h before collection but have access to water. They should
be held away from the main herd in such a way as to prevent fighting and there should be
good access to the loading area.

Hauliers must provide a well-equipped vehicle with good loading facilities
(normally a tail-gate lift), adequate ventilation and non-slip flooring. There should be at
least one partition but preferably two. All lorries must be cleaned before leaving the
factory and they must not be overloaded. Driving should be careful with no unnecessary
stops on the way. Treatment should be considerate at all times.

Factories should have good off-loading facilities such as an adjustable ramp.
Electric goads should not be used to get the pigs off the lorry or when moving them from
the off-loading ramp to the lairage pens. Pens should have good ventilation, solid walls
and watering facilities. The holding period before slaughter should be at least 2-3 h. Pigs
should be driven to the race considerately by allowing them as far as possible to move by
themselves. At the entrance to the race the use of an electric goad may be necessary for
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some pigs but with a well-designed facility at least 70% should enter of their own volition.
Stunning should be with CO,, preferably in the Combi og Jumbo equipment, i.e., systems
which hold more than one pig in the gondola. Finally, there should be a person at the
factory who is responsible for the implementation of the programme. - Management
commitment to good handling is absolutely essential for the success of the programme.

This Code of Practice reflects Danish collection, transport and abattoir conditions
and modifications will be necessary for use in other countries.

Future developments in pre-slaughter handling

What developments can be expected during the next 12 years or so considering that
the meat industry is rather conservative and that generation interval in lairage equipment
at abattoirs is of the order of 20-30 years. Several trends affecting welfare and meat
quality are to be expected. '

Farms are increasing in size and integrated systems where the farmers have their
own genetic programmes, multiplication units, feed mills and production units, sometimes
directly affiliated to abattoirs, are becoming more common. These developments mean
that tailormade transport vehicles that ensure pig comfort to the greatest possible extent
become more economically viable and integrated systems allow the production of a pig
with the right meat quality characteristics for customers. Abattoir slaughter rates must be
expected to increase in general with negative consequences for welfare and meat_quality
unless systems adapted to pig behaviour are installed.

Ordinary consumers will place increasing emphasis on welfare and demand certain
minimum standards, when they buy meat. It is not the actual buyer in the shop who
makes the specifications but the supermarket chains, who take care of consumer
requirements. This development can be seen in full swing in Northern Europe, where the
various supermarket chains compete for consumers with a proliferation of “welfare”
productions. These can range from minor changes on farm to the production of organic,
free range pigmeat. Most of these concentrate mainly on on-farm conditions but there is
now an increasing emphasis on welfare during transport and at the abattoir with factors
such as no mixing of unfamiliar animals, holding in small groups at the abattoir and no
use of electric goads at all, being emphasised. How fast the new developments described
in this paper will be implemented will depend mainly on consumer pressure in this area,
although abattoirs renovating or building lairage pens will incorporate the latest
developments to a greater or lesser extent. -

A similar development will take place with meat quality where industrial buyers
will make increasingly detailed demands regarding the quality of the meat that they buy,
especially that for further processing.™Emphasis here is on final yields and quality of
processed product. Different market;\have different requirements depending on the
processed products they manufacture, but most will emphasise low levels of PSE and
blood splashing/bruising as well as a certain ultimate pH-level. Here developments will
depend mainly on the willingness of buyers to pay a premium on meat produced
according to specification.

Conclusions

. Pre-slaughter handling procedures have a profound effect on pig welfare and meat
quality factors such as the incidence of PSE and DFD, bruising and blood splashing. The
interaction between pig genotype and energy reserves at slaughter is found to be the
deciding factor for the incidence of PSE and DFD in a pig population - at least until 24 h
after leaving the farm, whereas stunning method seems to be most important for blood
splashing, least with CO,-stunning. :

The quality of transport vehicles, particularly the ventilation and vibration charac-
teristics are important for pig welfare during transport and systems at abattoirs that
reduce aggression and promote resting behaviour and that are adapted to pig behaviour
promote welfare at the abattoir. Welfare is highly affected by slaughter rate with more
force being necessary as rates increase. Systems are now being developed that are
adapted to pig behaviour and that run at high slaughter rates and are thus an option for
the future. .
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SYMPOSIUM CONCLUSIONS

R.D. Warner

Agriculture Victoria, Victorian Institute of Animal Science, Werribee, Vic., 3030.

The most important factor that will drive improvements in pork quality will be
value based marketing - payment for quality. Processors in the USA have used routine
measurements of the quality of incoming product to convey dissatisfaction with product
quality to abattoirs. This approach was successful in driving changes in abattoir
practices and resulted in a reduction in quality defects. The satisfaction of the end-user
with the product obviously determines the long-term viability of the industry. There is
increasing pressure in the pig industry to improve quality and the definition of best
practice has identified a number of gaps in our knowledge.

Hermesch (1997) described genetic influences on pork quality including the
halothane and RN genes and breed differences in intramuscular fat content and boar
taint. The use of marker assisted selection is recommended as a valuable tool for the
future. Ignoring meat quality traits in breeding programs will lead to a further decline in
these traits. It would be a short-sighted industry which chose to exclude meat quality
from selection indices as the inevitable result would be a decline in pork consumption.

Pethick et al. (1997) described the role of nutrition in determining meat quality and
the potential to strategically feed compounds to maximise quality. The control of
glycogen metabolism in relation to the occurrence of PSE and DFD is discussed induding
the use of therapeutic substances such as tryptophan and magnesium to alter the stress
response and reduce glycogen depletion. The reduction in subcutaneous fat levels in the
pig industry has been to the detriment of eating and processing quality. Many of the
flavour components reside in the fat and the composition of the fat determines the
acceptability in appearance and the healthiness to the consumer. Carcass fat can be
influenced by even moderate changes in dietary fat because in the lean pig, subcutaneous
adipose tissue is principally derived directly from dietary fatty acids. Dietary copper
and biotin influence the type of fatty acids which accumulate in the subcutaneous fat
stores. Dietary fat source has less effect on the composition of fatty acids in
intramuscular fat compared to subcutaneous fat. The potential for altering fat deposition
and fat quality through dietary inclusion of conjugated linoleic acid or Vitamin E are also
discussed. There is potential in the pig industry to use dietary manipulation to produce
novel pigmeat products for niche markets and this should be further explored. The paper
highlights the limitations in our present knowledge and stimulates a lateral-thinking
approach to the relationship between nutrition and pork quality.

Pig meat production in Denmark has emphasised quality as well as quantity for a
number of years. Barton Gade (1997) discusses the change in definition of quality to
accommodate the requirements of different customer groups. The strength of the pig
industry in Denmark is linked to the degree of integration with close links between
research and industry. Barton Gade (1997) includes ethical aspects of pork production
as an essential component of quality to the consumer. The importance of transport, pre-
slaughter conditions and stunning methods in influencing meat quality is discussed. Good
welfare of the pig equates to excellent meat quality. Thus in Denmark, the occurrence of
poor quality is a direct indication of unacceptable practices. The insistence by consumers
on welfare in meat production in Denmark and other European countries will inevitably
occur in Australia. Barton Gade (1997) also discusses aggression, blood splash, skin
damage and trauma during the marketing process and highlights the detrimental
indications for welfare. The need to adapt the design of abattoir handling facilities to pig
behaviour to facilitate forward movement is highlighted. The new system for pig
movement from pen to slaughter is presented which is fully automatic, does not require
human intervention and maximises pig welfare. Barton Gade (1997) emphasises that the
commitment of management to good handling is essential for the success of the program.
Future developments are predicted to include tailormade transport vehicles, negative
consequences of increased slaughter rates on pork quality, increasing consumer demand
for welfare and increasing intolerance of poor quality.
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In the year 2010, the pig industry will look back in amazement to 1997 and realise
how its perceptions and definition of quality have changed. The industry will be
measuring quality and the variation in quality will be minimal. There will be a precise
definition of the critical control points between conception and consumption which
influence quality using a ‘Palatability Analysis of Critical Control Points’ approach. Our
domestic and export markets will demand nutritious healthy pork which is produced
under clean and green condition. This will be achieved through continuous advancements
in the manipulation of genetics, nutrition and pre-slaughter handling to maintain a
prosperous pork industry.
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EFFECT OF STUNNING METHOD ON PIGMEAT QUALITY

H.A. Channon, A.M. Pengelly and R.D. Warner
Victorian Institute of Animal Science, Agriculture Victoria, Private Bag 7, Werribee, Vic., 3030.

Improved methods for stunning of pigs have the potential to improve carcass and
meat quality, consistency of product and animal welfare. In this study the effects of
carbon dioxide (CO,) stunning on carcass and meat quality factors in comparison to both
head only (HO) and head to brisket (HBR) electrical stunning were examined. A total of
30 Large White x Landrace entire male pigs were randomly allocated immediately prior to
slaughter to one of three stunning treatments: carbon dioxide (90% CO,); HO (1.3 amps
for 4 seconds) electrical stunning; HBR (1.3 amps for 4 seconds) electrical stunning. Pigs
were placed in a V-restrainer immediately prior to electrical stunning. Muscle pH and
temperature decline post slaughter were measured at 40 min (pHi), 90 min, 3 h, 6 h and
24 h (pHu) post slaughter. Drip loss, tenderness (Warner-Bratzler (WB) shear force, kg)
and surface lightness (L* value) were measured on the M. longissimus thoracis et lumborum
(LTL) at 24 h post slaughter. The rate constant (k) for pH decline was determined by
fitting pH data to an exponential decay equation. All carcasses were dissected 24 h post
slaughter and the amount of meat affected with ecchymosis (blood splash) in shoulder
primals was removed and weighed.

Table 1. Effect of stunning method on meat and carcass quality traits.

Meat quality attributes (LTL) Carcass quality

defects

Stunning k pHi  pHu L*value Driploss WB shear Ecchymosis

method (%) force (kg) (g meat/shoulder)

CO, 0.21° 6.62° 5.60 49.73° 278" 7.49% 8

HO 0.42® 6.57° 561 47.29° 293 8.12° 102*

HBR 0.69° 6.23* 5.60 50.47*°  4.51° 6.57° 117*

s.e.d. 0.15 0.08 0.03 1.14 0.40 0.49

P P<0.05 P<0.001 NS P<0.05 P<0.001 P<0.001 P<0.05'

**Means within columns with different superscripts are significantly different (P<0.05).
'Chi-square analysis for equality of means.

Muscles from HBR stunned pigs had a faster rate of pH decline compared with CO,
stunned pigs; HO stunned pigs were intermediate (Table 1). Muscle pH measured at 40
min post slaughter was also lower in HBR stunned pigs compared with CO, and HO
stunned pigs. Muscle from HBR stunned pigs was paler (higher L* value), had a higher
drip loss and was more tender compared with muscles from HO stunned pigs. The pHu
of muscles from pigs in all three stunning treatments were similar.

Differences in meat quality due to stunning treatment were probably directly related
to the rate of muscle pH decline during the early post mortem period. As a faster rate of
pH decline post-slaughter was found in LTL muscles from HBR stunned pigs, HBR
stunning may stimulate LTL muscles to a greater extent compared to those in HO and
CO, stunned pigs, which may in turn influence drip loss. Carcass quality was improved
by stunning with CO, as less meat was affected by ecchymosis in shoulder primals
compared with electrically stunned pigs. In conclusion, for processing plants which utilise
electrical stunning systems, the use of head only tongs may be better than head to brisket
tongs as the rate of pH decline post-slaughter is slower, resulting in lower levels of drip

loss.
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STUNNING OF PIGS: EFFECT OF METHOD, CURRENT LEVEL
AND DURATION ON CARCASS AND MEAT QUALITY OF PIGS

H.A. Channon, G.R. Trout*, A.M. Pengelly and R.D. Warner

Victorian Institute of Animal Science, Agriculture Victoria, Private Bag 7, Werribee, Vic., 3030. *Department
of Biological and Food Sciences, Victoria University of Technology, P.O. Box 14428, MCMC Melboume, Vic.,
8001.

Carbon dioxide (CO,) and electrical stunning (using different equipment
configurations and handpieces) are two methods used commercially in Australia to stun
pigs. Stunning of pigs using head to back (HB) stunning electrodes is considered to be
more humane, as this method induces cardiac fibrillation, compared with head only (HO)
stunning. Head to back stunning may result in broken vertebrae if the voltage applied is
too high, whilst muscle contraction, resulting from the application of electrical current may
contribute to an increased incidence of ecchymosis (blood splash). The aim of this study
was to determine the effect of stun duration, level of electrical current applied and
electrical stunning method used on carcass and meat quality of pork compared with that
of pigs stunned with CO,.

A total of 48 Large White x Landrace entire male pigs were randomly allocated
immediately prior to slaughter to one of six stunning treatments: carbon dioxide
(90% CO,, n=12); HO (1.3 amps for 4 seconds, n=8); HB (0.9 amps for 10 seconds, n=7);
HB (1.3 amps for 4 seconds, n=7); HB (1.3 amps for 10 seconds, n=7); HB (2.0 amps for
4 seconds, n=7)). The M. longissimus thoracis et lumborum (LTL) was used for
measurements of muscle pH and temperature at 40 min (pHi), 90 min, 3 h, 6 hand 24 h
(pHu) post slaughter, and drip loss and surface lightness (L* value) at 24 h post
slaughter. Carcasses were dissected into shoulder, middle and leg primals. All bones
were removed and assessed for bone fractures, and the amount of meat in pork shoulders
affected with ecchymosis was weighed and recorded.

Table 1. Effect of stunning method on meat and carcass quality traits.

Meat quality attributes (LTL) Carcass quality defects
pHi  pHu Drip L* Bone fractures  Ecchymosis
Stunning method loss (%) value (% of carcasses) (g/shoulder)

CO, 6.67° 5.62 2.39° 48.34 0 o
HO 1.3 Amp, 4sec.  6.59° 5.59 4.70° 50.53 25° 314°
HB 0.9 Amp, 10 sec.  6.51° 5.52  4.70° 49.51 28° 357°
HB 1.3 Amp, 4 sec. 6.28° 549 496" 50.17 56° 378°
HB 1.3 Amp, 10sec  6.50° 5.60 4.53° 47.83 28° 496°
HB 2.0 Amp, 4 sec 6.34® 5.51 5.70° 49.34 28" 351°
s.e.d. 0.09 0.09 1.00 172
P P<0.001 NS P<0.01 NS P<0.05' P<0.05

**Means within columns with different superscripts are significantly different (P<0.05).
'Chi-square analysis for equality of means.

Drip loss was higher in LTL muscles from electrically stunned pigs compared with
pigs stunned with CO,, regardless of stun duration or current level applied (Table 1). No
carcasses from CO, stunned pigs had ecchymosis-affected meat in the shoulder or any
bone fractures in contrast to carcasses from HB and HO stunned pigs. A higher incidence
of vertebral fractures occurred with HB stunning compared to HO stunning, regardless of
stun duration or level of current applied. In conclusion, both carcass and meat quality
were markedly improved when pigs were stunned using CO, compared to either of the

electrical stunning systems, irrespective of current level applied or stun duration.
Supported in part by the Pig Research and Development Corporation
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EFFECT OF HALOTHANE GENOTYPE, PRE-SLAUGHTER
HANDLING AND STUNNING METHOD ON MEAT QUALITY OF
PIGS

H.A. Channon, A.M. Pengelly and R.D. Warner
Victorian Institute of Animal Science, Agriculture Victoria, Private Bag 7, Werribee; Vic., 3030.

The effect of stunning method on pork quality has been determined using pigs of
different halothane genotypes (Barton-Gade, 1984), however the combined effects of
halothane genotype, pre-slaughter handling and stunning method of pigs in the same
abattoir has not been investigated. The aim of this experiment was to determine the
effects of halothane genotype, pre-slaughter handling and stunning method on meat
quality attributes of pigs, using a 2 x 2 x 2 factorial design. Seventy-six Landrace and
four Large White x Landrace pigs of known halothane status were transported 330 km
and slaughtered after overnight lairage. The treatments were: (G) Halothane genotype -
normal (NN) or carrier (Nn); (H) handling pre-slaughter - minimal or negative (an electric
goad applied 15 times 5 min prior to slaughter); (S) Stunning method - carbon dioxide
(90% CO,) or electrical (1.3 amp applied using head only tongs for 4 seconds). Data from
five erroneously allocated pigs were excluded (see Table 1 for numbers (n) per treatment).
Meat quality analyses were conducted on the M. longissimus thoracis et lumborum (LTL).
The rate of muscle pH decline post-slaughter (k) was determined by measuring muscle pH
at 40 min (pHi), 90 min, 3 h, 6 h and 24 h (pHu) post slaughter and fitting data to an
exponential decay equation. Drip loss and surface lightness (L* value) were determined
at 24 h post slaughter. Pale, soft and exudative (PSE) pork was classified as having a
drip loss 25% and a L* value >50.

Table 1. Effect of genotype (G), pre-slaughter handling (H) and stunning method (S)
on meat quality attributes of pork.

Genotype Normal Carrier

Handling Minimal Negative Minimal . Negative

Stunning CO, E CO, E CO, E CO, E sed Significance

n 9 10 9 9 10 10 9 9

k 0.21 0.18 0.47 0.3¢ 0.50 0.91 0.74 1.29 0.33 G+
pHi 6.68 6.61 654 6.56 6.29 6.14 6.05 5.91 0.13 G H*
pHu 5.47 552 558 5.45 5.65 5.39 5.38 5.40 0.09 GxHxS*

Drip loss 4.87 4.81 4.47 5.60 5.01 8.57 8.86 10.14 1.11 S**, GxH*
L*value  48.43 47.12 47.86 48.57 45.91 50.41 52.21 52.63 1.50 GxHxS*
PSE (%)' 33 10 11 11 20 50 78 100 P<0.05

'Chi-square analysis for equality of the eight means. *P<0.05, **P<0.01, ***P<0.001.

The rate of muscle pH decline post-slaughter was higher and the pHi was lower in
muscles from carrier pigs than normal pigs (Table 1). Muscle from negatively handled
carrier pigs had a higher drip loss, was paler and had a higher incidence of PSE meat
compared with pigs in other treatments. Meat from electrically stunned pigs had a higher
drip loss compared with that from pigs stunned with CO,. Overall, genotype was the
major factor influencing meat quality; carrier pigs were more likely to produce PSE pork
than normal pigs. In conclusion, carrier pigs should be identified on-farm and the
abattoirs notified accordingly so that appropriate pre- and post-slaughter management

systems can be implemented to minimise the incidence of poor meat quality.
Supported in part by the Pig Research and Development Corporation
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MANIPULATING MUSCLE pH FALL DURING POST MORTEM

P. Henckel, A. Karlsson and A. Just.

Department of Product Quality, Danish Institute of Agricultural Sciences (DIAS), Box 50, DK-8830 Tjele,
Denmark.

The rate and the extent of the decrease in muscle pH post mortem (pm) is important
for many meat quality characteristics (Monin, 1989). As the course of pH fall is
determined by metabolic factors at the time of slaughter, experiments including bouts of
physical exercise, adrenaline administration and fasting were conducted to manipulate
and standardize physiological states of the live muscle, mainly the concentration of
glycogen and creatine phosphate (Henckel et al., 1997). In this study, three of the models
were used to investigate the effects on the pm pH fall in M. longissimus dorsi (LD) in pigs.

Thirty female, halothane-free crossbred pigs from 10 litters were used (Duroc sires
X Danish Landrace and Large White dams). The pigs had free access to standard feed
from 30-100 kg live weight (LW). All pigs were reared in stables near the experimental
abattoir. One of the three littermates was slaughtered under minimal stress conditions
(Model A), the second was subjected to 10 min of treadmill exercise at a speed of 4 km/h
immediately before slaughter (Model B), and the third received 0.3 mg adrenaline/kg LW
subcutanously 15 h before slaughter, and was subjected to 5 min of exercise prior to
slaughter (Model C). All animals were stunned with CO,. Muscle biopsies were obtained
from the LD muscle 15 h before slaughter to determine resting levels of glycogen, and
immediately before and after stunning. Muscle pH was measured at 1, 15, 30 and 45 min,
and at 1, 3, 6, 24 h pm.

7.00 - —_—a— A Table 1. Glycogen concentrations
-—-6---B (pmol/g wet weight) in the LD muscle of
6.65 - % --—0—--C pigs at rest (15 h before), and
N O e e immediately before (pre mort.) and after
6.30 ° stunning, together with pH immediately
505 - after stunning.
| Model A B C

5.60 Glycogen at rest 78.21 77.68 76.00
' Glycogen pre mort. 65.80° 67.85° 26.10°

Time post matem(h) Glycogen 1min pm  62.20° 66.87* 21.15°

Figure 1. Changes in post-mortem muscle pH 1 min pm 6.86* 6.69° 6.89°

pH in Models A, B and C. *Values in rows with different super-

scripts are significantly different, P<0.05.

The three models induced significantly different time-courses of pH fall in the 24 h
pm period. Muscle pH 1 min pm was lower in Model B (P<0.001) than in Models A and
C. No difference in muscle pH at 24 h pm (pH,) was observed in Models A and B
whereas pH, in Model C was higher (P<0.001, Figure 1). Muscle pH measured within 1 h
pm did not show any significant correlations with pH,.

There were no differences in resting glycogen concentrations among the models
(Table 1). Glycogen concentrations following the mild pre-slaughter handling in Model A
were 15.6% lower than that at rest (P=0.12). Adrenaline administration (Model C)
caused a reduction of 67.4% in glycogen concentration compared to that at rest
(P<0.001). '

The muscle glycogen concentration prior to stunning was closely correlated with pH,
(r=-0.86, P<0.001). It is concluded that the muscle glycogen concentration prior to
stunning is important for the ultimate pH, and that a low pH within 1 h pm does not
signify a faster rate of pH fall but a lower pH at exsanguination.
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THE AVERSIVENESS OF CARBON DIOXIDE STUNNING IN
PIGS

E.C. Jongman, J.L. Barnett and P.H. Hemsworth
Agriculture Victoria, Victorian Institute of Animal Science, Werribee, Vic., 3030.

Carbon dioxide stunning of pigs is widely used in Europe. However, there are some
concerns about the effects on animal welfare, particularly due to the pungent nature of
CO,gas and the induction of breathlessness. The objective of this study was to examine
the aversiveness of CO, to pigs in comparison to an electric prodder (negative control).

Sixty Large White x Landrace 4-month-old boars were used in two experiments,
with two replicates in each. The pigs were trained to enter the CO, stunner crate over two
consecutive days, using a standardized route, where they were rewarded with pieces of
apple. After the training period, on the third day, pigs were assigned to three treatments.
Time to enter the crate during six sessions after the treatments were applied was used to
measure the aversiveness of the treatments. The treatments, which were applied once,
were: 1) Control, the crate descended either to the bottom of the CO, pit (Experiment 1)
or halfway down the CO, pit (Experiment 2), remained stationary for 10 sec and
ascended. 2) Electric Prodder, as for treatment 1, but during the stationary period the
pigs were remotely given two electric shocks with a cattle prodder. The electric prodder
was used as a negative control as its use is perceived by some sections of the community
as an ‘unacceptable’ practice, although it is used in the industry. 3} Exposure to CO,, as
for control treatment but without a stationary period, with the pit filled with CO, giving a
concentration of 90% CO, at the bottom of the pit (Experiment 1) and 60% halfway down
the pit (Experiment 2).

As shown in Table 1, there were significant differences (P<0.05) between the electric
prodder and the two other treatments during sessions 4 and 5 (Experiment 1) and 3 and
4 (Experiment 2). There were no significant differences between the CO, and Control
treatments in either experiment.

Table 1. Average times (sec) to enter the stunning unit on the day of treatment, with
the treatment applied during session 0 (C=Control; EP=Electric Prodder).

Experiment 1 Experiment 2

Session C 90% CO, EP SEM C 60% CO, EP SEM
0 23.6 23.9 23.6 30.6 30.2 27.0
1 22.0 27.0 25.9 3.34 31.9 37.3 46.3 11.18
2 21.4° 25.8 32.9° 3.79 31.6 37.2 50.7 9.42
3 ©18.2° 22.8 28.6¢ 2.80 32.2° 24.4° 55.9° 9.11
4 18.8" 22.3° 34,7 3.83 28.4° 26.6 48.4° 8.01
5 18.4° 23.1° 31.8° 5.28 24.8 21.1 349 654
6 18.5° 20.3° 31.9* 4.04 23.5 22.0 28.4 540

**#%*’Means in the same row (within the same experiment) with different superscripts

differ significantly: **P<0.05; »'P<0.01; *’P<0.001.

The results of Experiment 1 suggest that 90% CO, was considerably less aversive
than an electric shock with a prodder. However, during this exposure to CO, all pigs lost
consciousness which may have affected their memory of the procedure. In Experiment 2
pigs mildly hyperventilated, but did not lose posture. As in experiment 1, CO, was
considerably less aversive than an electric prodder. Further work is required to determine
if CO, becomes more aversive with longer exposure.
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THE EFFECT OF TEMPERATURE CONDITIONING ON MEAT
QUALITY OF PORK AFTER ACCELERATED PROCESSING

M.P. Rees, G.R. Trout* and R.D. Warner

Victorian Institute of Animal Science, Agriculture Victoria, Private Bag 7, Werribee, Vic, 3030. *Victoria
University of Technology, Werribee, Vic., 3030.

Accelerated processing or hot boning, has many economic advantages compared to
conventional processing but careful control of chilling is necessary to prevent cold
shortening. Improvements.in meat quality can be achieved in meat which undergoes
accelerated processing by controlling the rate of temperature decline prior to rigor mortis.
The objective of the present experiment was to determine the optimum pre-rigor
conditioning temperature for M. longissimus thoracis et lumborum (LTL) to maximize meat
quality. At thirty minutes post slaughter, the LTL was removed from both sides of the
carcasses of eight Large White x Landrace finisher pigs (carcass weight, 72 kg; P2, 22 mm)
and split into two. The four sections of LTL from each carcass were randomly allocated
to conditioning temperatures of 0, 7, 14 or 21Cin temperature controlled water baths and
held until 1 h after rigor mortis, as defined by pH<5.7. At this time the samples were
assessed for surface lightness (CIE-L*), cooking loss, sarcomere length, tenderness
(Warner-Bratzler peak shear force) and drip loss (fresh). After 4 d of ageing post
slaughter (aged), the samples were again assessed for the above measurements and purge
levels (moisture lost during storage) were also determined.

Temperature conditioning at 0°C resulted in increased drip loss, cooking loss and
decreased sarcomere length in the fresh samples relative to muscle held at 7, 14 or 21°C
(data analysed by analysis of variance). After ageing, muscles held at 0°C had a darker
colour, decreased tenderness, shorter sarcomere length, and increased purge relative to
muscle held at 7, 14 and 21 C (Table 1). Although improvements in tenderness were seen,
all muscle samples would still be considered slightly tough. A shear force value of <5 kg
is considered to be acceptably tender by the consumer. Overall, pork which undergoes
accelerated processing at conditioning temperatures of 14 and 21°C will produce the most
tender meat after 4 d ageing. In addition drip loss is reduced, although the surface
lightness is paler relative to the LTL muscle held at 0°C.

Table 1. Treatment means for meat quality measurements for accelerated-processed
pork M. longissimus thoracis et lumborum after temperature conditioning at 0, 7, 14 or
21°C.

Conditioning temperature Significance
0C 7C 14°C 21°C P SED
Drip loss (%) 3.94° 2.61° 221° 295 P<0.01 0.447
CIE-L* fresh' 42.41 4349 4440 4452 NS° 0.861
CIE-L* aged’ 47.54" 49.14" 50.69° 50.14° P<0.001 0.496
Shear force (kg) fresh 9.94 9.35 9.31 8.08 NS 0.933
Shear force (kg) aged 10.51*  8.08° 6.55° 7.21* P<0.001  0.597

Sarcomere length (um) fresh  1.30° 1.60° 1.58" 1.47°  P<0.01 0.077
Sarcomere length (um) aged  1.45° 1.67° 1.69° 1.65° P<0.001 0.049

Cooking loss (%) fresh 33.19* 29.87"° 30.48° 27.98° P<0.001 1.124
Cooking loss (%) aged 36.10 36.54 36.72 37.16 NS 0.568
Purge (%) aged 6.27° 483"  350° 348" P<0.01 0.857

***Within rows, means with different superscripts are significantly different (P<0.05).
'fresh = 60 min post rigor. ‘aged =4 d post slaughter. °NS = not significant.
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CLEARANCE OF SKATOLE FROM PIG FAT AFTER EITHER
IMMUNOCASTRATION OR DIETARY INULIN SUPPLEMENTS

I. McCauley, F.R. Dunshea*, L. Sali, L. Salvatore, D. Hennessy**

Agriculture Victoria, Victorian Institute of Animal Science, Attwood, Vic.,, 3049. *Victorian Institute of
Animal Science, Werribee, Vic., 3030. **Commonwealth Serum Laboratories, Parkville, Vic., 3052.

Boar taint is an unpleasant odour perceived by consumers when pork from certain
boar carcasses is cooked and eaten. This odour has been correlated with high levels of
~skatole (SKA) and androstenone. Skatole is produced by bacterial fermentation of
tryptophan in the hind-gut and a proportion is deposited in fat tissue. Skatole tends to
be higher in boars, and levels that are perceived as tainted (>0.2 pg/g fat), are almost
exclusive to them. High protein turnover in the hind-gut favours high SKA in the carcass
but Claus ef al. (1994) has shown that short term supplementation with inulin, an
indigestible, but fermentable carbohydrate, leads to a sharp decline in the concentration of
SKA in gut, plasma and fat. In addition, castration (surgical or immunological) reduces
SKA compared to entire boars. The aim of this experiment was to determine the changes
in SKA concentrations following immunocastration and dietary inulin supplementation.

Twenty-four boars (slaughtered at 24 weeks) were assigned to one of three
treatments: Immunocastration (IC) with a Gonadotrophin Releasing Factor (GnRF)-based
antigen, vaccination took place 8 and 4 weeks before slaughter; inulin supplementation
(IS) of the diet (2.5% by weight) for the last 14 d before slaughter; and control (C), pigs
were not vaccinated and were fed a standard finisher ration. Shot biopsy samples from
the P2 region were taken at 28, 21, 12, 7 d before slaughter and equivalent samples were
taken at slaughter. Skatole in fat was measured by HPLC using fluorescence detection.
Results were analysed by ANOVA corrected for repeated measures.
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Figure 1. Effect of IC and IS on skatole in fat. The IC boars were given the second dose of vaccine
at 28 d before slaughter. Mean values (+ SEM) indicated by (%) are significantly different to
values at the start of the trial, for that treatment (P<0.05).

Overall, concentrations of skatole in the pigs were quite low but increased slightly in
the control treatment over the study period. In the IC group skatole concentrations
declined after a boost dose of the vaccine, and at slaughter were significantly lower than
at the start of treatment (Figure 1). Skatole declined 2-5 d after the change to an inulin-
supplemented diet, but rebounded to be significantly higher than pre-treatment
concentrations at slaughter. A similar pattern was noted by Claus ef al. (1994), although
the mechanism is unknown. Even low concentrations of skatole in fat can be reduced by
immunocastration although it takes up to 4 weeks to produce a significant decline. Inulin
has a prompt action in reducing skatole but timing is important if the elevated

concentrations which occur after 7 d of dietax&y supplementation are to be avoided.
Supported in part by the Pig Research and Development Corporation
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EVALUATION OF THE ELECTRONIC NOSE TO DETERMINE
TAINT IN PORK FAT :

L. Salvatore, K. Butler, I. McCauley and G. Trout*

Victorian Institute of Animal Science, Attwood, Vic., 3049. *Victoria University of Technology, Werribee,
Vic., 3030.

Boar taint is detected as an unpleasant odour in meat or fat from some entire boars.
Skatole (Sk) and 5o-androstenone (5¢) are thought to be the major compounds
contributing to the taint. There is an industry requirement for an objective, rapid method
for the detection of boar taint. One recent approach for odour detection is to use an
Electronic nose (E-Nose™) which utilizes multi electronic sensors to develop an odour
fingerprint. The objective of this preliminary study was to determine if an electronic nose
could discriminate among the odour of fat from females, castrates and entire males.

Samples of bellyfat were collected at slaughter from the carcasses of 12 Large White
x Landrace pigs (70-110 kg body weight). The pigs were from a commercial piggery where
they had been offered a finisher diet ad libitum, and had been fasted for 24 h prior to
slaughter. The concentrations of 5a and Sk were measured in the fat according to the
HPLC method of Hansen-Mgeller (1994). The samples were also analysed using the E-
nose 4000™ (Neotronics Scientific). Fat samples (20g) were cut into five pieces and left
at room temperature for 30 min prior to analysis. Each of the 20 g samples was placed in
the E-nose™ chamber which was purged and equilibrated with ultra high purity nitrogen
to develop a headspace The sensors were then exposed to the odour of each sample
twice and odour profiles were developed. »

Results of chemical analysis by HPLC showed that fat from female (n=3) and
castrate (n=3) pigs had 5o concentration <0.20 pg/g and Sk concentrations <0.06 pg/g.
Fat from entire boars (n=6) had 50 concentrations between 0.20-2.77 pg/g and Sk
concentrations between 0.03-0.67 pg/g. The output from the E-nose™ sensors was
analysed by multi-discriminant analysis using Unistat. The results are illustrated in
Figure 1 and indicate that the odours from the fat of females and castrates are in a similar
category, whereas the odours from the fat of entire males were in a separate category.
Within the boar group there was an indication of segregation according to the
concentration of taint compounds. This separation however was not complete possibly
due to the small number of samples and the limited range in the concentration of taint
compounds. Further work is currently underway to determine whether the E-Nose™ can
distinguish between high and low levels of taint.
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Figure 1. Multi-discriminate analysis on the E-nose data set from fat samples from females (0),

castrates (@), boars with low taint (Q), and boars with high taint concentrations (A).
Supported in part by the Pig Research and Development Corporation

References
HANSEN-M@ELLER, J. (1995). Journal of Chromatography B: Biomedical Applications. 661:219-230.



132 MANIPULATING PIG PRODUCTION VI

PREDICTING THE CRUDE FAT CONTENT OF PIG CARCASES
USING NEAR INFRA-RED SPECTROPHOTOMETRY (NIRS)

J.D. Nuttall, C.]J. Brewster*, R.H. King** and R.]J. van Barneveld

South Australian Research and Development Institute, Pig and Poultry Production Institute, GPO Box. 397,
Adelaide, SA, 5001. *Bunge Meat Industries, PO Box 78, Corowa, NSW, 2646. **Victorian Institute of Animal
Science, Private Bag 7, Sneydes Road, Werribee, Vic., 3030.

Crude fat content is routinely measured in pig carcases as part of nutritional and
physiological experiments. Traditional wet chemistry methods used to determine crude
fat content (ether extracts) are expensive and time consuming. The aim of this study was
to examine the potential for near infra-red spectrophotometry (NIRS) to be used as a
rapid and inexpensive technique for the accurate prediction of crude fat in ground freeze-
dried (GFD) or wet (GW) samples of pig carcases.

The GW samples (n=58) were from carcases (head, trotters, tail and hair off) split
longitudinally down the midline, ground through a commercial butchers mincer and
subsampled prior to analysis. The GFD samples (n=79) were from carcases (head off,
trotters, tail and hair on) prepared as above and freeze-dried prior to analysis. All
samples were analysed for crude fat (AOAC, 1984). Reflectance spectra were recorded
on an NIRSystems Model 6500 NIR Spectrophotometer over the wavelength range 1100-
2500 nm at 2 nm intervals. Equation development and statistical analysis were
performed using ISI-NIRS 3.00 software. Calibrations were developed using 69 GFD
samples (CF (mean + SD) =478 + 99 g/kg dry matter (DM); range 243-630 g/kg), and 48
GW samples (CF=122 + 28 g/kg as received (AR); range 71-180 g/kg). The remainder of
the samples were used as validation sample sets (GFD: CF=426 + 89 g/kg DM, range
273-580 g/kg; GW: CF=118 1 15 g/kg AR, range 99-148 g/kg).
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Figure 1. Scatter plot of NIRS predicted crude fat values vs laboratory predicted crude fat values
in i) ground freeze-dried (GFD) and ii) ground wet (GW) pig carcase samples.

The coefficients of multiple determination (R?) and standard errors of cross
validation (SECV) of the prediction equations were R’=0.98, SECV=1.80 and R’=0.96,
SECV=0.65 for GFD and GW samples, respectively. Evaluation of the prediction

_ equations using separate validation sample sets demonstrated high correlation
coefficients (r*) and low standard errors of prediction (SEP) between NIRS and wet
chemistry methods of determining crude fat, for both GFD (1’=0.98, SEP=0.997,
SD/SEP=8.9) and GW (r’=0.92, SEP=0.462, SD/SEP=3.2) carcase samples (Figure 1).

These preliminary results demonstrate potential for using NIRS as a rapid method

for the accurate determination of crude fat in samples from pig carcases.
Supported by the Pig Research and Development Corporation, Grain Research Development Corporation and
Grain Pool of Western Australia
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SHELF-LIFE OF AUSTRALIAN PIG CARCASES AND MEAT

V. Kolega, K.J. Coates*, M.D. Barton, S. Barlow*, M. Groves", D.R. Hamilton**,
P.R. Widders* and A.M. Pointon*** .

VETLAB, Glenside, SA, 5065. *Victorian Institute of Animal Science, Attwood, Vic., 3949. **Australian
Quarantine Inspection Services, VETLAB Glenside, S.A, 5065. ***South Australian Research and
Development Institute, SA, 5001.

The microbiological shelf-life of Australian pork was investigated as part of the Pig
Meat Hygiene Project. In order to promote consumer confidence and maximize storage
time this survey was undertaken to determine the shelf-life of fresh pork in retail outlets
and give an indication of shelf-life of pork carcases at the abattoir. The prospective shelf-
life of meat is indicated by the numbers of Pseudomonas spp. and the Total Viable Count
at 4°C (TVC 4°C). Estimates of shelf-life (days) of fresh meat were determined using the
Predictor™ software (predictive model for Pseudomonas growth).

Ten paired butterfly steaks were purchased within 1 hour of boning from 10
different retail outlets in each Australian capital city on two occasions. Samples were
purchased from supermarkets and butchers, at a ratio of 7:3 which reflects current retail
trends, and were kept at 4°C until processed in the laboratories (VETLAB and VIAS).
An area of 2 x 20cm?® of fresh meat was swabbed (Kitchell et al., 1975) and the swabs
were placed in 30mL of buffered peptone water. A total of 680 carcase swabs was
collected from randomly selected carcases (pre-chilled) at 18 abattoirs over a 12 month
period. Each sample consisted of 3 x 20cm® swabs, from the jowl, flank and rump, in
30mL buffered peptone water using the wet/dry swabbing method (Kitchell et al., 1975).
Sampleés from meat and carcases were processed by Australian Standard methods and
results are presented in Tables 1 and 2.

Table 1. Mean TVC 4°C and Pseudomonas numbers on fresh meat from retail outlets,
and predicted shelf-life.

Log TVC/cm® . Log Pseudomonas/cm®  Shelf-life in days @ 4°C
Supermarket  Butcher Supermarket Butcher Supermarket Butcher -
Mean 3.62 3.95 3.19 3.51 4.53 4.28
Table 2. Mean TVC 4°C for carcasses from abattoirs.
Minimum mean Maximum mean Overall works mean
Log count/cm’ 0.20 2.32 1.25

Total viable counts at 4°C are indicators of potential spoilage and Pseudomonas spp.
are the most common spoilage organisms. Pseudomonas counts/cm’ can be used to
estimate shelf-life in predictive models. The mean TVC 4°C for fresh meat was 3.62 and
3.95 for supermarkets and butchers respectively; differences between types of retail outlet
and among cities were not significant (Table 1). Also, differences in Pseudomonas counts
between types of retail outlet and among cities were not significant. Based on these data
the mean shelf-life for pork in Australian retail outlets is 4.3 to 4.5 d (Table 1). Mean
TVC 4°C counts for the carcase swabs was 1.2 log/cm’ (Table 2). The data reported here
indicate that an increase in TVC 4°C of log 2.5 occurs between the pre-chiller stage at the
abattoir and display in retail outlets. Other studies (Coates et al., 1995) have shown that
counts of spoilage organisms are low on carcases before chilling and increase during
transport and storage. The increase in TVC 4°C reported here is consistent with an
increase in psychrotrophic organisms during transport and storage at refrigeration
temperatures. Recommended maximum limits for TVC 4°C on carcases are 5x10° (Silliker,
1980) therefore Australian pig meat and carcases are being produced well within limits
which are acceptable world-wide. Supported by the Pig Research and Development Corporation
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IMPROVING THE RETAIL SHELF LIFE OF FRESH PORK

C.D. Hofmeyr, K.]J. Coates*, J. Isaac* and P.A. Weston

Victorian Institute of Animal Science, Snegdes Road, Werribee, Vic., 3030. *Victorian Institute of Animal
Science, Mickleham Road, Attwood, Vic., 3049.

The retail shelf life of fresh pork was increased by 1-2 d beyond the mean of 3 d by
training retail meat managers with particular attention being paid to carcase and boning
room hygiene (Coates et al., 1995a). As meat retail stores operate on small profit margins,
any improvement in shelf life would benefit the industry, by extending retail display time
and/or increasing the flexibility of product management.

Between August and December 1996, work was conducted with a major retailer to
train meat managers to improve the shelf life of fresh pork. Four retail stores (denoted A,
B, C and D), different from each other in terms of turnover and age of the store, were
nominated for the training programme. To establish a baseline level for each store, five
packs of pork loin chops were purchased each day from the meat display case over a 5 d
period. The number of spoilage organisms (Pseudomonas spp.) on the pork chops (per cm’
surface area) was determined and the data processed using Predictor™, a software
package based on a predictive microbiology model to estimate remaining shelf life at 4°C
(Coates et al., 1995b). Meat managers from each of the stores were then trained in basic
hygiene, microbiology and strategies previously developed by Coates et al. (1995b) to
improve shelf life. The strategies were designed to limit the transfer and growth of
bacteria on meat surfaces. Following training, the same sampling procedure was repeated
to determine after-training levels of Pseudomonas contamination and remaining predicted
shelf life. Table 1 shows the shelf life and numbers of Pseudomonasbefore- (BT) and after-
training (AT).

Table 1. The effect of training on the numbers of Pseudomonas (log,,) on the shrface,
and the remaining retail shelf life (h), of pork loin chops.

Store A Store B Store C? Store D'
log count/cm? (BT) 2.05 2.29 1.93 2.06
log count/cm? (AT)" 1.37 1.89 2.46 2.60
Shelf life (BT) 94.7 90.2 97.1 94.7
Shelf life (AT) 107.8 98.2 87.1 84.3

'The managers of these two stores were changed after the training and the new strategies
were therefore not implemented. °AT = after training. "BT = before training.

Results of the study show that in store A there was a decrease in the level of
Pseudomonas contamination with a corresponding improvement in predicted shelf life of
13 h (P<0.05). Store B had the largest volume of throughput and thus less attention was
paid to the strategies resulting in only minor improvement. The improvements in shelf life
were less than those found by Coates et al. (1995b) and can be largely attributed to the
lower initial baseline levels of contamination in the present study compared to the those
in the study by Coates et al. (1995b). The numbers of Psexudomonas on pork chops from all
stores were at acceptably low levels both before and after training indicating an initial
high level of awareness of the need for strict hygiene. In conclusion, the implementation of
improved strategies and the training of boning room staff has the potential to improve the
retail shelf life of pork.
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A RISK ASSESSMENT APPROACH TO PIG MEAT HYGIENE IN
AUSTRALIA

AM. Pointon
Pig and Poultry Production Institute, SA Research and Development Institute, University of Adelaide, SA. 5005.

The Pig Meat Hygiene Project (PMHP) was developed from industry workshops on
meat hygiene and inspection conducted by the Pig Research and Development
Corporation in January 1995. Scope for improvement in both efficiency and effectiveness
of food safety procedures, including post-mortem inspection, was identified at the
workshops. The international outlook for implementing change has been greatly enhanced
by the World Trade Organisation’s Sanitary and the Phytosanitary Agreement (WTO,
SPS), which provides a trade environment bound by rules of scientific justification, risk
assessment and equivalence. In this context the PMHP (Pointon 1997) is seen as an
important preliminary step in the development of a sustainable export strategy.

The risk assessment being conducted (Hathaway et al., 1988) requires that
foodborne organisms associated with pig meat be identified, ranked according to their
human disease importance, and that contamination with these organisms arising from
different sources be quantified (Figure 1). These procedures provide a scientific bias for
assessing the risk (i.e., the likelihood and severity) that consumers have of becoming
infected with disease causing organisms. As the approach identifies (quantitatively) the
major points of entry of “foodborne” organisms into the pig meat production/processing
chain, it provides a sound basis for implementation of critical control points in quality
assurance programs.

PIG MEAT HYGIENE: RISK ASSESSMENT PROJECTS
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Figure 1. Pig meat hygiene risk assessment investigations (Pointon 1997).

The surveys will quantify the prevalence of the most important “foodborne”
organisms through the pig meat production chain, thereby providing a focus for
implementation of improved food safety procedures which meet WTO criteria. The
Salmonella herd blood test will provide industry with a tool to gauge the infection status
of the pig herd and to monitor the effectiveness of procedures conducted on farm to
minimise infection. By comparing the residual level of carcase contamination with
“foodborne”organisms at the time of post-mortem inspection, with contamination arising
from other sources, a scientific basis will be provided for redirection of expenditure on
food safety procedures to better protect consumers.
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RESTRICTION ENDONUCLEASE ANALYSIS, CAPSULAR TYPING
AND toxA PHENOTYPE OF AUSTRALIAN PORCINE ISOLATES
OF PASTEURELLA MULTOCIDA

S.P. Djordjevic, H. Ha, G.J. Eamens, M. Walker* and J.C. Chin

NSW Agriculture, Elizabeth Macarthur Agricultural Institue, PMB 8, Camden, NSW, 2570. *Department of
Biological Sciences, University of Wollongong, Wollongong, NSW, 2144,

Capsular type A strains of Pasteurells multocida are most often recovered from
infected lung tissue of pigs with Pasteurella pneumonia. In contrast, capsular type D
strains, which produce a 145 kDa dermonecrotic toxin, are usually the primary cause of
progressive atrophic rhinitis (PAR). Occasionally, toxigenic type A strains are associated
with PAR. There are no studies comparing whole cell DNA fingerprints of pneumonic
isolates of P. multocida recovered from sporadic outbreaks from different geographic
locations, or a comparison of fingerprints of such isolates with toxigenic isolates recovered
from herds with signs of PAR. Porcine isolates, identified as P. multocida by standard
biochemical tests (Cowan, 1974), were examined by DNA fingerprinting using the
restriction endonuclease Cfol. Production of toxin was analysed in a cytotoxic assay using
bovine turbinate cells, and capsular typing was based on acriflavine agglutination and
hyaluronidase sensitivity (Eamens et al 1988). The toxigenic status of these isolates was
assessed by amplification of a portion of the toxA gene by polymerase chain reaction
(PCR) (Nagai et al 1994) and by Southern blotting using *P labelled pPmF3.5 (pKUN 1
containing a Xbal/ Sall fragment encoding a portion of the toxA gene; a gift from E. Kamp)
(Table 1).

Table 1. Geographic location, capsular type, and toxigenic status of P. multocida
isolates

Origin Type Syndrome Source No. Cyto- toxA toxA
isolates toxicity PCR  blot

NSW(7), WA (1) D PAR  Nasalswab 8 8/8 8/8 6/6
NSW A PAR Nasal swab 1 1/1 1/1 = ND

WA, Vic! D PAR Nasal swab 2 0/2 0/2 0/2
WA A PAR  Nasal swab 1 0/1 0/t 0/1

WA (2), NSW(3) A  Pneumonia Lung 5 0/5 0/5 0/5
NSW D  Pneumonia Lung 5 0/5 0/5 0/5

! Isolate recovered from a herd where PAR was suspected and nasal discharge was
present.

Toxigenic, capsular type D isolates of P. multocida displayed virtually identical Cfol
profiles whilst pneumonic, non-toxigenic isolates of either capsular type revealed greater
genomic heterogeneity. Two P. multocida isolates, one a type D, toxigenic isolate and the
other a type A, non- toxigenic isolate were recovered from nasal swabs from the same pig
and displayed very different Cfol profiles. The toxA gene was not detected amongst
P. multocida isolates recovered from pneumonic lesions. Genomic Cfol profiles resolved by
polyacrylamide gel electrophoresis and stained with silver are highly discriminatory and
show promise for future epidemiological studies of porcine P. multocida isolates.
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THE USE OF AN ISOLATED PERFUSED LUNG MODEL TO
STUDY THE EARLY PATHOGENESIS OF PLEUROPNEUMONIA

H.]. Bray, N. Stockhofe-Zurwieden, A. Bartelse, P. Broekhuijsen, A. Hoogendoorn and
L.A.M.G. van Leengoed

DLO-Institute for Animal Science and Health, Edelhertweg 15, 8200 AB, Lelystad, The Netherlands.

Irrespective of preventative measures, economic losses in the pig industry due to
respiratory disease are high. Envirorimental factors influence lung conditions, however the
mechanisms by which this occurs are unclear. The aim of this study was to establish
whether an isolated perfused lung (ex-vivo) model is a valid tool for examination of the
early pathogenesis of Actinobacillus pleuropneumoniae (App) infections.

Specific-pathogen-free pigs (Dutch Landrace x Yorkshire; both sexes; live weight 15-
20 kg) were anaesthetised, intubated and mechanically ventilated with humidified room
air. Each pig was heparinised and exsanguinated via the carotid artery. Blood was
- collected into a sterile blood sac placed in a water bath maintained at 39°C. The thoracic
cavity was opened, and perfusion tubing was secured in the pulmonary artery and the left
atrium. Blood was then re-perfused through the lungs at a flow rate of 50 ml/min by a
roller pump. The heart and lungs were then removed from the thoracic cavity and placed
inside a heated, humidified, air-tight chamber, with the perfusion tubing and endotracheal
tube passing through holes in the chamber wall. The maximum time which elapsed from
exsanguination to re-ventilation in the chamber was 30 min. The lungs were ventilated
using negative pressure and the blood flow rate was increased to 180-200 ml/min to give
a pulmonary artery pressure of 25 mm Hg. After the lungs had stabilised for an hour, the
right lung was inoculated intrabronchially with 5 ml of either Eagles Minimum Essential
Medium (EMEM) (n=6) or a suspension of 10° cell/ml of App (serotype 9) in EMEM
(n=5). Ventilation of the lungs continued for approximately 3-4 h. Blood samples were
taken pre-anaesthesia, at the time of inoculation, and 150 min post inoculation for a
differential white blood cell count (WBC), and the results are shown in Table 1.

Table 1. White blood cells (x 10°)/1 of blood (mean + SEM) for ex-vivo lungs
inoculated with 5 ml of either a suspension of 10° cells/ml of Actinobacillus
pleuropneumon