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PREFACE

RENAVILLE R. AND BURNY A.

In the past decade, many impressive advances were made in a number of scientific
disciplines that have led to the discovery and development of exciting new
biotechnologies that offer the potential to improve the production efficiency of animal
agriculture. Nevertheless, while recent progress seems extremely rapid, it is impressive
to recall the first attempts to culture (1880) and transfer embryos (1891) took place in
the late 1800s.

The application of biotechnologies to farm animals has been the subject of
numerous, and often heated, debates. Most of this controversy and bad public
perception result from animal cloning, nuclear transfer (Dolly) and other genetic
manipulations which could be applied to humans. But, reducing animal biotechnology
to these sole applications is extremely restrictive. Indeed, biotechnology, of
fundamental importance to the food industry, could be defined as any technology that
exploits the biochemical activities of living organisms or their products to create
industrial products and processes.

Biotechnology is perceived by many as a collection of very recent procedures but
they forget that biotechnology has been around almost throughout human history.
Animal breeding, applied to farm livestock such as dairy or beef cattle, or to companion
animals such as the many different breeds of dogs, is a type of biotechnology that has
been going on for many centuries. Breeders have selected animals that show particular
characteristics or traits and used them in breeding programmes to ensure that these traits
are retained.

Identification of restriction enzymes that cut DNA chains at specific sites (1970),
methods for replicating genes (1973) and nucleic acid sequencing (1977) provided tools
for a “new” biotechnology involved with gene identification, gene manipulation and
transfer between species. With these techniques, it is now possible to identify how
different genes control different characteristics. Scientists are “mapping” the genes on
the chromosomes, so that they can see where genes are located and the extent to which
they tend to be co-inherited. This will help identify which combinations give the traits
that are desired. We now know that this type of conventional breeding of animals
involves swapping hundreds of genes, most of which are unidentified. Some traits are
determined by a single gene (associated with disease when mutations occur) and these
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are relatively easy to study. But others, including commercially important traits
(ETL/QTL) such as lactation, growth rate and feed conversion efficiency, are controlled
by many genes working together. Also, accelerated progress in animal breeding should
be possible once the proper genes will be identified, appropriate markers will be found.
However, identification of associations between QTL/ETL or candidate gene markers
with animal productions or diseases require development of new quantitative genetic
strategies. Moreover, embryo transfer, semen sexing, gene transfer, cloning, ... could
affect the selection scheme in the near future and require adaptive strategy.

The successful transfer of the growth hormone gene from rats to mice (Palmiter et
al., 1982, Nature, Lond., 300:612-615) stimulated considerable interest and substantial
research into development of new applications involving manipulation of subcellular
components rather than complete organisms. To date, although an impressive body of
new knowledge has been acquired and laboratory successes are numerous,
biotechnology is still somewhat long on promises but short on performances that
contribute to substantial improvements in commercial livestock farming. As the
methodology for molecular genetics is refined, expression of introduced genes can be
regulated in recipients. Another approach involves identifying and isolating the genes
coding for specific proteins that are deficient in certain human diseases. The ideal
techniques allow regulating expression of the “foreign” gene or genes so they are only
active in mammary tissue; for example, ewes, does or cows that successfully express
the introduced trait should secrete the human protein in their milk, providing
opportunity for isolation of the compound for therapeutic use. Similarly,
immunoglobulin genes or even genes from other species can be introduced into
chickens. The antibodies or pharmaceutical proteins resulting from such treatments are
concentrated in the egg yolk and can be harvested for use in humans or other animals.

Introduction of foreign genes into bacteria or hybridoma lines so that these altered
cells will produce new compounds for harvest is another aspect of biotechnology. Many
companies initiated programs to examine application of biotechnology to the
somatotropic axis. One of the most extensively investigated technology in animal
husbandry is recombinant porcine (pST) and bovine (bST) somatotropin. It is clear that
the approach of elevating somatotropin concentration in blood results in a remarkable
change in growth and lactation. However, application of these first biotechnology
products in agriculture generated a heated debate between USA where bST is accepted
and Europe where consumer associations are opposed to use of bST.

One possible ‘friendly consumer’ alternative method to promote growth or lactation
is not to administer but rather to modulate the producing cells. The advent of
technology allowing the generation of specifically targeted and engineered antibodies
may make such regulation possible and can be considered as an alternative strategy with
the potential to make important impact in animal science. Immunomodulatory
approaches are attractive for at least three reasons. Firstly, the concept of vaccination is
still perceived as ‘acceptable’ by the consumer when compared with the use of
hormones or transgenic animals. With vaccine technology, it is easy to certificate the
origin of the products (detection of induced antibodies). Secondly, the approach is
economically cheaper than hormonal treatment (the technique involves an amplified
response in vivo to small amounts of immunogen) and one of a long duration (weeks to
months)). And thirdly, with epitope mapping and peptide synthesis, stimulation of the
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immune system can now be obtained by using very small molecules without any ‘direct
hormonal activities’.

Another biotechnological approach consists in manipulating the genome of micro-
organisms to reduce pathogenicity (the ability to cause disease) while enhancing
antigenicity (the ability to stimulate immunity), providing a methodology to create more
effective vaccines. Perhaps even more futuristic and exciting is the prospect for genetic
engineering of rumen micro-organisms to enhance their ability to degrade cellulose.
Other strains could possibly be developed to break down highly ligninized materials in
vitro to liberate cellulose or even convert the basic material in to starch. Cereal grain
and sugar cane production generate several billion tons of crop residue every year
which, if treated to improve digestibility, would alleviate much of the livestock
malnutrition commonly encountered in lesser developed regions. Recombinant DNA
technology might also be used to produce relatively inexpensive phytases which could
be incorporated into animal diets to make phosphorus, which is usually tightly bound
into the plant tissue, more readily available for digestion.

Finally, biotechnology must be cost-effective. This should translate into fewer
mature breeding animals generating lower quantities of manure with less potential for
pollution. The use of biotechnological processes, particularly genetic modification, is
extremely important in devising new ways to increase food production, improve
nutrient content, and provide better processing or storage characteristics. It follows that
when new foods or food components are developed using biotechnology, there are both
national legal requirements and consumer expectations for effective systems and
procedures to assess the safety of food components for consumption.

As editors, we wish to thank those authors who contributed to this book and helped
us to bring this endeavour to fruition.
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IMPLICATION OF A STRUCTURAL MOTIF IN THE INSTABILITY OF A
TOXIC PROTEIN : THE PRION
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Abstract

Transmissible spongiform encephalopathies (TSE’s) are neurodegenerative diseases
found in animals as well as in men. They are due to infection by non conventional
transmission agents called « prions » The protein only hypothesis stipulates that the
agent of the prion diseases is the PrPsc protein found in the inoculum. The sequence of
this protein is strictly identical to a normal protein called PrPc. The only difference
between PrPsc and PrPc is in the conformation : while the latter is mainly helical, the f—
sheet content is significantly increased in PrPsc, with a concomitant loss of helical
structure. It is postulated that the disease is due to a structural conversion PrPc = PrPsc
induced by PrPsc present in the infectious fractions. By molecular modelling, we
detected a so-called “tilted peptide” in the PrP sequence. Those short fragments have
destabilizing properties, due to an asymmetric distribution oftheir hydrophobicity when
helical. They were initially found in viral fusion proteins and later in series of proteins
with various functions. Tilted peptides were shown to be structurally labile, their
conformation depending upon the environment. We postulate that the PrP tilted
fragment could be involved in the PrP neurotoxicity, and more generally, that tilted
peptides could activate misfolding processes.

1. Introduction

Prion diseases have been described in man and animals since more than 20 years, with a
renewed interest due to the « mad cow disease » epidemic (Table 1). The economic and
agricultural impacts pointed out the urgent need to better understand the molecular
determinants of those devastating neurodegenerative diseases.
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In this chapter, we will decipher how molecular modelling approaches can help to
investigate the mechanisms inferred in the development of such diseases and more
specifically in the structural lability ofproteins.

Table 1. The prion diseases.

Diseases Transmission

Human diseases

Kuru Infection through cannibalism

latrogenic Creuztfeldt-Jakob disease (CJD)
familial CJD

Variant CJD

Sporadic CID

Gerstmann-Straussler-Scheinker (GSS) syndrome

Infection from prion-contaminate
HGH (human growth hormone)
Germ-line mutation in PrP gene
Infection from BSE ?

Somatic mutation or spontaneous
conversion PrPc=PrPsc
Germ-line mutation in PrP gene

Fatal familial insomnia Germ-line mutation in PrP gene

Animal diseases
Scrapie (sheep and goats) Infection in genetically
susceptible sheep
Infection through prion-
contaminated feeding
Infection through prion-
contaminated feeding
Chronic wasting disease (CWD) (mule deer, and elk) Unknown

Feline spongiform encephalopahty (FSE) Infection through prion-
contaminated feeding
Infection through prion-
contaminated feeding

Bovine spongiform encephalopathy (BSE)

transmissible Mink encephalopathy (TME)

Exotic ungulate encephalopathy (oryx, greater kudu, nyala)

2. Introduction to Prions

Transmissible spongiform encephalopathies (TSE’s) are neurodegenerative diseases
found in animals as well as in men. They can be familial (inherited), sporadic or
transmissible (Table 1). They are due to infection by non conventional transmission
agents called « prions »

Those diseases were first considered as being induced by non conventional or slow-
acting viruses. However, no detectable viral agent has been evidenced up to now
(Kellings et al., 1992, 1994).

The various prion diseases have common features: clinically, they have
asymptomatic long incubation times, the neuropathology is characterised by a neuronal
vacuolisation and proteins aggregate in the brain with no detectable and/or specific
immune response, no mark of any micro-organism in the infected brains despite high
infectious titres.
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3. Nature ofthe Non-Conventional Transmission Agents

The exact nature of the transmission agent still remains controversial. Every attempt to
extract an infectious particle have led to fractions enriched in a protein called PrPsc.
Any process altering nucleic acids have no effect on the infectivity (Alper ef al., 1967,
Latarjet et al., 1970). On the contrary, all protein-denaturing processes significantly
decrease the infectious titre (Prusiner, 1981 ; Prusiner, 1982). These observations firmly
suggest an exclusive proteinaceous composition for the TSE infectious agent (Prusiner,
1982). The term « prion » (proteinaceous infection particles) was introduced to clearly
distinguish TSE’s infectious particles from viruses and viroids.

The « protein only » hypothesis first suggested by Griffith in 1967 (Griffith, 1967)
and further developed by Prusiner and colleagues (Prusiner, 1982, 1999) for more than
15 years, stipulates that the prion diseases are caused by the PrPsc proteins present in
the purified infectious fractions.

Surprisingly, the primary sequence of this protein is strictly identical to that of a
normal cell protein called PrPc.

4. The PrP Protein

PrP is a protein of about 250 residues (253 aa for human PrP) and is currently present in
mammals. It is encoded by a gene on chromosome 20 containing two exons. The
second exon codes for the whole sequence (Basler ez al., 1986).

Human PrP has a 22 amino acid signal peptide that is cleaved in the endoplasmic
reticulum . The N-terminal domain (residues’ 51-91) also contains octarepeats (Stahl et
al, 1993). The native protein has a disulphide bridge between Cys 179 and Cys 214
(Figure 1).

179 214
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| ]
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: R208H
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Figure 1. Schematic representation of the human PrP sequence. Grey blocks represent
residues that are cut to generate the mature form; dotted line represents the disulfide
bridge (CI 79-C214). Mutations involved in prion diseases are indicated. (51-91 domain :
5 octapeptide repeats; 113-126 domain : conserved hydrophobic domain).
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In the mature form of PrP, the 23 last residues are replaced by a glycosyl
phosphatidylinositol moiety (GPI) that anchors the protein to the exterior cellular
membrane (Stahl et al., 1987) (Figure 1). PrP is thus exposed at the cell surface and
then re-internalized and degraded. Some authors suggest that the protein could be
recycled after re-internalization (Liemann and Glockshuber, 1998).

The sequence of PrP is well conserved in mammals, suggesting the conservation of
some important functions through evolution. Two domains of PrP are remarkably
conserved : the N-terminal octarepeat region and the 110-130 central domain, rich in
Gly and Ala residues (Figure 1). While insertions of extra repeats have been detected in
patients with familial disease, it does not seem that the naturally-occurring deletion of
single repeats causes the disease (Prusiner and Scott, 1997). Another interesting feature
is that all mutations leading to familial forms of prion diseases are located in the 100-
200 region of the protein (Figure 1), suggesting a crucial role of that domain in the
development ofthe disease. A point mutation in the central domain (A1l 17V) is linked
to the GSS (Gerstmann-Scheinker-Straussler) syndrome.

5. What is the Difference between PrPc and PrPsc ?

No chemical modification was evidenced, even after exhaustive studies (Stahl et al. ,
1993; Prusiner, 1996, 1998). The only difference between PrPc and PrPsc is in the
conformation.

It is generally accepted that one amino acid sequence specifies a unique biologically
active conformation of protein, the native structure, and that this structure corresponds
to the minimal energy (Anfinsen, 1973). In the case of prions, one primary sequence,
that of PrP, can adopt at least two different conformations with different properties
(Prusiner, 1982 ; 1998, 1999).

It was found by spectroscopic studies that, while PrPc is predominantly a-helical,
the content of PrPsc significantly increases in [-sheet and decreases in o-helix
(Caughey et al., 1991 ; Safaretal., 1993 ; Pan et al., 1993). These observations suggest
a ato B conversion during PrPsc formation.

A first model of PrPc was proposed by Huang et al. (1995), based on molecular
modelling and structural data of PrP fragments (Figure 2A). In this model, PrPc was
predicted to shape as a helix bundle (Figure 2A). Recently, the tertiary structure of two
recombinant C-terminal fragments, PrPc 121-231 (Riek et al., 1996) (Figure 2B) and
PrPc 90-231(James et al., 1997) (Figure 2C), were resolved using 2D NMR. In these
structures, the existence oftwo C-terminal helices, in the 170-230 region, is confirmed,
but the presence of a short two-stranded antiparallel B sheet is observed. This [
structure could have a role in the o to B conversion occurring during PrPsc formation.

The hydrophobic core of PrPc should be involved in the a to  conversion :
deletion of the 113-126 residues, adjacent to the PrPc 128-131 [ strand inhibits the
PrPsc formation (Prusiner, 1998). In the pathogenic form, this region was shown to
form a B -strand (Huang et al., 1995) (Figure 2D).
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109-122 129-140 178-191 202-217
| Q.16 » )

128-131 144-154 179-193 200-217

144-157 172-193 200-227
178-191 "
202-217
108-113 128-135 1
116-122 138-144

Figure 2. Proposed structures of PrPc and PrPsc. Blocks represent helices and arrows,

B -strands. A. = PrPc model of Huang et al. (1995); B = NMR structure of mouse 121-231
recombinant PrPc (Riek et al., 1996); C = NMR structure of hamster 90-231 recombinant
PrPc (fames et al., 1997); D = PrPsc model of Huang et al. (1995).

The o to [ transition induces severe modifications of the PrP physicochemical
properties. While PrPc is soluble in non-denaturing detergents, PrPsc is not ; PrPc is
readily digested by proteases whereas PrPsc is partially resistant (Prusiner, 1999). The
resulting PrPsc protease-resistant fragment is called PrP27-30 since its molecular
weight is about 27-30 kD (Prusiner ef al., 1984 ; Basler et al., 1986). It corresponds to
the hydrolysis of approximately 65 residues from the amino terminus of the protein.
This fragment is able to polymerise into amyloid plaques (Pan ef al., 1993).

6. Role of PrP

The normal role of PrPc remains unknown. Ablation of PrP gene in mice (PrP0/0) does
not affect the development of these animals (Bueler et al, 1993). However, a
perturbation ofthe waking/sleeping cycles together with a premature ageing of Purkinje
cells was reported in one study (Sakaguchi et al., 1996). PrP0/0 mice are resistant to
prions and no trace of infection was detected in their brains. This event strongly
supports that PrPc plays a receptor role for the infectious agent and that PrPsc in the
inoculum should directly interact with the surface-exposed PrPc of the host. The
pathogenic transconformation should thus result from dimer formations suggesting that
the protein conformation should be considered as a coding system for the pathological
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information. Since the absence of PrPc in mice inhibits the development ofthe disease ,
the latter should be the consequence of PrPsc accumulation rather than the impairment
of PrPc function (Bueler ef al., 1992). However, the way PrPsc induces neuronal death
and vacuolisation is still unknown.

7. Localisation of PrPc and PrPsc

In mammals, PrP is mainly expressed in neurons. The cellular localisation of PrPsc
differs from that of PrPc. PrPsc is mainly cytoplasmic, while PrPc is exposed at the cell
surface. Authors agree with the fact that PrPsc derives from PrPc and that the
conversion occurs during the re-internalization of PrPc. Acquisition of the partial
protease resistance during this process could lead to the accumulation of the protein in
the lysosomes. The latter would then fuse into vacuoles.

8. Inter-Species Barrier and Prion Propagation

The sequence of the prion protein constitutes the inter-species barrier. The closest the
pathogenic prion protein and the host PrP protein are, the highest the susceptibility to
the disease is.

The transmission of prions between species is usually a stochastic process
characterised by prolonged incubation times during the first passage to the new host
(Pattison, 1965). Subsequent passages in homologous hosts result in reduced incubation
times. The prions aggregated during infection are the host PrP and not that of the PrPsc
molecules in the inoculum (Bockman ef al., 1987). Almost all our current knowledge
arises from transgenic studies. For example, the insertion ofthe syrian hamster PrP gene
in mice induces abrogation ofthe barrier normally observed between those two species
(Scott et al, 1989). Directed mutagenesis experiments have shown that the residues
important to the inter-species determinism are located in the central domain which is
also involved in the transconformation process (Prusiner, 1997).

From transgenic mice studies, prion propagation should involve the formation of a
complex between PrPsc and the host PrPc (Prusiner er al., 1990). It was recently
observed that dimerisation is not sufficient to induce a structural conversion (Telling et
al., 1995). Propagation might require the presence of a complementary factor called
protein X, that is not identified yet and that could be a molecular chaperone catalysing
conformational changes (Debburman ef al., 1997).

9. Tilted Peptides : Structural Motif Potentially Involved in Destabilisation of
Organised Systems

Prion diseases are characterised by the occurrence of the conformational change of a
non pathogenic protein, PrPc, to a pathogenic isoform, PrPsc. This event highlights to
some extent a structural instability ofthe PrP protein.
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A

Figure 3 A = schematic representation of a tiltedpeptide oriented at the hydrophobic
(pho)/hydrophilic  (phi) interface (black plane). The hydrophobicity gradient is
schematically represented in dark grey. B and C = orientation ai the interface of mutants

in which the hydrophobicity gradient is lost. (B = parallel mutant; C = perpendicular
mutant).

Few years ago, we detected by molecular modelling short fragments of sequence (10 to
20 residues) having destabilising properties. Such a fragment was detected in the
conserved central region of PrP, between residues 1 18 and 135 (Pillot et al., 1997).
Those short fragments are characterised by an asymmetric distribution of
hydrophobicity when helical (Brasseur, 1991 ; 2000 ; Brasseur et al, 1997) (Figure
3A). They adopt a tilted orientation when they interact with a hydrophobic/ hydrophilic
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interface such as the lipid/water interface (Figure 3A). From there, they were named
« tilted peptides »

Their destabilising capacities were suggested when we discovered the first tilted
peptides in viral glycoproteins such as Gp32 of SIV (Simian Immunodeficiency Virus)
and Gp30 of BLV (Bovine Leukaemia Virus) involved in virus fusion to its host
(Brasseur, 1991 ;Horthetal., 199 1).

The SIV tilted peptide, which is the N-terminal 12 residues of Gp32, was
experimentally shown to induce the fusion of liposomes in vitro and to be involved in
the formation of polynucleated cells (syncytia), a feature of viral fusion (Martin et al.,
1991 ; Horth et al, 1991). To involve the hydrophobicity gradient in the mechanism,
mutations were predicted that should abolish this gradient (Figure 3BC). Those mutants
do not induce liposome fusion nor syncytia formation and the fusion is recovered with
new mutants in which the hydrophobicity gradient is restored (Martin ef al, 1991 ;
Horth et al, 1991). Therefore, it was concluded that the tilted orientation of those
peculiar fragments rather than their amino acid sequence is important for fusion. To
explain their fusogenic activity, we suggested that the oblique orientation into
membranes could destabilise the parallelism of lipid chains (Martin ef al., 1991 ; Horth
et al., 1991).

Other tilted peptides were then discovered in various proteins, such as lipolytic
enzymes (Brasseur et al., 1997), membrane proteins (Brasseur et al., 1997; Rahman et
al., 1997), signal sequences (Talmud ef al., 1996) and in neurotoxic proteins, notably in
the AP protein involved in Alzheimer’s disease (Pillot ef al, 1996) and in the PrP
protein (Pillot et al., 1997) (Table 2).

10. Molecular Modelling Strategy for the Detection of Tilted Peptides

We developed a strategy for the prediction of oblique peptides from protein sequences
(Brasseur, 2000) (Figure 4). The hydrophobicity gradient is first detected using the
Jahnig (Jahnig, 1990) and HCA (Hydrophobic cluster Analysis) (Gaboriaud et al., 1987)
methods. In the former, a 17-residue window is moved along the sequence. The mean
hydrophobicity (Ha) of the window central residue is calculated taking into account its
neighbours, close in terms of secondary structure (here, a o -helix). In the plot of
hydrophobicity versus sequence, an increasing (or decreasing) oscillating curve is
indicative of a tilted hydrophobicity gradient (Figure 4).

The HCA method is based on a 2D helical representation of the sequence.
Hydrophobic clusters are detected and their shapes and lengths are predictive of
secondary structures. Tilted peptides are detected as triangular clusters (Figure 4).
Hydrophilic fragments are rejected because we postulate that tilted peptide must be
sufficiently hydrophobic to insert in a membrane.

A classical o -helix structure is then imposed and conformations of the side chains
are optimised by energy minimisation taking into account the presence of a
hydrophobic/hydrophilic interface (Brasseur, 1990). The structure of minimal energy is
then oriented at the interface separating the hydrophobic phase from the hydrophilic
one. The tilt (§) is defined as the angle between the helix axis and the interface plane,
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and is comprised between 30° and 60° (Brasseur, 1990). Calculation of the repartition
of the hydrophobic and hydrophilic isopotential outer layers around the peptide allows
visualising the hydrophobicity gradient (Brasseur, 1991).

The last step computes the interaction of the tilted peptide with phospholipids
(Brasseur, 1990). In this procedure, the position of the peptide is frozen and the lipid
molecule is moved along and around the peptide (rotations and translations-see arrows
in Figure 4). For each position, the energy of interaction (Van der Waals, electrostatic,
torsional and hydrophobic interactions) is calculated and the energies of all the
positions are stored in a hypermatrix. The position of'the first lipid is the lowest energy
complex ; a second molecule is inserted as the next energetically favourable position in
the hypermatrix, taking into account the presence of the first lipid. For the next lipids,
the same process is repeated until the peptide is completely surrounded with lipids.

The assembly of'tilted peptide with lipids shows that the peptide is able to disturb
the parallelism of lipid acyl chains (Figure 5B). This perturbation could induce different
mechanisms such as the fusion of lipidic domains, the perturbation of the function of
membrane protein and could induce apoptosis,...

11. The 118-135 Tilted Peptide of PrP

Figure 5A shows the orientation ofthe 118-135 fragment at the interface. As with tilted
peptides of fusion proteins, the assembly of this peptide with lipids induces a
perturbation of the lipid organisation (Figure 5B). Parallel and perpendicular mutants
were calculated in order to abolish the hydrophobicity gradient (Pillot et al., 1997).

Experimentally, the 118-135 fragment is able to induce the fusion of lipid phases
and the mixing ofthe liposome aqueous compartments (Pillot ef al., 1997). The parallel
and perpendicular mutants are obtained by residue permutation. They are unable to
induce the same processes.

it is worth noting that this 118-135 fragment encompasses the putative
transmembrane segment of PrP (approximately residues 110 to 135). Actually, a
marginal transmembrane form of PrP (ctmPrP) is normally present in brain (Hedge et
al.,, 1998). The level of ctmPrP increases with some mutations in the 110-135 domain
such as the A1l17V mutant associated with the GSS syndrome. In infectious prion
diseases, the time course of PrPsc accumulation is closely followed by the increased
generation of ctmPrP, suggesting that the production of ctmPrP could be a common
pathway of neurodegeneration in transmissible and inherited prion diseases (Hedge et
al., 1999). Transgenic mice expressing high levels of PrP transmembrane forms exhibit
neuronal vacuolisation and neuronal death very similar to those found in experimental
prion diseases.
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Figured.  Detection of tilted peptides (see text for more details) : the sequence is
analysed by the Jahnig and the HCA methods. The selected segments with positive
hydrophobicity are then constructed as o -helices and minimised at the lipid/water

interface. The peptides are then assembled with lipids. The arrows represent all movements
tested.
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Table 2. General characteristics ofseveral tiltedpeptidesfrom the literature.

Protein Nb, a.a. Mapping in Sequence pho/phi  Angle  Experimental data Biological
the ratio process
sequence

1 2 3 4 5

N% 12 528-539  GVFVLGFLGFLA 0.93 30-53 X X X X X virus fusion

mv 12 478-489 AVGIGALFLGFL 091 45 X X X X virus fusion

measles virus 12 FAGVVLAGAALG 0.79 77 virus fusion
NDV 18 104-121  FIGAIIGSVALGVA 0.7s 73 virus fusion
TAAG

RSV 17 FLGFLLGVGSAIAS 0.75 63 virus fusion
GVA

Sendai virus 17 FFGAVIGTIALGV 0.71 72 virus fusion
ATSA

BLV 12 269-280 SPVAALTLGLAL 0.64 56-60 X X virus fusion

MLV 17 GPVSLTLALLLGG 0.63 63 virus fusion
LTMG

Ebola 17 524-540  GAAIGLAWIPYFG 0.60 45 virus fusion
PAAE

influenza HA-2 20 1-20 GLFGAIAGFIENG 0.51 47 X X virus fusion
WEGMIDG

B hepatitis Sprot 16 1-16 MENITSGFLGPLL 0.45 57 virus fusion
VLQ

PrP 18 118-135 AGAVVGGLGGYM 0.57 25 XX neurotoxic
LGSAMS

o amyloid 14 29-42 GAIIGLMVGGVVI  0.89 50 XXX neurotoxic
A

meltrine o 14 591-603  VIGTNAVSIETNIE 0.30 50 myoblast

fiision

yeast invertase PS 19 1-19 MLLQAFLFLLAGF 0.64 55 X  signal
AAKISA peptide

ApoB 100PS 12 RPALLALLALPA  0.476 45 X  signal peptide

human Apo A-II 13 58-70 TELVNFLSYFVEL 0.44 30-35 X X X X lipid

metabolism

CETP 16 461-476  FGFPEHLLVDFLQ 0.40 30 lipid

SLS transport

LCAT 13 56-68 DFFTIWLDLNMFL 0.55 40 XXX lypolytic

enzyme

HLP 13 234-246 FLELYRHIAQHGF 0.19 47 lypolytic

enzyme

LPL 13 218-230 IGEAIRVIAERGL 0.16 55 lypolytic

enzyme

Ibet 18 195-212  GAGIVPLNIETLLF 0.58 31 membrane

MVLD insertion

Ibct 16 177-192  VTVVLWSAYPVV 0.75 65 membrane

WLIG insertion
Fertilin 17 83-99 DSTKCGKLICTGIS 0.14 58 X Spermato-
SIP zoid fusion

(Column I = the proteins in which tiltedpeptides were detected; column 2 = the length ojthe tilted
pepti-de; column 3 = mapping in the sequence; column 4 = the sequence; column 5 = the mean
hydrophohicify: column 6 = the calculated tilts (in degrees); column 7 = experimental data when
they exist (1 = FTIR-ATR: a suitable technique to obtain an experimental value of the tilt angle; 2
= mixing of lipid phases (liposome agregation or fusion); 3 = mixing of aqueous phases: 4 =
liposome sizing: both 3 and 4 are measures of liposomefusion; 5 = mutations were introduced, the
protein was expressed and a functional activity was measured): column 8 = the biological
processes in which the tiltedpeptides are or could be involved
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Figure5. A = The 118-135 PrPfragment oriented at the interface (black plane). The
hydrophobic phase is upper and the hydrophilic one is below. B = Assembling of the 118-
135 PrP tilted peptide with DPPE (dipalmitoylphosphatidylethanolamine). Arrows show
the perturbation of the lipid acyl chain organisation.

In a very recent work, Dormont and his colleagues have shown that the 118- 135 peptide
exhibits major neurotoxic effects, inducing neuronal death by apoptosis via direct
membrane perturbation (Haik ef al., submitted). These data suggest that the fusogenic
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properties of the 118-135 PrP tilted peptide might contribute to the neurotoxicity by
destabilising cell membranes.

On the other hand, the location of such a destabilising fragment within the PrP

domain involved in transconformation also suggests its participation in the
conformational transition PrPc = PrPsc by facilitating the destabilisation of the prion
protein core.
Like other tilted peptides, such as the SIV or A oblique fragments (Lins ef al., 1999),
the 118- 135 peptide appears structurally labile. Either in the NMR PrPc structures or in
the PrPc theoretical model, the fragment is a mixture: a achelix-turn- o helix in the model
and a B-strand-turn- o.-helix motifin the NMR structures. This suggests a high structural
mobility. A conformational change from a to 3 could occur after insertion in lipids or
interaction with another PrP domain. The conformational lability of the PrP tilted
peptide could thus also be important in the PrPc to PrPsc conversion.

12. Generalisation of the Structural Instability Notion

Many proteins possess a tilted peptide (Table 2). We have suggested that they are
involved in different processes implying the disruption of a hydrophobic/hydrophilic
interface. The generic role oftilted peptides would be to decrease the free energy of the
process leading to the transformation of one structural state to another (Figure 6)
(Brasseur, 2000). These could be physiological as well as pathogenic processes (Peuvot
etal., 1999).

One physiological process that potentially involves an oblique peptide is the
spermatozoid-egg fusion during fecondation. Actually, fertilin a, a membrane protein
located on the spermatozoid head shares common properties with viral fusion peptides.
We have determined by computer modelling the presence of a tilted peptide that
induces the destabilisation of liposome membranes, as shown by 31P NMR (Schanck et
al.,1998).

Secretion or membrane insertion of proteins could also be assisted by tilted peptides.
The fragments were evidenced in signal sequences of different secreted proteins
(Talmud et al., 1996) or of members of G-coupled receptors.

Enzymes are important physiological elements for the cell. Lipolytic enzymes

hydrolyse lipids that are located in the core of the substrate. So, the first step of the
enzyme reaction requires the destabilisation of this substrate. For different enzymes
(LPL, LCAT..), this is achieved by an oblique-orientated peptide (Brasseur et al.,
1997).
Tilted peptides are also involved in pathogenic events. As already mentioned, they were
identified in many enveloped viruses (SIV, HIV, BLV, hemagglutinin, ebola, rubella
virus, hepatitis B virus,...-Table 2). They appear to facilitate the entry of the virus into
host cells by fusion ofthe viral outer layer with the host plasma membrane.
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Figure 6. Scheme of the free energy decrease induced by tilted peptides in various
processes.

Neurotoxicity could also be mediated by tilted peptides, as suggested for prion diseases.
Alzheimer’s disease is characterised by the presence of amyloid plaques in the brain of
patients. These plaques are formed by the aggregation of a protein called AB, a 39-43
residues’ protein. This protein is present in the brain of healthy individuals. Like in
prion diseases, the pathological aggregation is due to structural changes. By molecular
modelling, we identified a tilted peptide in the carboxy-terminal domain of AP
(Brasseur et al., 1997). This fragment has fusogenic activities that could account for AB
neurotoxicity, either by the direct perturbation of the neuronal cell membrane or by the
mediation of pathogenic transconformational events as suggested for the PrP tilted
peptide.

Alzheimer’s and prion diseases belong to an intriguing group of disorders that has
been under the light of medical and structural biology studies since few years : the
conformational diseases (Kelly, 1996 ; Carrell and Gooptu, 1998 ; Dobson, 1999).

Each of these various diseases seems to primarily arise from a conformational
instability of the native form of the protein, leading to ordered aggregation and tissue
deposition. Despite the fact that all proteins involved in these kinds of diseases,
including lysozyme, transthyretin, serpin, insulin etc., and of course prion and Af, have
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different native folds the amyloid fibrils in which they aggregate are very similar in
their general appearance. They are organised beta structures.

One common feature of the native proteins is that they can be in vitro converted to
the misfolded conformation by exposing them to mildy denaturing conditions, i.e. by
changing the protein environment. In vivo, the rate of this conversion would be
enhanced by the naturally-occuring mutations. Since they are unstable fragments, the
tilted peptides could be the catalyst of such phenomena.

13. Conclusions

In this chapter, we have underlined the importance of peculiar fragments of proteins,
the tilted peptides, in a more general context of protein structure instability. The
destabilising behaviour of tilted peptides highly depends on the protein environment
that is to say the medium. Therefore, changing the natural medium of a protein by
introducing it in a new environment might have unexpected drastic effects, one effect
could be illustrated in the BSE epidemy.
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Abstract

Animal breeding is a field related to a whole range of biotechnologies. The impact of a
biotechnology can be measured by the influence it has on genetic progress. According
to the type of biotechnology considered, different component of genetic progress may
be affected: accuracy of prediction, generation interval, intensity of selection and
genetic variance. The first type of biotechnologies affects the efficiency of male and
female reproduction: artificial insemination, multiple ovulation, in-vitro-fertilization,
ova pick-up, embryo-transfer, twining, sexing of semen and embryos cloning and
selfing. The impact of these technologies is mainly in the enhanced distribution of
superior germplasm and the selection intensity, but also in the accuracy obtained when
testing animals. In the past, artificial insemination has been a very successful
biotechnology, enhancing greatly the genetic progress. A secondary, negative, impact is
that these biotechnologies affect indirectly genetic diversity and therefore reduce
genetic variance. A second group of biotechnologies can improve determination of the
genetic merit of animals. These are all the techniques relate to quantitative or
economical trait loci (QTL/ETL), their detection and use. Their main feature is the early
availability in life, therefore allowing an earlier and more accurate selection. Two
direction of research exists: detection of markers for the unknown QTL and direct use
of a potential candidate genes as QTL/ETL. QTL/ETL will have a major impact on
animal breeding especially iftheir use in future breeding programs can be optimized. A
last type ofbiotechnologies with a large potential to affect animal breeding in the future
are those with the ability to transform artificially DNA. The impact of these
technologies is however still no very clear especially as gene expression and other
issues remain unsolved. Biotechnology had, has and will have a major impact on animal
breeding and genetic progress. To a certain extend animal breeding is a very promising
field to use biotechnology as the past has already proven.
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1. Introduction

Precise definition of biotechnology is an arduous and difficult task. Therefore not only
one definition, but a whole range exists from very general to very restricted ones. One
broad definition could be to define biotechnologies as a group of technologies that are
based on the use and mostly on the transformation of living organisms to provide
services and products. Animal breeding on its own is therefore by this definition a
biotechnology because its ultimate goal is the transformation of animal germplasm in
order to create for animal production new generations of animals that are superior to
current ones.

The definition of superior is here rather large as indeed focus of animal breeding has
been shifting in recent years rapidly from only short-term production goals to
functionality of animals, reduction of production costs, consumer perception and
quality of products and therefore to overall sustainability and long-term economic
return of animal production.

Classical animal breeding has two major characteristics. First, it uses the existing
genetic variability, it does not create it artificially. Introduction of new alleles or
characteristics is done by cross-breeding of different populations and/or selection of
animals in existing populations. Second, detection of superior animals is done using
phenotype and advanced statistical methods (BLUP) allowing the separation of genetic
and environmental effects.

2. Biotechnologies and Animal Breeding

Widespread use of some biotechnologies in animal husbandry resulted (Van Vleck,

1981) and will result in a major impact on genetic progress. Different types of

biotechnologies may have influence on both animal breeding and the resulting genetic

progress through three main ways:

® Biotechnologies can affect efficiency of reproduction and therefore also

selection programs: artificial insemination, embryo transfer, sexing, cloning

and other related techniques (e.g., Ruane and Thompson, 1991; van Vleck,

1981).

Biotechnologies can improve determination of genetic values of animal: genetic

markers, candidate genes and other related techniques (e.g., Georges et al.,

1995; Renaville ef al., 1997).

*® Biotechnologies can transform artificially the genome at the DNA level: genetic
engineering, gene transfer and related techniques (e.g., Solter, 1981).

The objective of this study was to review the importance of the most common current

and likely future biotechnologies on animal breeding and genetic progress.
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3. Some Basics of Animal Breeding and Related Issues

3.1. GENETIC GAIN EXPRESSED AS SUPERIORITY OF SELECTED GROUPS

In order to be able to consider what effect biotechnologies may have, it is important to
formalize equations that describe genetic gain AG (Falconer, 1989):

AG =r1g¢icG (1)

where rg¢ is the correlation between the actual and predicted additive genetic value,

also called accuracy of evaluation, i is the selection intensity (expressed as the standard
normal selection differential) and o g is the genetic standard deviation. Biotechnologies
will act mainly by allowing an increase in selection intensity (by enhancing
reproductive efficiency of animals) and by increasing the accuracy of evaluation (by
additional information or increase in number of progenies). However, intensive use of
some biotechnologies could also affect genetic variance (e.g., increasing the inbreeding
trend or reducing genetic diversity).

The equation (1) can be modified to reflect genetic progress by time period (year)
Ag= AGlyr :

AngG/yrélg _ r(iGiGG )

where 1 is the generation interval in years. In reducing generation interval, some
biotechnologies could then increase genetic progress by time period.

Formula (2) is only theoretical because based on the hypothesis of equal accuracies,
selection intensities and generation intervals in different selection paths. In reality this
hypothesis is obviously not true, especially if one considers males and females. There
are four different selection pathways (van Tassel and van Vleck, 1991): sire of sire
(SS), sire of dam (SD), dam of sire (DS), dam of dam (DD) and formula (2) can be
developed (Rendel and Robertson, 1950):

AGgg +AGgp +AGps +AGpp
Ag= €]
lgsHgptpstlpp

3.2. PROGENY DIFFERENCES
The equations given above reflect long-term and population wide genetic gain. Breeders

are also interested in genetic gain in a short-term perspective. To express short-term
gain, progeny superiority formula (1) can be modified to be (van Vleck, 1981):
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__AGS +AGp — 'GiG¢ls 9 G +'GRGp'D ® G

AG
P > 0

Equation (4) reflects population wide expected progeny difference. For a given animal i
the expected additive genetic value would be (Mrode, 1996):

A~ +ﬁiD
aleT (5)

In most situations equation (5) will also be close to the expected phenotypic progeny
difference. Often studies on impact of biotechnologies are limited to genetic additive
aspects. However, the expected progeny difference will be affected by inbreeding and
non-additive genetic effects (e.g., dominance effects). Both these parameters can
heavily be influenced by biotechnologies (van Raden and Hoeschele, 1991). A more
general formula (6) assessing the total superiority of a given animal i (Api) without
own records should include both these effects:

aig +aip,

Api =
P 2

+ digip +6,Fi (6)

where &is iD is the parental dominance effect [9], a. Fis the inbreeding depression per

percent inbreeding and Fiis the inbreeding coefficient in percent. This formula could be
extended especially towards molecular information as we will see later. Other
environmental, genetic, and/or genetic x environmental effects could be introduced (van
Raden and Hoeschele, 1991). In most polygenic cases the three terms in (6) will be
enough, other genetic terms as additive x additive or additive x dominance effects are
considered to be small (Misztal et al., 1998) or can not be correctly estimated and
environmental or genetic x environmental effects are considered to be negligible in
most current animal breeding situations.

The concepts of parental dominance and inbreeding need some explanations.
Parental dominance (Hoeschele and van Raden, 1991) effects reflect the interaction
between alleles coming from sires and dams at a given loci. Intensive use of
biotechnologies can create larger sire x dam families and therefore increase eventual
necessity to take these effects into account. Inbreeding of an animal i reflects
percentage of homozygotic pairs of alleles and is computed as the probability that the
two alleles at a given loci are descendent from one allele of a common ancestor of sire
and dam (Weigel and Lin, 2000). Inbreeding is also an important issue because a lot of
biotechnologies will result in fewer active breeding animals or even new types of
animals that have higher or even extreme inbreeding coefficient.
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4. Biotechnologies Affecting Mainly Efficiency of Reproduction

Genetic improvement is highly dependent on efficiency of reproduction in order to
disseminate superior germplasm. Early biotechnologies focused very strongly on the
improvement of this biological function. Indeed, a lot of economically important animal
species had very limited reproduction capacity.

4.1. MALES: ARTIFICIAL INSEMINATION

Artificial insemination (AI) can be considered as the first large scale reproduction
biotechnology. Since its earliest commercial days in the 1930’s Al has become an
extremely common way to breed females at least in bovine, porcine and similar species
(Foote, 1981). Most of its development occurred in dairy cattle and dairy production,
therefore we focus on the impact of Al in this animal production. If its first use was
often more to avoid diseases, its real impact, as appears nowadays, was on genetic
progress (Foote, 1981).

Al acts on genetic progress in several ways. First Al allows to heavily increase the
selection intensity (van Vleck, 1981). The number of required bulls to breed the
available cows is heavily reduced. At the same time, the widespread use oftested older
and the progeny testing of younger bulls allow to achieve very accurate estimations of
breeding values. In dairy cattle, frozen semen of Al bulls can also be easily shipped,
therefore it disseminates the favorable alleles in a wider population across countries but
also world-wide. A surprising side effect ofthis seems to be that despite heavy selection
genetic variances are not yet decreasing in most species undergoing heavy selection due
to AL. A direct consequence of all these facts was a strong increase of the genetic
progress as described by formula (1) and in dairy cattle (van Vleck, 1981).

However, some undesired side effects can appear. The heavy use of the best males
resulted in a strong increase in inbreeding and a lost of genetic diversity. For the
moment the annual increase in the inbreeding trend in the USA in Holsteins dairy cows
is estimated to be near to 0.5 % (Wiggans et al., 2000)! Also examples, like the
Holstein bull Skalsumer Sunny Boy being used at least for over 1,000,000 first
inseminations, show the risks of rapidly shrinking breeding populations. Recent
research in France (Maigel et al., 1996) showed that the local Holstein population with
over 5 million animals was in reality behaving as if this population consisted of less
than 100 unrelated animals!

4.2. FEMALES: MULTIPLE OVULATION, IN-VITRO FERTILIZATION, OVA
PICK-UP, EMBRYO-TRANSFER AND TWINING

Multiple ovulation (MO) and embryo transfer (ET, often called together MOET) is a
procedure that is similar to Al, but affects the reproduction ability of females (Seidel
and Seidel, 1981). MOET is therefore a biotechnology that makes species like cattle
multiparous, allowing the best cows to have more than the natural number of
descendants. Its most important feature is the increase of selection intensity in the
female selection paths (Ruane and Thompson, 1991), especially the selection of bull
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dams less but better dams therefore improving the bull dam pathway as shown in
formula (2). Unfortunately good females, especially in dairy cattle, are often subject to
preferential treatment to let them appear even better and it was and is always quite
difficult to identify a truly superior female animal (van Vleck, 1999).

By application of MOET techniques, the number of full-sibs families increases (van
Raden et al., 1992). Therefore, it is more important to include dominance effects in
order to get more precise breeding values (van Raden ef al, 1992). The gain of
accuracy of breeding values through inclusion of dominance effects is quite important
because animals produced by MOET techniques are often used as top-reproducers.

The splitting of embryos is a way to artificially produce twins. It is a rather old
technique that was used as early as during the late 1980's to create dairy Al bulls
(Jackbuilt Great Divide-ETS and Duplicate-ETS) (ABSglobal). This technique which is
nowadays quiet often used for superior females increases the number of potential
descendants per cow. Unfortunately survivability of embryos is affected.

Two other modem enhancements to MOET are in-vitro fertilization (IVF) and ova
pick-up (OPU). IVF does not play in cattle for example the role it has in human
reproductive biotechnologies. But it can help produce embryos from some females that
do not react properly to MO, or that are in general poor health. Its implications for
genetic improvement are low. OPU however can greatly reduce generation interval as it
provides a method to use very young animals in selection schemes.

An interesting way to use MOET and related techniques is in nucleus breeding
schemes. In such schemes parts of the whole population are subject to better
performance recording eliminating preferential treatment and more intense (e.g.,
MOET) and earlier (e.g., OPU) selection.

Despite a lot of very positive simulations, closed and therefore totally disconnected
from the whole population, closed nucleus herds were not successful in cattle breeding.
In swine and poultry most breeding companies run apparently closed nucleus schemes.
But one might suspect that these schemes are in reality often not totally closed, but
subject to the introduction of external superior animals. Totally open nuclei which are
basically combinations of future bull dam station testing and MOET technologies seem
to be a very promising way to enhance genetic progress in cattle because they combine
optimal or at least better bull dam selection with classical progeny testing of the
produced sires.

Finally, a very special type of biotechnology affecting female reproduction is
twining. Especially in beef cattle were obtaining more than one calf per calving can
greatly enhance production efficiency this technology can be useful. At the same time
twining and ovulation rate, a rather closely related trait, can be both measured and are
partially genetic. Therefore the Meat Animal Research Center in Clay Center, Nebraska
has initiated a selection experience in this field (van Vleck and Gregory, 1996). They
were able to increase the rate of twins from around 3% to over 20% in less than 20
years (van Vleck and Gregory, 1996).

38



Impact of biotechnology on animal breeding and genetic progress

4.3. SEXING

Sexing of semen and of embryos provides in species and production circumstances
where one sex is preferred, a way to produce the wanted type of animal (Betteridge et
al., 1981; Johnson ef al., 1998). Sexing of embryos is a technique that is rather reliable
nowadays and currently used on a rather large extent. Some progress was recently made
in the field of sexed semen. One problem is the price of sexing and the eventually
reduced fertility of this semen. The other issue is that sexing has to be economic what
means that the extra-price to be paid for sexed semen has to be in relation with the extra
income.

4.4. CLONING AND SELFING

An apparently new technique that is widely covered in the media is cloning. In fact
nucleus transfer is not really a new technique. The real new point is that it allows now
to clone an adult mammal (Campbell et al., 1996). This is indeed a major enhancement
compared to the original techniques that required embryonic nucleus (McKinnell,
1981).

From the animal breeding point, cloning can have multiple aspects and the
assessment of its economical value is still rather uncertain (Dematawewa and Berger,
1998). First it is a possibility to multiply phenotypically outstanding individuals.
Unfortunately, even performances done by the same animal show a correlation, often
called repeatability, of less than 1 (van Vleck, 1999). Therefore multiplying a
phenotypically outstanding individual is by no means a guaranty that the resulting
clones will be outstanding. Again phenotypically outstanding animals are also very
sensitive to preferential treatment. Similarly, only animals with precisely estimated
genetic merits could be interesting candidates for cloning, this means especially sires
and here doubts exist why we should clone an outstanding sire that can reproduce easily
through AI? Use of cloning should require precise evaluation of each clone family,
therefore a lot of clone-testing with resulting costs. An advantage of cloning, is that we
can integrate dominance effects into models (every clone of the same family has the
same dominance effect) and reproduce them.

However, reproduction through clones would heavily increase selection intensity in
the first generation, or better limit the population used for reproduction, but afterwards
would result in no or severely reduced genetic progress as we duplicate always the same
animals leading to the more fundamental following problem. Cloning is by definition
conservation of existing germplasm. This means that, except for mutations and aging of
DNA, at least nuclar DNA will stay the same. But genetic improvement is based on the
creation of new, eventually favorable, combinations of parental germplasm at every
mating. Dairy cattle selection shows that this is a highly efficient way to work. It is
usually, in large populations such as Holsteins, easy to find sons that easily surpass their
sires. Another more theoretical argument against cloning in general animal
improvement is that extensive use of clones, as in plants, reduces genetic variation and
therefore long-term progress that can be achieved. But cloning has truly high potential
to multiply new genotypes obtained by natural and artificial means.
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From all biotechnologies, cloning is certainly the one mostly reducing diversity. We
already discussed above the impact of such a reduction on selection but reduction of
diversity can also have other dangerous consequences. First, heavily selected animals
produce optimally only in specific conditions. If environmental (including new
techniques) conditions change, then those animals would show poor adaptability to new
conditions and their would be no way back. This means that cloning forbids any change
in selection path because animals are fixed, not adaptable to new needs, new
economical conditions, they will not resist to new disease.

Selfing is based on the fusion oftwo X gametes from a bull and the creation of what
could be called selfs (van Vleck, 1981). This would create animals that are potentially
highly expressive ofthe parental genotype. Some technical issues are obviously not yet
solved. But for testing of animals that are not expressing phenotypes, as dairy bulls, this
can be a clear alternative. Unfortunately such animals are 50% inbred, therefore we
have here a major problem because this means parents need to be totally free of any
lethal or sublethal alleles. Current theory to account for inbreeding but also dominance
effects under inbreeding in such extreme animals might not work.

5. Biotechnologies Improving Determination of Genetic Values of Animals

Estimation of breeding values is for the moment essentially done by analysis of the
phenotype or the phenotypic performances ofthe animals. Advanced statistical methods
(BLUP) are used to separate genetic and environmental effects, relating also animals to
each other according to their genetic relationships (Henderson, 1984). Unfortunately the
phenotype can not always be recorded due to physiological (e.g., bulls give no milk,
boars give no piglets, dairy cows calfonly around 2 years of age) or other reasons (e.g.,
recording expensive as for beef quality traits), or the recording of the phenotype is
inaccurate or imprecise (e.g., calving ease). Since several years a large progress has
been made in the understanding and description of DNA and the actions of certain
genes. Under the influence of this research animal breeders started to investigate if
variations in DNA (polymorphism) of some animals can be linked to differences in
production or other economically important traits ( e.g., milk production). But there are
several basic problems inherent to whole genome. First, one has to determine the
functional structure of the chromatin. Then inside this structure functional, often called
genes, and unfunctional regions can be spotted.

Main advantages of QTL/ETL in breeding programs are: 1) an increase in accuracy
in selection through additional information directly related to the genotype; 2) a
possibility to reduce generation interval by adding a new selection stage at earlier age
because QTL/ETL allow to make observations that are not sex or age dependent.
QTL/ETL could also increase the efficiency of introgression or be used in the
prediction of heterosis by genetic distance.

The detection, the use of QTL/ETL and their potential role in animal genetics and
breeding will be emphasized.
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5.1. DETECTION OF QUANTITATIVE OR ECONOMICAL TRAIT LOCI

This step basically consists in the study ofpotential links between DNA polymorphisms
and production or similar traits. The idea is that a specific gene called hereafter
QTL/ETL (quantitative or economical trait loci) is responsible for part of the
phenotype. Two different approaches are currently used to detect QTL/ETL. If a known
gene is used as candidate to be the QTL/ETL the method is called candidate gene
approach. If the DNA polymorphism is only considered being the marker for a DNA
region containing the QTL/ETL the method is called genetic marker approach (eg,
Georges et al., 1995).

The candidate gene method (e.g., Renaville ef al., 1997) is rather dependent on a
priori knowledge on a genetic and physiological level. First, genes and their DNA
sequences need to be known. Then selection ofthe right gene should be based on good
knowledge of its position inside a metabolic pathway. Additive effects for the different
alleles for these candidate genes are then compared to each other in order to establish
allele substitution effects. This can be done using different techniques and on a
population or family level.

Genetic markers are also based on known DNA polymorphism. But contrary to
candidate genes these polymorphisms are mostly not functional DNA regions, but
nonfunctional. The markers used are mostly microsatellites, regions that are highly
polymorphic. Through the observation of transmission of markers over generations,
transmission of marked DNA parts can be traced through pedigree and linked to
phenotypic differences. This QTL/ETL detection method is basically family oriented.

5.2. USE OF QUANTITATIVE OR ECONOMICAL TRAIT LOCI

Detection of QTL/ETL is one point, but the main issue is their integration in current
breeding programs. Larzul et al. (1997) gave some details on the potential impact of its
use. Also, different technical problems are linked to QTL/ETL use.

First detection of QTL/ETL is done in families or sub-populations, therefore their
use in the whole population has to be done carefully or restricted to known families
where their segregation is known.

QTL/ETL detection is done on a single trait basis, therefore only for certain traits,
seldom for groups of traits. Therefore pleiotropic effects on other traits can not be
excluded and have to be studied carefully. A real-life example is the muscular
hypertrophy gene. This gene produces not only double muscled animals but seems to
have a pleiotropic effect on several malformations.

Also current research is focusing on additive QTL/ETL effects. But, the remaining
polymorphism at QTL/ETL levels needs to be explained. One possible answer is that
there might be favorable dominance effects that keep different alleles in the population
despite heavy selection.

A last important issue is that in a lot of situations molecular information is only
available for some animals.

QTL/ETL could be used in many ways. Different methods could differ by the use or
not of a priori levels of QTL/ETL effects, or by the joint estimation of polygenic and
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QTL/ETL effects. Obviously the second way to proceed would be ideal. Some obvious
uses of QTL/ETL could be as follows:

First, a priori knowledge of the level of QTL/ETL effects in families/sub
populations/populations could be used for animals without any other information than
their parent average (formula (5)) extending formula (6). This is typically the use most
people think about for the moment. This could for example be used to identify earlier
superior Al test sires. A second use of QTL/ETL is typically inside nucleus breeding
schemes where also joint evaluations might become possible. In the near future joint
evaluations including additive and dominance QTL/ETL effects might become feasible
even in rather large populations. Then the predicted phenotype would be:

éis—i-éiD "
Api= ————digip, +arF i+ Gai + 24di %

All polygenic effects are reduced for the QTL effects of the animal i where
Z‘iai represents the sum of the additive and qui the sum of the dominance QTL

effects.

Such developments will then be one element in the development of new mating
schemes emphasizing optimal use of all information, and improved data exchange
through new information technologies as INTERNET (Misztal et al., 1998). Figure 1
modified from Misztal ef al. (1998) gives an overview how such a scheme could be
structured.

6. Biotechnologies Transforming Artificially the Genome at the DNA Level

Until this point all presented biotechnologies were based on naturally existing DNA and
tried to evaluate, use, disseminate and adapt it optimally, but without intervening
artificially on it. Genetic engineering however exists and can be used in superior
animals and plants. Here we enter a rather difficult field and the real impact of these
technologies on animal breeding may be not yet known. In fact genetic engineering in
domestic species is a way to suppress species frontiers that limited introgression of
certain genes (alleles) into populations. For example until now only crossbreeding stress
negative Large White sows with stress positive Pietrain boars and backcrossing towards
Pietrain but retaining the stress-negative alleles in the population allowed to obtain
stress negative Pietrain pigs (Leroy and Verleyen, 1998). In the future desired genes or
alleles can be directly introduced. For example then some dairy cows may be starting to
produce high value protein or have no lactose. Such special animals could then be
multiplied through cloning. Direct introduction of QTL/ETL in population will be, but
not quickly a widespread technique. Indeed the real major issues with genetic
engineering is gene expression and simple gene transfer is not enough. In fact current
experience with domestic or other higher animals seem to show that expression of
introduced genes is a major problem.

42



Impact of biotechnology on animal breeding and genetic progress

Results of the last genetic evaluations
(additive and dominance QTL/ETL and polygenic effects)
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Pedigrees, molecularand inbreeding information
Figure 1. Computerized mating system showing the potential use of QTL/ETL.

7. Conclusions and Implications

There is a natural link between biotechnologies and animal improvement which is in
itselfa biotechnology. This link was therefore very important and animal breeding and
genetic progress have been greatly enhanced by the use of reproductive biotechnologies
as artificial insemination and embryo transfer. These old technologies are under
continuous development leading to sexing of semen and embryos and cloning. Their
influences are especially in the improved selection intensities and the more rapid
dissemination of superior germplasm. But they have some negative side effects
especially through increasing inbreeding and decreasing genetic diversity.

Currently, muchresearch is focusing on the detection of quantitative or economical
trait loci. The ultimate goal ofthis is to improve accuracy of detection of genetic merit.
Despite large research efforts these techniques will probably never explain all the
genetic variation. Therefore they need to be integrated in polygenic evaluations. Also
the real issue in the future will be the evaluation and introduction of molecular
information into genetic evaluation and their use in selection schemes that will be
taking advantage of advanced computerized mating schemes.

Direct and artificial modification ofthe germplasm of domestic animal is the current
ultimate type of biotechnology. These genetic engineering techniques provide ways to
adapt genetic material to specific needs but some technical, but also ethical issues are
not yet solved.

Biotechnology had, has and will have a major impact on animal breeding and
genetic progress. To a certain extent animal breeding is a very promising field to use
biotechnology as the past has already proven.
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Abstract

Identification of mutations in genes responsible for traits of interest or in a locus marker
for such genes will allow geneticists to implement the Marker Assisted Selection
(MAS) approach. The main advantages of using genetic criteria for selection is that
such data can be obtained early in life ofanimals (e.g.: at birth) and in each sex. When a
locus shows a preponderant action and explains the major part of variation of a
production trait production, it is called a Quantitative Trait Locus (QTL). At the present
time, the two major strategies developed to detect such QTL are the candidate gene
approach and the positional genetic approach. The present review summarises the main
results obtained in this area by both approaches and their possible application in term of
selection of farm animals.

1. Introduction

Classical selection programmes are based on phenotypic observations. Unfortunately, in
some cases, this approach is not efficient because phenotypes are expressed late in life
or in one sex only or determined after the death ofthe animal. In these cases use ofthe
genotype as a mean of selection will be a powerful tool that can be used early in life of
the animal and in each sex. Marker-assisted selection (MAS) can be defined as the use
of DNA sequences, that are associated with improved production traits, to supplement
or replace phenotypic selection. The basis ofthis approach is the polymorphic nature of
DNA. Due to advances in molecular biology, it is now possible to detect more easily
DNA mutations. These can directly affect the functionality of the coded protein by
changing splice sites, RNA stability, rate and regulation of gene transciption, or amino
acid sequence of the gene product. Mutations can also affect, not the gene itself, but a
region closely linked to it that co-segregates with it. In the latter, the linked gene is
generally unknown. In both cases, if one of the alleles of the polymorphic gene is
associated with a production trait, it is called a marker and can be used in a MAS
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program. Two approaches exist to determine whether a locus is a marker: the candidate
gene approach and the positional cloning approach.

I.1. THE CANDIDATE GENE APPROACH

This strategy consists in studying different genes potentially involved in the
physiological process (e.g.: milk proteins synthesis) and determining for each gene, the
allele that results in the interesting phenotype (e.g.: rennet coagulation properties). It
requires the knowledge ofthe genetic control ofthe studied physiological process (e.g.:
role of the somatotropic axis in regulation of lactation). Briefly, the identification of
polymorphic sites and the evaluation of the allelic differences of the candidate genes,
among animals of different phenotypic merit, offer potential for easy identification of
gene markers associated with phenotypic merit. Various studies have shown that a
number of single genes associated with mammary growth, development, and functions
are excellent candidates for linkage relationships with quantitative traits of economic
importance.

1.2. THE QTL DETECTION WITH GENETIC MARKERS (THE POSITIONAL
CLONING APPROACH)

The detection, with genetic markers, of chromosomal segments responsible for a
fraction of genetic variability of a trait is a completely different approach and does not
require any prior knowledge about the genes involved. Its principle is the following:
during meiosis, each haploid gamete receives n (n=30 in cattle) chromosomes resulting
from a random sampling of large segments within each parental chromosome pair. As a
consequence, two DNA sequences (or locus) located close to each other on the same
parental chromosome are likely to be transmitted together to the gametes and then to the
progeny. Let us consider two linked polymorphic loci called M and Q, and a double
heterozygote parent MQ/mq. This notation means that the alleles M and Q are on the
same chromosome (the grand paternal one, for instance) and m and q are on the
homologous chromosome (the grand maternal one). The number of parental progeny,
ie progeny receiving a parental (MQ or mq) chromosomal segment, is larger than the
number of recombinant progeny, ie progeny receiving a recombined (Mq or mQ)
chromosomal segment resulting from a crossing-over. When recombinations are rare
enough, ie when the loci are close enough, M and m are mostly associated to Q and q,
respectively, in the progeny of this parent. Ifthe Q locus affects the trait, the effect of
substitution of allele q by allele Q could be detected by comparing the two groups of
progeny having received M and m. Thus, in this case, although the marker M is not
involved in the genetic determinism of the trait, it can detect the QTL through its
genetic linkage.

The efficiency of this method primarily depends on the characteristics of the
markers:
®* As QTL could be located anywhere, markers are expected to be spread over the

entire genome;
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In order to characterise and trace each parental chromosome, the marker should
be polymorphic, ie it should have at least 2, and possibly more, distinctable
alleles;
®  The determination ofthe marker genotypes should be possible, easy and cheap.
These constraints explain why this approach described in the early 60’s (Neiman-
Soensen and Robertson, 196 1) was applied only recently. In fact, two basic discoveries
opened the way to QTL detection: firstly, many polymorphic sequences, and
particularly microsatellites (Weber and May, 1989) were discovered over the complete
genome; and secondly the polymerase chain reaction (PCR) method provided a means
to exhibit this polymorphism. In the last decade, a tremendous international effort has
been put to build a medium-density genetic map for most domestic animal species.
Pratically, the strategy using marker-QTL associations to localise a QTL can be
divided in the following steps: 1) identification of chromosomal regions containing
QTL of interest (10-20 cM), 2) specification of QTL location within these regions (5
cM), 3) identification of markers in tight linkage with the QTL (1-2 c¢cM) and 4)
identification of a potential candidate gene in this region. This method of mapping
QTL to progressively narrower chromosomal regions, using a battery of microsatellite
markers, until a suitable candidate gene is identified is called the positional cloning
method.

2. Genetic Markers Identified in the Bovine Species

2.1. LACTATION

2.1. 1. The Candidate Gene Approach

As reviewed by Bauman (1999) and Baldi (1999), administration of recombinant
growth hormone to dairy animals dramatically increases milk production and
demonstrates the critical role of the somatotropic axis in regulation of lactation.
Accordingly, the results presented in the next section focus on the possible relationships
between candidate genes, associated with the somatotropic axis, and quantitative and
qualitative milk production traits.

2.1. 1. 1. Somatocrinin (GHRH) and GHRH Receptor Polymorphisms. In the cascade of
events that control the pituitary GH secretion, the hypothalamic factor GHRH and its
receptor directly control the GH synthesis by the somatotropic cells. In 1995, Moody et
al. (1995a) described a restriction fragment length polymorphism (RFLP) in the GHRH
gene using the Haelll restriction enzyme. In a preliminary study on 89 artificial
insemination (Al) Holstein-Friesian bulls, we noted that the rare genotype (AA, 7.7%)
obtained after PCR-RFLP Haelll restriction enzyme analysis is significantly favourable
for fat percentage and fat yield. However, this observation must be confirmed on a
higher number of animals. Recently, Connor ef al. (1998) reported a polymorphism at
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the GHRH receptor gene (located on chromosome 4) using Eco571 enzyme that could
modify GHRH stimulation ofthe somatotropic cells (Connor ef al., 1998).

2.1.1.2. Pituitary-Specific Transcription Factor (Pit-1) Polymorphism. Biochemical and
ontogenetic studies have shown that Pit- 1 is the critical cell-specific transcription factor
for activating expression of the prolactin (PRL) and GH genes in the anterior pituitary
gland (Review in Tuggle and Trenkle, 1996). Pit-1 has subsequently been shown to be
capable of activate other pituitary genes, including the Pit-1 gene itself (Chen et al.,
1990, Rhodes et al., 1993), the GHRH receptor gene (Lin ef al., 1992), the gene coding
for the B subunit of thyroid-stimulating hormone (TSH) (Haugen et al, 1993,
Steinfelder et al., 1991) and the pituitary 2 TSH receptor (Wood ez al., 1994).

The regulatory regions recognized by Pit-1 within the PRL, GH and Pit-1 gene

promoters have been demonstrated to be required for appropriate pituitary-specific
expression of these genes both in cultured cell lines and transgenic animals (Lira et al.,
1988, Liraetal., 1993 and Crewshaw 1989). In humans, different mutations ofthe Pit- 1
gene have been also reported in patients with hypopituitarism (Pfaffle ez al,, 1992) or
with sporadic combined pituitary hormone defiency (Radovick et al., 1992).
Pit-1 is a 291-amino-acid protein with a DNA-binding POU domain which is
characteristic ofa family ofproteins, including Pit-1, Oct- 1, Oct-2, Unc-86 (Herr et al.,
1988). The POU domain is divided into two well-conserved regions. The C-terminal
half, called the POU-homeodomain, encodes a low-affinity DNA-binding domain,
whereas the N-terminal half, called the POU-specific domain, confers high affinity to
the POU domain and participates in protein-protein interactions (Tuggle and Trenkle,
1996).

In cattle, Woolard et al. (1994) reported a Hinfl RFLP in exon 6 of the Pit- 1 gene
which has been assigned to chromosome 1 (Moody et al., 1995b). Digestion ofthe PCR
products with the enzyme revealed two alleles: A (Hinfl -) and B ( Hinfl +). The
frequencies of the three genotypes generated by the two alleles in a sample of 89 Italian
Al Holstein-Friesian sires were 2.2, 3 1.5 and 66.3 % for AA , AB and BB, respectively
(Renaville ef al., 1997). In this study, fixed and mixed linear models fitted on daughter
yield deviations for milk and on deregressed proofs for conformation traits showed a
superior effect of allele A for milk and protein yields, inferior for fat percentage, and
superior for body depth, angularity and rear leg set. Recently, an additional study has
been realised in our laboratory on 1100 AI Holstein bulls commercialised by Semex
Alliance (Canada) (unpublished data). In this sample, the frequency ofthe AA genotype
was higher than in the Italian bulls (9 % vs 2.2). The frequencies of the two other
patterns were respectively 48% for AB and 42% for BB patterns respectively. The
statistical analysis revealed similar associations as in our first study, except for fat yield,
with a significant superiority ofthe A allele on the B allele for milk yield, protein yield
and for fat yield. These preliminary investigations indicate that Pit-1 is a promising new
possibility to select for increased protein and milk yield through selection for the A
allele. However, this hypothesis must be validated on a large number of animals and for
other breeds before definitive conclusions can be drawn.
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2.1. 1.3. Growth Hormone Polymorphism. Considering its essential role in lactation
process, the GH gene (associated to chromosome region 19q26-qter in bovine (Hediger
et al., 1990)) is a potential target for studies of molecular variation in association with
genetic merit of dairy breeds. Using different restriction enzymes, numerous
polymorphisms have been reported in the bovine species.

Due to an insertion of a T at position +837 and a C-G transition at position +838, a
MspI RFLP is present in the third intron of the bovine GH gene (Zhang et al., 1993).
Hoj et al (1993) observed a difference in allele frequencies at the GH loci between two
Danish and Norwegian lines, the Msp/ (-) haplotype being more frequent in the line
selected for milk fat. Lee ef al. (1993, 1994) found also a significant association of
Mspl (-) with higher fat yield in Holstein cows. In a recent study, Lagziel et al (1999)
found a significant increasing effect of Msp/ (-) allele on protein percentage and kg of
protein per year. For these authors, the observed effects are due to a locus in linkage
with GH but at some distance of'it. In contrast, for Yao ef al. (1996), who have detected
this polymorphic site by the SSCP method, the Msp/(+) allele has been found
favourable for milk, fat and protein yield. In this study, the authors found an other
polymorphism, due to an A-to-C transversion which changes the codon AGG to CGG
in the fifth exon ofthe gene, in linkage disequilibrium with the Msp/ mutation. For Furu
et al. (1988), the Mspl (+/-) pattern, located in the third intron, is associated with a 0.9
kb insertionideletion in the 3’ flanking region, potentially carrying transcription
regulator sites. For these authors, this polymorphism does not result in differences of
indicators for genetic merit in 100 Holstein Al sires.

With the PCR-RFLP technique using the 4/ul restriction enzyme, Lucy et al. (1993)
revealed two alleles responsible for alternative forms of bovine GH with a Leu or Val
residue at position 127. Injection of recombinant bovine GH with a valine residue
corresponding at the Leu/Val polymorphic locus to lactating cows has been shown to
improve fat corrected milk production more than GH-Leul27 administration (Eppard et
al., 1992). This observation suggests that the Val allele genotype is better for milk
production. On the other hand, Lucy et al. (1993) reported a significant higher predicted
transmitting ability (PTA) for milk yield for Val/Nal genotype Jersey cows, but no
significant effect was found in their samples of Holstein, Guernsey, Ayrshire or Jersey
bulls. However, Furu ef al. (1998), Schlee et al. (1994a) and van der Werfet al. (1998)
observed no significant effect of this Leu/Val polymorphism on milk trait breeding
values of Simmental, Holstein or Jersey sires. On the other hand, Lee ef al. (1996) and
Lucy et al. (1993) reported a decreased milk yield associated with the valine variant of
the GH gene in Holstein cows. Further studies by Schlee ef al. (1994b) in German
Black and White bulls revealed that animals homozygous for the leucine variant had
higher plasma levels of GH than their heterozygous counterparts.

A third RFLP using the Taql restriction enzyme was described in the bovine GH
gene by Rocha et al. (1992). In milk production, Falaki et al. (1996, 1997) reported an
association between this GH-Taql polymorphism and milk traits for Simmental cows
but not for Holstein-Friesian bulls. The GH-Taql polymorphism is due to an
insertion/deletion of about 1000 bp in the 3’ end ofthe gene, between the EcoRI and the
Tagl restriction site (Hoj et al 1993; Hallerman et al., 1987).
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In the bovine GH gene, there are also other variation sites that could be interesting for
association studies with milk production traits. Hecht and Geldermann (1996) have
shown 7 mutations in the GH gene. Six ofthem have been identified in the 5’-flanking
region and one in intron I. Some ofthese variable sites are also potential binding sites
for trans-acting factors (CAAT/enhancer binding protein, polyoma virus enhancer A
binding protein 3, thyroid hormone response element) and therefore possibly involved
in the expression ofthe growth hormone gene. Recently, Rodrigues ef al. (1998), have
identified a polymorphic site in the promoter region of the GH gene. This
polymorphism consists in the absence of an AAG trinucleotide localized 9 nucleotides
upstream from the TATAAA sequence. Unfortunately, in these two last studies, the
association between production traits and the polymorphism was not examined.

Therefore, it appears that selection for milk production traits based upon conflicting
GH genotype data is not a promising way. The major problem to definitely conclude on
the opportunity to select animals on GH genotype is often due to the limited number of
genotyped animals in the published studies.

2.1.1.4. Growth hormone Receptor Polymorphism.  The cDNA of the bovine
transmembrane GHR has been sequenced by Hauser et al. (1990). It consists of 9 exons
and is associated with chromosome 20 (Moody et al., 1995c). As deduced from the
human nucleotide sequence, the GHR is a protein of 620 amino acids comprising an
extracellular hormone binding domain of 246 amino acids, a single 24 amino acid
transmembrane region and a long cytoplasmic domain. The extracellular domain
contains seven cysteine residues and five potential N-linked glycosylation sites and two
boxes important for the signal transduction after binding of the hormone to its receptor
(Leungetal., 1987, Wanget al., 1995).

After hybridization with a homologous cDNA probe containing the coding sequence
for the intracellular C-terminal part of the receptor, we have identified six restriction
enzyme Taql bands (7.1, 6.2, 5.7, 5.4, 42 and 3.3 kb) that give nine genotypes in
Holstein-Friesian Al bulls (Falaki ef al,, 1996). The effect of this polymorphism on
values for milk protein percentage was highly significant (P < 0.005) and favorable for
the rare (6.6%) 5.7- and 5.4-kb patterns.

Recently, Moisio ef al. (1998) detected three variants in the 3’ flanking region ofthe
bGHR:GHR;;;, GHR,,, GHR;,;. The longer alleles GHR,, and GHR;,; are more
frequent in the selected Finnish dairy breeds, whereas the shortest allele GHR;,
predominates in the native breeds.

2.1.1.5. IGF-I and IGF-I Receptor Polymorphisms. Mapped on chromosome 5 (Miller
et al, 1991), the IGF-I gene showed a SnaB! polymorphism in the 5’-flanking region
(Ge etal., 1997). However, in 152 Holstein bulls from select sires and Al organizations,
PTAs for fat, protein, and net merit did not tend to be significantly related to a IGF-
I/SnaBI polymorphic form (Hines et al., 1998). Moreover, in the same study, it was
reported that no SnaBI polymorphism at IGF-I gene and Alul polymorphism at GH
codon 127 interaction effects were detected. Moreover, Ge et al. (1997), using the
Single Strand Conformational Polymorphism (SSCP) method, noted a significant
difference in allele frequencies in seventy-six genotyped Angus cattle from lines
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selected for high or low blood serum IGF-I concentration that could influence the
lactation process. In 1996, Moody et al. (1996a) have located the IGF-I receptor on
bovine chromosome 2 1. Digestion of IGF-I receptor PCR products with Taq/ restriction
enzyme revealed a polymorphism with two alleles (A and B). However, these authors
concluded that usefulness of this IGF-I receptor polymorphism in studies designed to
identify economically important quantitative trait loci in cattle may be limited because
of the low B allele frequency and because this allele is only present in Bos indicus
cattle. To our knowledge, no new information have been published to validate or not
this hypothesis.

2. 1.2. Thepositional Cloning Approach

In order to generate linkage disequilibrium between the alleles of the QTL and the
genetic marker, most studies have crossed inbred lines to construct F1 individuals
heterozygous for both loci. When this method is not a viable option (in dairy cattle for
example), alternative options exist. The progeny of a single sire, heterozygous for one
or more genetic markers may be analysed. If a specific sire is also heterozygous for a
linked QTL, then the progeny ofthis sire that inherit different paternal alleles will have
different means for the quantitative trait. This method, the ‘daughter design’, has been
applied to dairy cattle data (reviewed by Hines, 1990) and extensively analysed (Soller
and Genizi, 1978; Weller et al, 1990). In 1990, Weller et al. proposed an alternative
‘granddaughter design’, in which sons ofa sire heterozygous for the genetic marker are
genotyped, while the quantitative traits are analysed using the granddaughter records.
Although the magnitude of the QTL effect measured in the granddaughter design will
be only half of the effect measured in the daughter design, the number of progeny
analysed for quantitative traits can be much greater. For many population structures, it
is possible to genotype less than halfas many individuals and still obtain greater power
with the granddaughter design than with the daughter design (Weller et al, 1990).
Using the granddaughter design, Andersson-Eklund and Renkel (1993) reported a
linkage between the amylase-1 locus and a quantitative trait locus influencing fat
content in milk. In an other report, the granddaughter design was used to study
chromosome substitution effects associated with K-casein and [-lactoglobulin in
Holstein cattle (Cowan ef al., 1992). The most severe limitation on analyses ofthis type
has been the lack of suitable genetic markers. Most previous studies on dairy cattle have
used blood groups, blood proteins and milk proteins. The number of such markers is
limited. Presently, two published linkage maps exist for cattle (Barendse et al., 1994;
Bishop et al., 1994), that cover most of the genome and contain a large selection of
microsatellite markers. With the availability of highly informative marker maps, it has
recently become possible to map quantitative trait loci underlying the genetic variation
of multifactorial traits (Paterson, 1995). Although microsatellite linkage maps with
intervals of 5-10 ¢cM are sufficient for identification of loci with large effects on
phenotype, characterization of loci with smaller effects, such as QTL, require higher
resolution (1-2 ¢cM average interval) (Matise et al., 1994).

The first report of detection of QTL effects in dairy cattle with DNA microsatellites
was due to Ron et al. in 1994. In 1995, Georges et al. identified five chromosomes
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showing strong evidence for the presence of QTL affecting milk yield and composition
: chromosome 1, 6, 9, 10 et 20. The QTL on chromosome 6 has been confirmed by
independent studies perfomed in the Holstein-Friesian (Kuhn et al., 1996, Spelman et
al., 1996, Ashwell et al., 1998) as well as other dairy cattle breeds (Gomez-Raya et al.,
1996; Velmala e? al., 1997, Grisart et al., 1998). Independant evidence for effect on
milk yield and composition on chromosome 9 and 10 have been reported, respectively
by Villki et al. (1997) and Ron ef al. (1998). Arranz et al. (1998) confirmed the genuine
nature ofthe QTL, mapping to chromosome 20, affecting milk yield and composition
and segregating in Holstein-Friesian elite dairy cattle. This study identifies at least two
QTL alleles, one of which causes an increase in milk volume accompanied by a dilution
in fat and protein constituents. The corresponding gene(s) could act by affecting the
osmolarity of milk either via lactose or other milk osmolarly active components.
Confirmation of this QTL warrants investment into its fine-mapping towards its
positional cloning. Interestingly, the mapped interval is known to contain the genes
coding for the receptors of growth hormone and prolactin. Recently, a QTL with major
effect on milk yield and composition has been identified on the centromeric end of
chromosome 14, independently by Coppieters et al. (1998) and Ron ef al. (1998) and
Ashwell et al., 1998). Several other studies have been designed in an attempt to map
QTL affecting production in dairy cattle. Heyen et al. (1998), indicated potential QTL
for yield and percentage traits on chromosomes 1, 2, 3, 7 and 14. In their study, Kalm et
al. (1998) found QTL affecting milk yield on chromosomes 2, 5, 18 and 23, QTL
affecting fat yield on chromosomes 2, 5 and 16, QTL affecting protein yield on
chromosome 10 16 and 23. Finally, using multiple marker mapping of QTL for milk
production traits on chromosome 1 in Canadian Holstein bulls, Nadesalingam et al.
(1998) found a QTL affecting the milk and protein yield and suspected a possible
linkage with the described Pit-1 polymorphism (Nadesalingam, personal
communication).

The somatic cells score (SCS) is an other milk production trait under study at
present because it accounts for the largest reduction in producer income (Weigler et al.,
1990). The SCS have been used by the dairy industry as a measure of intramammary
health because SCS are positively correlated with mastitis and because somatic cells
have an important role in mammary gland defense. The bovine major histocompatibility
complex (MHC), or bovine leukocyte antigen (BoLA) class II genotyping system was
first chosen as a marker for SSC by van Eijk et al. (1992). The reasons for this choice
are that this marker is highly polymorphic and plays an important role in immunity.
Several studies of association between alleles at the BoLA class II DRB 3.2 locus and
SCS parameter show that certain alleles appear to be associated with susceptibility and
other alleles appear to be associated with resistance to mastitis or its effects (e.g.:
elevated SCS) (Aarestrup et al., 1995, Ashwell et al., 1996, Dietz et al., 1997; Kelm et
al., 1997, Starkenburg et al., 1997, Sharifef al., 1998). As some results ofthese studies
are conflicting, they must be confirmed.
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2.2. MEAT PRODUCTION

Interest in the identification of loci influencing carcass composition (fat deposition
sites, lean tissue yield, ...) and quality (muscle tenderness, ...) is linked with the
importance of these characteristics for the determination of carcass value and consumer
satisfaction. However, many ofthese characteristics cannot be measured in live animals
inducing difficulties for conventional selection programmes. Integration of markers
associated with these characteristics will thus greatly facilitated selection.

In the case of meat production, the GH gene was also considered as a possible
candidate gene. Rocha et al. (1992) reported an association between a Taql RFLP
polymorphism and birth weight and shoulders width of calves. For Sneyers et al,
(1994) the Taql RFLP was associated with growth performance at the 7t and 13t
months of age for Belgian Blue White bulls. In a recent study, Taylor et al. (1998)
presented an approach to evaluate the support for GHI gene as QTL for growth and
carcass composition within the context of genome-wide-map-based cloning strategies.
To establish candidacy, a bacterial artificial chromosome (BAC) clone containing a
putative candidate gene is physically assigned to an anchored linkage map in order to
localise the gene relative to an identified QTL effect. Microsatellite loci derived from
BAC clones containing an established candidate gene are integrated into linkage map
facilitating the evaluation by interval analysis of the statistical support for QTL identity.
In their results, the authors conclude that, with the exception of ether extractable fat and
adjusted fat, there is no compelling evidence for association between breed-specific
Angus and Brahman GHI alleles and any of the growth, carcass composition and
quality characters. Nevertheless, this strategy defines an efficient and cost effective
approach for the positional candidate cloning of QTL in domesticated livestock species.
An other important finding in the area of meat production is the positional cloning of
the muscular hypertrophy (mh) gene responsible for the double-muscling nature of the
Belgian Blue White (BBW) (Charlier et al., 1995 and Grobet et al, 1997). The
doubled-muscling animals have leaner carcasses than those not doubled-muscling and
exhibit greater muscle (about 20%) mass with less fat. Their hyperplasia is due to an
increase in the number of muscle fibers rather than the individual diameter. In the case
of BBW, the authors reported an 11-bp deletion coding sequence for the bioactive
carboxy-terminal domain of the myostatin gene that inactivates the protein. Several
other studies of positional cloning approach have identified a QTL for meat production
traits on chromosome 5 (Davis et al., 1998, Stone et al., 1999 and Casas et al., 2000).
This QTL is located near the IGF-I gene. Moody et al., (1996b) found an association
between IGF-I and growth in Hereford cattle, suggesting the possibility that this or a
neighboring gene could be associated with growth. Other chromosomes were identified
as sites of QTL : QTL for birth weight was reported on chromosome 6 (Davis et al.,
1998 et Casas et al., 2000); QTL for fat deposition traits were detected on chromosome
14 (Ashwell et al., 1998, Casas et al., 2000); two QTL for marbling on chromosomes
17 and 27 (Casas et al., 2000), QTL for meat tenderness was detected on the telomeric
end of chromosome 29 (Casas et al., 2000).
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3. Genetic Markers Identified in Pigs

3.1. THE CANDIDATE GENE APPROACH

In 1995, Nielsen et al. suggested differences in the transcriptional activity between GH
gene variants, which might eventually cause higher plasma GH concentrations and
higher growth rates. After, two studies (Larsen et al, 1995 and Knorr et al., 1997)
indicated that the GH locus plays a major role in defining the genetic differences
between Meishan and Piétrain, but not between Wild Boar and Piétrain, or Wild Boar
and Large White pigs.

Pit-1 was chosen as a candidate gene to investigate its association with growth and
carcass traits in pigs. In a recent study, the Mspl polymorphism was found to be
associated with birth weight and carcass fat (Yu ef al., 1995). On the contrary, the Rsal
polymorphism showed no significant differences for lean-to-fat ratio (Stancekova et al.,
1999).

The receptor ofthe prolactin hormone was also investigated as a candidate gene for
reproduction traits in pigs and was found to be associated with increased litter size
(Rotschild et al., 1998).

3.2. THE POSITIONAL CLONING APPROACH

An economically important use of markers in pigs was for the prediction of the
halothane (Hal) genotype. The halothane locus is the best studied region of the procine
genome. This locus controls the so-called Porcine Stress Syndrome which includes
susceptibility to malignant hyperthermia and poor meat quality. In 1991, Fujii e al.
identified a C to T mutation at nucleotide position 1843 in the porcine RYR gene. To
day, an accurate DNA-based test is used. A successful MAS was applied in Sweden to
reduce the incidence of the Halothane gene prior to the identification of the causative
mutation (Gahne et al., 1985 and review in Andersson et al,, 1998). A second major
gene of economical importance in pigs is the Rendement Napole (RN) gene that
influences meat quality. This gene has been mapped using a set of markers, represented
by microsatellites and blood proteins (Mariani ef al., 1996). Recently, the RN loci is
more accurately assigned to the 15q24-q25 region by Millan et al. (1996) and
confirmed by Tornsten e al. (1998). While geneticists are seeking the causal mutation,
the linked DNA markers identified so far, might be already used in a Marker Assisted
Selection program.

Presently, low-resolution genetic maps have been published for pigs (Ellegren et al.,
1994; Rohrer et al, 1994; Archibald et al, 1995). The average interval between
markers for these maps range from 5,5¢M (Rohrer ef al., 1994)to 13,3 ¢cM (Barendse et
al., 1994). The ability to set up test mating, the generation interval and the number of
progeny per litter make swine an attractive model to identify QTL of economic
importance as well as those underlying several genetically based human diseases.
Microsatellites anchored on low-resolution maps have identified regions that influence
disease resistance (Edfors-Lilja et al., 1995), growth rate and fat deposition (Andersson
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et al, 1994), reproduction traits (Paszek et al, 1998, Bidanel et al, 1998), meat
production (Bidanel ef al., 1998 and Rattink ef al., 1998, Miller et al., 1998, Cepica et
al., 1998, Tepas et al., 1998, Maak et al., 1998. Finally, using markers flanking the
IGF-1 and GH locus, Casas-Carrillo et al. (1997) found a potential association of a
QTL, located in the interval between the markers and IGF-1, with average daily gain in
one family. No association was found for the GH locus.

4. Genetic Markers Identified in Chicken

4.1 THE CANDIDATE GENE APPROACH

In chicken, the GH gene was also studied. Selection for feed conversion, egg production
or growth have been shown to affect GH and GH-receptor levels (Anthony ef al., 1990;
Vanderpooten et al., 1993). The GH gene is highly polymorphic in meat-type chickens,
segregating for at least five different alleles (Fotouhi ef al, 1993). In their results,
Kuhnlein et al. (1997) presented an association between GH-polymorphism disease
resistance and egg production. The GH allele co-selected with resistance was associated
with a delayed onset of ovulation but a higher persistency of ovulation a age
progressed, resulting in an overall increase of egg production by 15 % The resistance-
associated GH was dominant for the onset of ovulation and recessive for the persistency
of egg production.

4.2. THE POSITIONAL CLONING APPROACH

In F1992, 100 RFLP loci were mapped in the chicken (Bumstead and Palyga, 1992). As
yet, 700 chicken microsatellite markers are available (NAGRP, 1998). In their results,
Hu et al. (1997) found a G to A substitution in the NRAMP1 (natural resistance-
associated macrophage protein 1) gene that is specific to a susceptible line and not
observed in any of the resistant lines. These authors estimate that toghether, NRAMP1
and Tnc explain 33 % of'the early differential resistance to infection to S. fyphimurium.
On the contrary, Mariani et al. (1999) presented a possible association between
resistance to salmonellosis trait with a linkage group on chromosome 5 using backross
populations from a cross between susceptible and resistant inbred lines. To refine the
location of the resistance gene, additional markers known to lie in this region were
selected. To day, the gene on chromosome 5 affecting resistance to salmonellosis in
chicken is still not found.

5. Conclusions

Over the last few years, a wealth of QTL has been mapped in different farm animals.
They are powerful tools in breeding programmes to produce ideal genotypes. As several
authors have underlined, it is essential to confirm the presence of mapped QTL before
any further step towards a MAS scheme. These confirmations can be done on a greater
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number of animals and using different breed samples. The development of performant
statistical programs for an exact evaluation of the relationships between the trait under
study and gene variabilities is also necessary. Some simulation studies are currently
carried out in order to estimate the response to MAS as reviewed by Haley and Visscher
(1998) and Spelman and Bovenhuis (1998). Finally, biological systems are complex
implicating many genes having different influences. Such interactions between loci
should always be considered when a putatively interesting locus is used in MAS.
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Abstract

The administration of recombinant bovine growth hormone (rbGH) increases milk yield
by 2-6 kg/d, according to cow age, lactation stage and nutritional status, injected dose
of GH and prolonged-release formulation ofthe hormone. Effects on milk composition
and body reserves depend on the duration ofthe trials and on the kind of diets fed. GH
increases the activity and/or longevity of mammary secretory cells, probably via IGF-I
produced by the liver and/or the mammary gland. Simultaneously, GH directs adipose
tissue and muscle metabolism towards increased fatty acid mobilisation and oxidation,
and towards glucose sparing. The administration of rbGH has few direct effects on the
reproductive function, but indirectly tends to delay it when it begins before fertilisation,
due to the transient decrease in the energy balance ofthe cows. Milk processability does
not seem to be modified by the administration of rbGH, nor does the increase in milk
IGF-I secretion appear to pose a risk to consumers. GH may stimulate immune
responses in animals, thereby increasing the milk cell count. On the other hand, the
trend towards an increase in the occurrence of mastitis seems to result indirectly from
the increased milk yield. High concentrations of GH can stimulate viral yield in some in
vitro models in monogastric species, but there is currently very few data for dairy
ruminants. Furthermore, the elimination rate of xenobiotics (antibiotics, etc...) by the
liver could be reduced. Should rbGH be used commercially, this would decrease the
efficiency (or increase the cost) of genetic selection, and would be of limited economic

¢ translated in part from INRA Prod Anim. 11, 15-32 (1998)
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value for farmers working within a milk quota system. However, its use in other
countries without quotas could decrease milk production costs and increase competition
in international dairy product market, despite the risks of decreasing the image ofthese
products for consumers.

1. Introduction

Growth hormone can be produced industrially by genetically modified bacteria. The use
of GH to increase milk production has been the focus of a large number of studies
which made it possible to define its effects and its mode of action. However, GH
intervenes in the regulation of numerous physiological factors and its effect on certain
mechanisms, especially the immune system, needs to be specified. In addition, the
increase in the volume of milk produced resulting from the use of recombinant GH in
animal husbandry would not be without consequence on the organisation of milk
production on the European scale. This article gives a summary of the animal
production results that one can expect to obtain from administering recombinant GH,
presents the mechanisms of action of this hormone, and analyses the potential
socio-economical consequences should it be used.

For over 70 years, scientists have been aware of the stimulating effects of injecting
hypophyseal extracts on tissue growth (Ewans and Long, 1921) and on milk secretion
(Stricker and Grueter, 1928). These effects are mainly due to the action of growth
hormone (GH), also referred to as somatotropin (ST). The GH naturally produced by
the hypophysis has a sequence of 190 or 191 amino acids with four major variants
which vary in proportion according to the dairy cow breed, and genetic polymorphism
which seems to be related to the production level and/or composition of the milk.
Recombinant bovine GH (rbGH or rbST), produced by protein biotechnology, contains
between 191 and 199 amino acids, according to the production processes of the
different manufacturers (Bauman and Vernon, 1993; Falaki et al., 1996a, 1996b, 1997).

Research on the galactopoietic effects of GH in dairy cows was greatly intensified
during the 80's because of the semi-industrial production of rbGH, and then the
development of prolonged action forms (prolonged release rbGH) which made it
possible for a very large number of long term studies on a great number of cows in
experimental and commercial farms to be initiated (Bauman et al., 1985, 1989;
Chilliard, 1988b). In addition to these effects on growth and lactation, GH often
intervenes directly or indirectly in the physiological regulation of the majority of the
organism's tissues, including resistance to diseases and aging, which explains the
significant progress which has been made by the studies also being carried out on
human GH.

This article focuses on the studies concerning dairy cows. Indeed, these studies
illustrate well the advances being made and the theoretical and practical problems
concerning an important agro-food sector whose stakes have increased since the
commercialisation of rtbGH was authorised in the USA in 1993, whereas it is forbidden
in the European community. The effects of GH on the performances of dairy cows are
presented, followed by the mechanisms of action and, finally, the consequences on the
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reproduction and health of cows, the quality of milk, dairy herd management and, more
generally, the economy ofthe bovine dairy sector.

2. Effects on Dairy Cow Performance

2.1 SHORT TERM EFFECTS

The daily administration of tbGH over a period of less than four weeks and beginning
after the lactation peak causes an increase in milk production of about 4 kg/day, without
increasing the food intake level, which in turn greatly reduces the energy balance ofthe
animals (Chilliard, 1998a). The effects on milk composition depend mostly on the
nutritional balance ofthe treated cows (Chilliard et al., 1989): the fat content increases
and the protein content decreases when the balance becomes negative, whereas these
contents vary little when the balance remains positive (despite its decrease). These
effects, which vary depending on the energy balance, are similar to those observed in
cows receiving no GH.

2.2. LONG TERM EFFECTS

The trends observed since the end of the 80's in the USA and in Europe (Chilliard,
1988b) and in France (Chilliard ef al., 1989) have been confirmed by more recent
studies (Bruneau et al., 1991 ; McGuffey et al., 1991 ; Thomas et al., 1991 ; Figure 1).

1.2.1. Milk Production and Composition

With daily injections of increasing doses of rbGH, the response varies from +2.8 to
+5.9 kg milk/day (Figure 1), but varies greatly between trials (from 0 to +11 kg/day).
Injecting prolonged-release rbGH every 14 or 28 days gives lower results.

However, the injection frequency (14 versus 28 days) modifies the result only
slightly if the total injected dose is the same (Figure 1). The variability of responses
between herds and trials (ranging between +1 and +8 kgiday) is here again very high.
The effect of prolonged-release tbGH on the lactation curve is illustrated in Figure 2,
where the cows received the same ration based on preserved fodder during the entire
lactation period. The very rapid response of milk production (14.5 kg/day) decreases
over the course of the treatment period to reach +2.5 kg/day during the last weeks.
Overall, annual milk production increases by 10 to 30%. The effects of tbGH on milk
production were confirmed when cows were treated over several successive lactations
(up to eight lactations).
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Figure 1. Long term effects of fhe dosage and nature of fhe recombinant growth
hormone (rbGH) on the milk production of cows. [® = daily injections of rbGH, 969 cows
(Chilliard, 19886); O = daily injections of Somavubove, 598 ggws (Stanisiewski et al.,

1994); V= injection every 14 days of Sometribove, 881 cows (Chilliard, 19886); =
injection every 14 days of Sometribove, 881 cows (Hartnell et al., 1991): A =injections
every 14 days of rbGh-retard, 229 days (Downer et al., 1993); Bl = injections every 28
days of Somidobove, 468 cows (Chilliard, 1988b)]

The composition of milk does not vary on average over long periods. However, besides
the variations observed at the beginning of the treatment, more or less significant
fluctuations can be observed during the time interval separating two injections of
prolonged-release tbGH. In fact, in the case of monthly injections, cyclic responses in
milk production and composition, generally with maximum milk production and fat
content values occurring between days 5 and 10 after each injection, whereas the
protein contents reach a minimum on the following day which lasts for approximately
one week, then increases during the course of the following week (Figure 3). The
increase in fat content follows that in milk production. It is accompanied by an
enrichment of the milk fat in long-chain fatty acids derived from the mobilisation of
body lipids. The decrease in the protein content which precedes the increase in milk
production is difficult to explain by a dilution or undernourishment effect. It could be
related to the nitrogen sparing effect of GH on body proteins and the oxidation of amino
acids, which would be compatible with the increase in protein content at the end of the
cycle, when milk production decreases rapidly.

The same cyclic phenomena exist but at smaller amplitudes in the case of half-dose
injections every 14 days, that is for a comparable total monthly dose (Vérité et al.,
1989, Rémond et al., 1991; Figure 2).
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Figure2.  Effects of rbGH-retard (500 mg every 14 days) on the production,
consumption. and energy balance of cows receiving a complete ration ad libitum.
According to Phipps (1988).

69



Chilliard Y., Lerondelle C., Disenhaus C., Mouchet C. and Paris A.

1.2.2. Feed Intake and Energy Balance ofthe Animals

Feed intake increases significantly after a period of 6 to 8 weeks (see Figure 2). The
increase is of about +1.5 kg DM/day in trials which last 32 weeks, and of about only
+0.8 kg DM/day in trials which last only 18 weeks, as the first 6-8 weeks have more
weight in the average response.

As a result of these respective variations in milk production and dry matter intake,
treated cows initially have a lower energy balance than the control cows, as if a
minilactation was beginning, superimposing these effects onto those of the lactation in
progress (see Figure 2). However, the balance can become higher again when the cows
have access to a highly ingestible ration ofhigh nutritional value (good forage and high
proportion of concentrate). In 8 trials on 3 15 treated cows receiving this type of diet, the
energy balance in relation to the control group was 8.5 MJ net energy for lactation
(NEl)/day lower during the first 12 weeks of treatment, then 5.0 MJ NEIl/day higher
during the last 22 weeks (Chilliard 1988b). This theoretically corresponds to a decrease
in the deposits of body lipids of 19 kg in 12 weeks, with recovery during the following
22 weeks. This calculation is confirmed, on average for all the available results, by
variations in body composition (Figure 4), live weight, body condition score (Bauman
etal., 1989; Pell et al., 1992) and blood metabolites. However, it should be pointed out
that when the ration has a lower energy content, or when the treatment lasts less than
32 weeks, the body condition of the treated cows at the end of the experiment is not as
good (Chilliard et al, 1991) and they should subsequently receive an energy
supplement to achieve a comparable degree of fat cover for the following calving.

Relative response (%)

120 - L Milk
!
110 i Fat content
1
100+
E Protein content
90 +—+——r | ) B Fe e P et

T 1 T
6 -2 24 8 12 16 20 24 28
Days after injection

Figure 3.  Daily evolution of the milk production and composition after monthly
injections of rbGH-retard (according to Vérité et al., 1989). The 100 value represents the
average of the values observed during days: -7 to -1 and +22 to +28 in the course of 5
injection periods.
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1.2.3. Efficiency of Ration Utilisation
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Figure 4. Variations ofbody lipids in the dairy cow during lactation and during a course
of treatment by growth hormone (GH). According to Chilliard (1999).

The studies carried out in respiratory chambers and the animal production trials show
that GH modifies neither the maintenance requirements nor the efficiency of the
digestive and metabolic utilisation of energy ingested when the live weight and body
condition ofthe cows are kept constant (Kirchgessner ef al., 1989). Therefore the total
energy requirements increase normally with the extra milk yield, and it can be predicted
using the usual INRA standards.

The "milk yield/net energy intake" ratio increases as a function of the decrease in
the maintenance requirements proportion of the total requirements, i.e. +2.6% or +4.4%
for responses in milk of +2 or +4 kg/day, respectively. When the apparent efficiency
increases to a greater extent, it is due to a decrease in the body condition of the treated
cows as compared to the controls which should be compensated for, to the cost of lower
efficiency during recovery after the GH treatment.

1.2.4. Responses According to Ration Type

Some trials have aimed to analyse the interaction between GH treatment and the type of
ration provided. In some of these trials the highest responses to GH injection were
observed with the rations which were the richest in energy and/or protein concentrates
but, in most of the other trials, the response was independent of ration type, perhaps due
to existence of other limiting factors than those potentially raised by the nutritional
factors studied in these trials (Chilliard et al., 1989).

Some indirect comparisons made in a great number of trials (reviews by Chilliard,
1990 and Bruneau et al., 1991) also suggest that the responses are higher (about +5
kg/day) with complete rations based on corn silage and rich in concentrates, than with
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rations based on grass silage or pasture grass and/or with a separate distribution of
concentrates in limited quantities (+2.5 to +3.5 kg milk/day). This confirms that the
quantity and quality of nutrients available for satisfying the increased demands of the
udder are partly responsible for the milk yield response, particularly in long-term trials.

1.2.5. Responses According to Lactation Number and Stage, Breed, and Milk Potential

The response of primiparous cows (in kg milk per day) has been comparable to that of
multiparous cows in several trials, but lower in a number of others. Some systematic
comparisons made in a great number of trials (Table 1) show 10 to 25% lower
responses in the primiparous cows. Greater differences (response 45% lower in
primiparous cows) have been reported in 9 trials with daily injections of rbGH
(Stanisiewski et al,, 1994). Primiparous cows, when responding well in terms of milk
yield, are particularly sensitive to the negative effects of GH on their body condition
(Rémond et al., 1991), probably because they simultaneously have a low intake
capacity, high maintenance of milk production and a priority for muscular protein
deposition, which is energy consuming (Vérité and Chilliard, 1992).

In addition, the responses are higher when the treatment takes place from the third
to the sixth lactation month (Table 1). This is probably due to the fragility of the
nutritional balance of the cows before the third month, and to the reduction in the
secretion potential (number and activity of mammary cells, pregnancy hormones) after
the sixth lactation month.

Table 1. Effects of the lactation number and of the lactation stage on the response (kg of
milk/day) to an administration ofrbGH-retard (500 mg every 14 days during 12 weeks).
(1) Bruneau, et al. (1991) - 420 cows treated in 24 Frenchfarms; (2) Thomas et al. (1991) -
445 cows treated, in 15 American farms.

actation stage 4t the Primiparous Multiparous

start of the treatment (N (2) (1) (2)
60-100 d 2.1 37 2.7 40
100-140 d 2.5 52 4.1 6.6
140-185 d 39 42 48 6.0
185-225d 38 - 4.3

The different dairy breeds studied (Holstein, Montbeliarde, Normande, Jersey) give
comparable milk yield responses. The response does not seem to vary as a function of
herd potential or of cows taken individually (Disenhaus, 1996), although certain studies
suggest that high producers may respond less to GH (Michel et al., 1990), perhaps
because the secretion of the endogenous hormone would be less limiting in these
animals.
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2. Mechanisms of Action (Figure 5)

2.1 MAMMARY GLAND, LIVER, AND IGF-I

The liver is a major GH target tissue in ruminants as well as in other species. High
affinity receptors have been demonstrated in bovine (Hung and Moore, 1984), ovine
(Gluckman et al., 1983), and caprine (Disenhaus ef al., 1992) liver. In endocrine terms,
GH-receptor binding induces an increase in the concentration of both circulating IGF-I
and its type 3 binding-protein (BP3), which is due to greater hepatic synthesis and a
decrease in the type 2 binding-protein (BP2) (Sharma et al. , 1994), which increases the
bioavailability of IGF-I for peripheral tissues, particularly for the mammary gland. In
growing ruminants the number of high affinity receptors for GH is increased by GH,
glucose and probably insulin, and is reduced by undernutrition (Gluckman and Breier,
1989). This GH induced increase has not been observed in the lactating cow or goat
(Hard et al, 1992; Jammes ef al., 1996). However, the occupancy rate of hepatic
receptors increases consistently with the plasma IGF-I response. The effect of
undernutrition on hepatic sensitivity to GH action during lactation has not been studied.

The reality of direct GH action on the mammary gland remains controversial. The
sensitivity ofthe udder to GH is probably low because the standard methods used have
not made it possible to identify GH receptors (Keys and Djiane, 1998), although the
detection of messenger RNAs encoding for the receptors in the cow udder (Glimm et
al., 1990) and ewe udder (Jammes et al., 1991) shows that their synthesis can occur
there. However, the local infusion of GH does not increase dairy cow yield (McDowell
et al., 1987b) and, in vitro, the metabolism of bovine mammary explants in culture is
only very slightly affected by GH.

Many in vivo trials have made it possible to describe the effects of GH on the udder,
but without making it possible to specify whether these actions are direct. Thus, the
administration of GH rapidly increases mammary blood flow in the ruminant in
lactation (Davis et al., 1988) as well as during the dry period (Rulquin and Vérité,
1993), by modifying the gas exchanges in the vascular cells (Nielsen et al., 1995). In
addition, this treatment slows down the decrease in the number of mammary epithelial
cells during the course of lactation (Knight ef al., 1990) and mammary involution
(Politis et al., 1990). Lastly, in rodents, GH has a direct action in vitro on
mammogenesis and on lobuloalveolar development (Feldman et al., 1993). On the other
hand, in goats, three-weeks treatment with rbGH only increased lipogenic enzyme
activity in the case of three milkings per day, and this effect disappeared during a 22-
week treatment (Knight ef al,, 1990). In cows, a two-month treatment with rbGH did
not change the mRNA abundance of lipoprotein lipase and stearoyl-CoA desaturase in
mammary gland (Beswick and Kennelly, 2000). This suggests that the long-term
galactopoietic effect is exerted mainly via longevity, rather than via the metabolic
activity of secretory cells. Moreover, this activity is not modified by four-weeks
treatment with tbGH in cows (Knight et al, 1992). However, a metabolic potential
value measured in vitro may only reflect part ofthe actual activity in vivo.
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Figure 5. Mechanisms of short ierm action of growth hormone (GH) in ruminants during
lactation. According to Chilliard (1998a, 1999). Bauman and Vernon (1999) and Burton et
al. (1994). (NEFA = nonesterified fatty acids; BP-3 binding protein of type 3; IGF-1 =
Insulion-like Growth Factor-I)

In fact, the only decisive argument in favour of direct GH action on the mammary tissue
of lactating ruminants is the increase in IGF-I synthesis by this tissue, obtained in vitro
(Glimm et al., 1992), a result confirmed by the increase in vivo of IGF-I concentrations
in the udder and milk of treated goats and cows (Prosser et al., 1991; Sharma et al.,
1994). Thus IGF-I, synthesised in the liver and/or in the mammary gland, is considered
to be the main mediator of the galactopoietic action of GH. In small ruminants, IGF-I
infusion at the mammary level makes it possible to increase milk production (Prosser et
al., 1990). However, this additional yield is always lower than that observed during GH
injection, probably due to the absence of associated BP3 synthesis. In vitro, IGF-I
induces an increase in DNA synthesis and stimulates the proliferation of bovine
mammary cells (Shamay et al., 1988). Furthermore, IGF-I stimulates in vitro glucose
and o-—lactalbumin transport, casein synthesis and lactose production in bovine
mammary acini (Shamay ef al., 1988; Baumrucker and Stemberger, 1989), but this has
not been confirmed by studies using tissue cocultures (Keys ef al., 1997).
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If the galactopoietic effect of IGF-I is known today, the location of active IGF-I
synthesis in the mammary gland has only been partly identified. In fact, although
specific IGF-I receptors have been characterised in the mammary tissue of the ewe
(Disenhaus et al., 1988), cow (Collier et al., 1993), and goat (Disenhaus ef al., 1992),
GH treatment modifies neither their number nor their affinity. Moreover, a trial carried
out by Prosser et al. (1991) made it possible to verify the lack of correlation between
the increase in plasma IGF-I content and the galactopoietic response. On the other hand,
the latter has been proved to be well correlated with the increase in milk IGF-I content.

The respective modes of action of GH, and of IGF-I produced either by the liver or
by the mammary gland, are beginning to be elucidated in rodents. In mice transgenic
for IGF-I, the latter induces hypertrophy of the canals and delays the involution of the
mammary glands (Hadsell et al., 1996). Thus, the increase in the mammary production
of this growth factor by GH could contribute to the local establishment of a hormonal
balance favourable to mammary gland development and to the stimulation of milk
production during treatment with GH. Provided that they are confirmed in lactating
ruminants, these different results illustrate the double mammogenic and galactopoietic
role of GH.

2.2 NUTRIENT PARTITIONING BETWEEN DIFFERENT TISSUES

Until now the metabolic adaptation of extramammary tissues has been studied almost
exclusively during short-term trials, therefore in situations where the animal has to
satisfy greater mammary requirements, without modifying its intake level. Whereas the
administration of GH does not seem to change the ration utilisation efficiency, the
partitioning of nutrients between different tissues is, to the contrary, profoundly
modified.

The glucose flow toward the udder increases, primarily as a consequence of a large
decrease in extramammary oxidation, especially in the muscle (Zhao et al., 1996),
which can explain up to 30% of the increase in lactose secretion. Stimulation of the
intestinal absorption of glucose has also been observed (Bird et al.,, 1996). In addition,
hepatic gluconeogenesis increases, probably due to endogenous precursors such as
glycerol, arising from lipomobilisation (27% of supplementary requirements), lactate or
amino acids. Muscle proteins may be mobilised but to a limited extent because GH
administration stimulates protein anabolism in growing animals, so the protein content
of milk decreases when the treated cows are undernourished. Moreover, GH
administration reduces amino acid oxidation and the excretion of urinary nitrogen,
which explains an increase in protein deposition in cows treated towards the end of
lactation, i.e. when mammary requirements are low (Chilliard et al., 1991; Binelli et al.,
1995).

The effects on muscle and bone metabolism are probably partly due to IGF-I, the
synthesis of which is increased by GH, particularly in the liver but also in peripheral
tissues (muscles, bones, etc...). However, circulating IGF-I contents are reduced at the
beginning of lactation and in undernourished animals, even though the GH contents
may be high (Ronge ef al., 1988; Cisse ef al., 1991). The response of circulating IGF-I
to GH injections is greater at the end of lactation or after drying off than at the
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beginning of lactation when the cows have a very negative energy balance (McDowell
et al., 1987a; Ronge and Blum 1989; Vicini et al., 1991), and it is modulated by feed
intake (McGuire et al.,, 1992) and insulinemia (Leonard and Block, 1997). This lack of
response (resistance) of IGF-I to GH explains why anabolic effects of GH (due to
IGF-I) are not observed in undernourished animals. This improves our understanding of
the interactions between GH treatment, lactation stage, and the nutritional state of cows.
In the case of undernutrition, the survival of the animal is therefore a priority over the
lactation function.

GH administration in vivo reduces lipogenic activity and glucose oxidation in
adipose tissue in pigs, sheep, and dairy cows. This was confirmed in vitro, where
physiological concentrations of GH reduced the sensitivity of lipogenesis to insulin
(Vernon and Flint 1989; Donkin ef al., 1996). Furthermore, GH administration to cows
sharply decreased the mRNA abundance of lipoprotein lipase and stearoyl-CoA
desaturase in adipose tissue (Beswick and Kennelly, 2000). Generally, GH has no direct
lipolytic effect on adipose tissue, and GH administration in vivo does not modify the
adipose tissue response of cow to the lipolytic effect of catecholamines in vitro (French
et al., 1990; Lanna et al, 1995). On the other hand, the addition of GH to cultures of
ovine adipose tissue tends to increase the beta-adrenergic lipolytic response (Bauman
and Vernon, 1993).

The increase in circulating non-esterified fatty acid content (NEFA), which reflects
lipomobilisation, in the lactating cow receiving GH mainly depends on the short-term
(meal effect) and long-term (physiological stage effect) variations in nutritional state
(Sechen et al, 1991). However, Gallo and Block (1990) report in cows a chronic
increase in the positive energy balance. The administration of GH increases the
response of the circulating NEFA content to adrenaline injection in the lactating cow
with a reduced energy balance (Sechen et al, 1990), but has no effect on the dry non-
pregnant cow, whatever it is undernourished or overnourished (Ferlay et al., 1996). The
greater effect in the lactating cow seems to result mainly from a decrease in the
antilipolytic effect of adenosine caused by GH (Lanna et al., 1995; Doris et al., 1996).
This is consistent with the lack of effect in dry cows, since their adipose tissue presents
lower sensitivity to the antilipolytic effects of adenosine in comparison with the
lactating animal.

GH can therefore act directly on adipose tissue (which contains receptors for this
hormone) and modify its responses to the homeostatic regulation of lipogenesis and
lipolysis, but without abolishing these types of regulation. The effects of GH treatment
on the metabolism of adipose tissue are variably increased (increased mobilisation or
increased deposition) in the dairy cow in vivo, according to its physiological and
nutritional state. The increase in lipomobilisation under the GH effect, at the beginning
of lactation or at the beginning of tbGH treatment, may, furthermore, contribute to
limiting the rate of the increase in feed intake in these two situations. This would
decrease the digestive and metabolic risks which usually accompany any sharp increase
in the ruminal, intestinal, or hepatic flows of nutrients (Bareille et al, 1997). The
subsequent increase in the intake level, which occurs after several weeks of rbGH
treatment, would arise from long-term physiological adaptation, thus avoiding any
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excessive depletion of body reserves. However, this increase does not seem to be
affected by going below a minimum threshold for the body condition score of the
animals.

Lipid metabolism in the liver of dairy cows treated with GH does not seem to be
significantly altered. Neither the liver content in lipids or triglycerides (Gallo and
Block, 1990), nor its ketogenic potential in vitro, nor the contents of circulating ketone
bodies, phospholipids, or cholesterol are modified. The NEFA from adipose tissues are
more widely oxidised (which favours gluconeogenesis) without increasing the
esterification and secretion oftriglycerides by the liver. Moreover this increased NEFA
flow is mostly used by the extra-hepatic tissues either directly for mammary lipogenesis
or as an energy source substituting for glucose and amino acids, which are thus
protected from oxidation.

In summary, the first effect of GH in ruminants is the stimulation (directly or
indirectly via IGF-I or by other messengers) ofthe secretory activity and/or life span of
mammary cells. In addition, GH exerts short-term diabetogenic type effects (resistance
to the peripheral action of insulin and increase in its secretion, reduction in the
extramammary utilisation of glucose, increased oxidation of fatty acids...) which
increase glucose availability and enables lactose synthesis by the udder to increase
significantly. After a few weeks, during which the animal mobilises its body lipids or
slows down their deposition, the organism adapts itselfthrough an increase in the intake
level which progressively provides the nutrients necessary to the udder and to hepatic
gluconeogenesis, then to the re-establishment of the body reserves. Such an outline
arises from animal husbandry observations but requires experimental confirmation.
Indeed, in the only long-term metabolic study ever carried out, Vernon et al. (1995)
observed in the goat receiving a diet rich in concentrates, that the lipogenesis and
consumption of glucose of the adipose tissue were still low after 22 weeks of GH
treatment, without any apparent increase in hepatic gluconeogenesis.

Therefore, GH facilitates the short-term coordinated adaptation ("teleophoresis",
Chilliard 1986, 1999) of the metabolism of different tissues and organs (liver, adipose
tissue, muscle, bone ...) to satisfy the nutritional requirements of the udder, while
maintaining normal homeostatic regulation (see Figure 5). Unfortunately, there is a lack
of data on the metabolic adaptation oftissue after long-term GH treatment.

3. Potential Consequences for Herd Management and the Milk Industry

3.1 REPRODUCTION

The diversity of factors influencing reproduction performance makes it difficult to bring
to light the effect of GH injections on it. Few specific trials have been carried out, with
reproduction performances generally being recorded as additional data, frequently
concerning insufficient numbers of animals.

Initiated before conception, GH injections clearly reduce the fecundity and/or
fertility of animals. Treatment before reproduction leads to a systematic decrease ( 15%)
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in the pregnancy rate (Figure 6) which is even greater the earlier the treatment and the
higher the dose. Primiparous cows appear to be the most sensitive: the percentage of
cows producing a calf drops from 91 (control) to 64 after GH in primiparous cows and
from 81 to 71 in multiparous cows (J.F. Roche, cited by Chilliard, 1990). An increase in
days to first service is frequently observed (from +5 to +45 days, +15 on average),
which seems to be due to the difficulty of detecting heats in treated cows (Cole et al.,
1991; Lefebvre and Block, 1992). Moreover the success rate for in the first
insemination appears to be decreased in variable proportions (from -5 to —30 %)
according to the dose injected, the date the treatment was begun, parity, and the
galactopoietic response (Bruneau and DeKerchove, 1988). The number of
inseminations necessary for conception is generally higher (+0.3 on average, reviews by
Chilliard et al. (1989) and Burton et al. (1994)). The days from calving to conception
increase by about two weeks when the GH treatment starts between the fifth and ninth
week of lactation (review by Chilliard ef al. (1989)). This delay can be as high as four
weeks in primiparous cows (Roche, op. cit.). When the treatment begins after
conception, neither embryonic mortality, abortion, calf weight modification, nor any
particular difficulty in the following calving are observed (Leonard et al. 1990;
Rajamahendran et al. 1991, review by Burton et al. (1994)).
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Figure 6. Effect of recombinant bovine growth hormone on the pregnancy rate (96).
Literature review (20 trials, 1589 dairy cows)(l = first injection before 14 days post-
partum; * = daily dose higher than 35 mg).

The lowest reproduction performances of treated cows are currently difficult to explain.
The duration ofthe different cycle phases (luteal and follicular), and the plasma levels
of gonadotropic hormones are not significantly modified by the treatment, even if it
starts as of the fourteen day post-partum in the cow (Schemm et al, 1990; Gallo and
Block, 1991).
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The effect of GH on sexual steroids was studied in vivo, in vitro following injections in
vivo, and lastlty in purely in vitro systems. GH administered in vivo or added to a
culture medium in vitro stimulates the production of progesterone by the corpus luteum
(cyclic or during pregnancy) (Webb et al.,, 1994) which is consistent with the existence
of specific receptors for GH in luteal cells (Tanner and Hauser, 1989). Therefore, the
luteal response appears to be favourable to the initiation of pregnancy.

Numerous effects of GH and/or IGF-1 on follicular growth have been observed in
growing or dry adult females (Table 2). However, in spite of good impregnation by
progesterone at the beginning of pregnancy, the increase in the ovulation rate after
ovarian stimulation by PMSG or FSH does not occur via an increase in the number of
transferable embryos in heifers (Gong ef al., 1991b). Therefore, using GH to improve
superovulation results does not appear to be effective.

Table 2. Effects of growth hormone (GH) or of IGF-I on the circulating steroids and the
ovay function in ruminants during growth (heifer) or maintenance (ewe, cow).
According to Adashi et al. (1985), Schams et al. (1987), Webb et al. (1990), Giong et al.
(1991a 1991b, 1996), De La Sota et al. (1993).

Blood Theca Granulosa Follicles

GH in vive Estrogens 2
Androgens 2

GH in vitro Steroids No modification

| TGF-1 in vivo Estrogens Steroids 2
or in vitro Evidence for
receptors
GH in vivo Recruiting of small
+ ovarian antral follicles »
stimulation Ovulations #

In accordance with the stimulation of follicular growth by GH, a certainly variable but
sometimes significant increase in twinning rate has been observed in dairy cows (Roche
op. cit., Burton et al. (1994)). However, in lactating cows (Spicer ef al. 1990; Gallo and
Block, 1991; De la Sota et al, 1993), neither the circulating follicular steroids
modification, nor the stimulation of in vifro synthesis under the action of GH and/or
IGF-1, described in Table 2 in nonlactating animals, have been observed. To our
knowledge, only two experiments have specifically explored follicular growth in vivo.
In the lactating goat (Driancourt and Disenhaus, 1997), GH had no effect either on the
number or proportion of growing follicles in the different classes, or on the ovulation
rate after ovarian stimulation. In the lactating cow (De La Sota et al., 1993) it was the
class of medium size follicles (6-9 mm), whose number was increased by the treatment.
This could explain the decrease in fertility observed in inseminated treated cows and/or
the difficulty in detecting heats. In conclusion, the results seem to indicate that follicular
growth is directly stimulated by GH in nonlactating ruminants but not when they are in
lactation.
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In the light of the present knowledge, the direct action of GH on the reproductive
function stricto sensu appears to be modest and rather favourable. The unfavourable
effects on reproduction performance, observed when GH administration is initiated
before conception, seem to be indirect and associated with the increase in milk
production but, above all, with the decrease in energy balance during the first weeks of
treatment (review by Chilliard et al. (1989)), in agreement with the already known
effects of undernutrition on the reproduction function. Likewise, the increased
sensitivity of primiparous cows may be connected with the pecularities of nutrient flows
in these animals. In practice, it is therefore preferable to initiate the GH injections after
conception. Nevertheless, when cows are treated during the entire lactation period, the
standard diets in Europe do not always enable the cows to return to a body condition
score sufficient to allow for good subsequent reproduction.

3.2 HEALTH STATE

3.2.1. Metabolic Diseases

In spite ofthe increase in lipomobilisation frequently observed at the beginning of GH
treatment, no increase in acetonemia or lipid infiltration of the liver was observed
(Gallow and Block, 1990), which can be explained by the marked orientation of
metabolism toward the oxidation of fatty acids and glucose sparing. Treatment with
rbGH even appears to improve fetus survival in the ewe with pregnancy toxaemia
(Andrews et al., 1996). Likewise, GH treatment appears to decrease the frequency of
milk fever, perhaps because of improved calcium homeostasis (C. Baile and G.
Montsallier, cited by Chilliard (1990)). However, the metabolic profile of the cows
shows a slight tendency towards acidosis and a decrease in albuminemia, as in all high
producing cows which mobilise their body reserves (Burton ef al,, 1994). Furthermore,
an increased incidence of foot and leg disorders (by a factor of 2.2) has been reported
recently, from an analysis of the post approval monitoring programme on 523 GH-
treated cows in the USA , with a potentially negative effect on animal welfare (Broom
etal., 1999).

The lack of marked metabolic deviation, i.e., the maintenance of animal homeostasis
can be explained, on the one hand, by the coordinated effects (teleophoresis) of GH on
overall metabolism and, on the other, by the lower response of the udder in the case of
prolonged undernutrition. A careful examination of lameness data in a great number of
treated cows is, however, required to validate this partial conclusion.

3.2.2. Immune Responses and Organism Defense

Numerous medical studies, in vivo and in vitro, show that GH is an important hormone
for the development and the functioning of the immune system. In rodents, GH
deficiency induces atrophy ofthe thymus and the spleen, and wasting away. A return to
a normal GH level in these animals significantly increases the synthesis of antibodies
and the rejection of skin grafts (Kelley, 1989). In a large number of species, the

80



Recombinant growth hormone: potential interest and risks in bovine milk production

administration of GH and of prolactin restores humoral and cellular immune responses
in hypophysectomised animals (Gala, 1991).

The different cells involved in immunity respond to GH and to IGF-I and may even
produce these hormones, which suggests that they have an autocrine or paracrine action
on the immune system (Burton et al., 1994). The administration of rbGH causes a sharp
and permanent increase in the concentration of circulating GH (Cisse et al., 1991).
These modifications are capable of increasing the production of IGF-J by immune cells,
or of performing a negative retrocontrol on the local production of GH and IGF-I, thus
modulating the inflammatory responses.

Numerous  cells, particularly ~ lymphocytes, splenocytes, leucocytes
(polymorphonuclear and mononuclear), tissue macrophages of various animal species at
different physiological states have GH, prolactin, and IGF-I receptors (Burton et al.,
1994). The first two belong to a family of cytokine receptors (Cosman et al., 1990).
These three hormones stimulate the proliferation and/or numerous functions of
lymphocytes B and T, NK (natural killer) cells, and myeloid cells (Kelley, 1989;
Weigent and Blalock, 1989; Geffner et al., 1990) which have an important role in
immunity.

GH, prolactin, and interferon stimulate phagocytic cells (macrophages and
polymorphonuclear) in vivo and in vitro (Fu et al., 1991, 1994; Kappel et al., 1993),
thereby increasing the resistance of rats to lethal infection by S. Typhimurium and L.
monocytogenes (Edwards et al., 1991, 1992).

In bovine animals, the administration of rbGH does not modify immunoglobulin
concentrations in the blood (Burton et al., 1991), nor the titers of hemagglutinating
antibodies or cutaneous sensitivity (Burton et al., 1992). In addition, there are few
published data concerning the effect of tbGH on cellular immunity, but the available
results tend to confirm the immunostimulating effect described in humans and rodents
(Burton ef al., 1994). However, they do not provide precise knowledge on whether
rbGH increases resistance to infectious diseases, or not, in highly productive dairy cows
receiving this hormone over a long period.

3.2.3. Infectious Diseases

During numerous animal production studies set up to examine the effects of tbGH on
the performances of dairy cows, the frequency of infectious diseases, listed in terms of
the number of cows affected once or several times during lactation, does not seem to be
modified by the treatment (Burton et al., 1994). However, under certain circumstances,
GH may modify several infectious processes.

3.2.3.1. Effect of GH on Mammary Infections. The administration of tbGH to dairy
cows increases the incidence of clinical mastitis from 15to 45% in the meta-analyses of
the literature cited by Willeberg (1993). This effect is largely related to an increase in
the milk production level (Bauman, 1992) as it exists in the genetically superior cows
not receiving GH (Barnouin and Karaman, 1986). The frequency of mastitis also tends
to increase when cows receive large doses of rbGH and/or are treated over several
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lactations (Burton ef al., 1994). This increase in mastitis can contribute to decreasing
the well-being of cows receiving GH (Willeberg, 1993).

In several experiments (Kronfeld, 1988; Burton ef al., 1990b, 1994; Lissemore et
al., 1991), the administration of tbGH to dairy cows is associated with a slightly higher
milk cell number, at least during the first nine weeks of lactation. In the goat, when the
number of milk cells is increased by intramammary injection of lipopolysaccharide, the
response is greater after administration of rbGH. However, the alteration of the
blood-milk barrier is restored more rapidly in the presence of tbGH (Burvenich ef al,,
1989a). Dairy cows, whose udders have been experimentally infected with E. coli,
return to normal milk production and a normal lactose content more rapidly when they
receive rbGH (Burvenich et al.,, 1989b).

In conclusion, the administration of rbGH increases the incidence of mastitis, but
this may result rather from the increase in milk production. Indeed, there is no
observation suggesting that tbGH decreases the immune competence of cows (GH
increases them in humans and in rats), and the increase in the cell counts observed at the
beginning of lactation could even have a protective role against mammary infections. In
fact, the early influx of polymorphonuclear neutrophiles (phagocytic cells) of blood is
the main defense mechanism of the udder against the pathogenic agents responsible for
mastitis. Indeed this increase constitutes the basis for the diagnosis of subclinical
mammary infections in the dairy cow receiving no GH, and the cell counts of milk are
taken into account for the milk payment. Considering the issues at stake (improvement
in the efficiency of mastitis treatment, but higher frequency of mastitis and a decrease in
the price of milk in the case of high cell numbers), some complementary studies using
experimental infections under well controlled conditions are necessary to improve our
understanding of the rbGH effect on the sanitary state of the udder as well as of the
immune response mechanisms that may be involved.

3.2.3.2. Retroviruses. Recombinant human GH (rthGH), according to the dosage used,
increases the replication of lentivirus HIV-1 (Human Immunodeficiency Virus - type 1)
in vitro from 2 to 20 fold (Laurence et al., 1992). The IGF-I effect is not known, but
insulin stimulates the expression of HIV-1 in vitro (Spandidos ef al., 1990).

It is wise to remain cautious when interpreting these results obtained in vitro with
human GH. Unfortunately, there are only very few known studies in ruminants, but
preliminary reports suggest that prolonged-release rbGH (injections of 500 mg at 14
day intervals) may increase and prolong the production of the visna Maedi virus in the
macrophages of milk in the seropositive ewe and may induce the expression of the
CAEYV virus (caprine arthritis encephalitis virus) in goats (Pascalon and Asso, personal
communication). This uncertainty can also be found in a recent study by Lerondelle et
al. (unpublished results) on four other goats, in which the administration of 5 mg/day of
rbGH tends to increase CAEV virus expression in milk cells.

At the molecular level, GH and its main mediator, IGF-I, regulate the expression of
some genes. In the nucleus, the transcription factors will bind to the genomic DNA at
the level of the target sequences, to induce the transcription of cellular genes. These
transcription factors can also become fixed on viral DNA and induce the transcription
of viral genes (Le Cam and Legraverend, 1993). This could enable GH to have a direct
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effect, which remains to be proven, on viral replication. In addition, the indirect action
of hormones remains a possibility. Indeed, hormones (including GH), by stimulating the
differentiation and maturing process of cells, particularly of mammary epithelial cells at
the end of pregnancy, may simultaneously favour viral replication.

Moreover, it should be pointed out that infection with the BIV lentivirus (bovine
immunodeficiency virus), of which still little is known, especially from the viewpoints
of epidemiology and diagnosis, exists in certain cattle farms. Provided that the
preliminary results quoted above on the retrovirus of small ruminant are confirmed , the
effects of rbGH administration should be studied in cattle infected by BIV, in order to
avoid the risk of an increased propagation of this virus within herds.

3.2.3.3. Other Unconventional Transmissible Viruses and Agents. GH by itself or in
association with progesterone, estrogens, and corticoids stimulates (increase by a factor
of2 to 10) the replication of murin cytomegalovirus in vitro (Chong and Mims, 1984).
Moreover, the addition of thGH or IGF-I can induce the expression of PrP (prion
protein associated with spongiform encephalopathies) messenger RNA in the cells of rat
pheochromocytoma in vitro. Nevertheless, thGH and IGF-I act only at very high,
nonphysiological, indeed suprapharmacological doses (10 mg/ml for GH), and even
then only incompletely (Lasmezas et al., 1993).

In conclusion, when added it in some in vifro models, at generally pharmacological

doses and in the presence of other hormones, GH can stimulate the production of
pathogenic agents exhibiting intracellular development such as viruses and prions.
Therefore, it would be logical to say that long-term complementary studies must be
carried out in vivo with rbGH administered in physiological doses to ruminants before
being able to dismiss the possibility of risks to the sanitary state of herds and the safety
of consumers.
Then these studies should be carried out on experimental animals during incubation of
subacute spongiform encephalopathy, or infected with BIV, or presenting subclinical
infection by intracellular bacteria such as Salmonella, Listeria, and Chlamydia as well
as by intracellular (protozoon) parasites (Aynaud, personal communication).

3.3 MILK PROCESSABILITY AND CONSUMER SAFETY

The potential advantages of using rbGH to increase milk yield should not be
detrimental to milk quality. Otherwise there will be negative consequences concerning
milk processing in the dairy industry as well as the consumption of dairy products.

The changes in milk composition already mentioned are mainly observed during the
first weeks of rbGH administration. It is explained by a transient decrease in the
nutritional balance of treated animals (Kinstedt er al., 1991; Barbano et al., 1992;
Lynch et al, 1992). Therefore, these transient changes affect milk yield and the
technological processability of milk only slightly. Thus, no study has been able to
clearly demonstrate any significant difference in the technological behaviour or
organoleptic traits of products processed from milk (milk for consumption, fermented
or powdered milk, soft or semi-hard cheeses, or cooked, pressed cheeses ) from rbGH-
treated cows (Maubois, 1990; Mietton et al., 1990; Laurent et al., 1992).
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According to experts from the different federal and international control and regulatory
agencies (US Food and Drug Administration, European Commission), rbGH
administration to dairy cows to increase milk production is and should be submitted to
the same safety evaluation criteria as other xenobiotic products before being
commercially authorised. In fact, in terms of residues, no study has been able to
establish a net increase in GH concentration in the milk of tbGH-treated cows (Schams,
1988; Butenandt, 1995). Besides, the limitation ofthe biological activity of bGH to the
bovine species (inactivity of thGH in man), its thermolability and its supposedly almost
complete degradation during digestion, should be sufficient to dismiss the possibility of
any risk of residual hormonal activity in the consumer (Butenandt, 1995; Groenewegen
et al, 1990; Juskewich and Gruyer, 1990a). In addition, no immunological data has
been able to demonstrate any allergenic properties of the different recombinant
hormones that may be linked to minor differences between their primary structures and
the natural hormone (Juskevich and Gruyer, 1990b; Kronfeld, 1990b).

When compared to untreated cows, the IGF-I content of milk from rbGH-treated
cows is higher by a factor ranging from 1.5 to 5 (Schams et al., 1991; Breier ef al.,
1993; Burton et al, 1994). When prepared for nursing infants, the technological
processing of milk using high temperatures should reduce this growth factor and
consequently eliminate any risk of a significant increase in IGF-I concentrations which
could affect the infants (Juskevich and Gruyer, 1990a; Collier et al, 1991). Yet,
according to Burton ef al. (1994), pasteurised milk may still contain IGF-I (or other
proteins) which may still be bioactive and which may hypothetically interact with
specific targets inside the digestive tract linked to the growth or immune functions of
the nursing child (Heinz-Erian et al., 1991). Nevertheless, the IGF-I content of milk
from treated dairy cows still remains within the range of values measured in human
milk.

In addition, milk composition can be also modified in terms of its contents in
residues of xenobiotic agents and their metabolites. Indeed, such xenobiotic compounds
can be administered accidentally via food (mycotoxins) or intentionally (antibiotics),
and their elimination depends mainly on the hepatic detoxication capabilities of the
animal. In murine and porcine species, most detoxication activities are reduced by GH
(Paris and Bories, 1991; Shapiro et al., 1995). Moreover, Witkamp et al. (1993) have
shown, in goat, a decrease in the plasma clearance of a veterinary drug, sulphamidine,
by increasing the GH injection frequency from one to three times per day. Yet, this
effect had not previously been observed in dairy cows treated with implants or daily
injections (Witkamp efal., 1989).

At the beginning of the 90’s various American governmental organisations, joined
by the international organisations (FAO, WHO), have repeatedly concluded that dairy
products derived from cows treated with tbGH are harmless to consumers. However, in
a context of intensified milk production by the use of tbGH, the risks of increasing
diseases related to lactation (mastitis, etc.), or to latent viral infections, are not nil. Ifthe
elimination of xenobiotics is slower in animals receiving rbGH, the rules for using
veterinary drugs, especially antibiotics, should probably be modified. Thus, whether it
be for milk marketing or carcass marketing purposes, particular attention should be paid
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to the waiting period so as to respect the maximum residue limits (MRL) authorised for
veterinary drugs.

3.4 GENETIC IMPROVEMENT

rbGH is potentially a powerful tool for production, since its considerable flexibility of
use (according to animals and periods) is combined with almost-immediate
effectiveness. In comparison, the feeding modifications have both a less selective effect,
because they concern groups of animals, and are less rapid over time. Therefore, it is
necessary to predict as accurately as possible the problems which would prevail after a
possible authorisation of tbGH in the European Community, based on the simulations
already carried out on this subject (Burnside and Meyer, 1988; Frangione and Cady,
1988; Simianer and Wollny, 1989; Colleau, 1990a, 1990b).

Table 3 Impact on some selection parameters of the non-correction of the data for the
GN effect In a situation where GH is used during 8 months. contributing on average
1000 kg more milk, in 10 % ofthe cows According to Colleau (1990a, 1990b)

Treated cows

By chance The best The less good Concentrated in some
herds

On the true genetic
superiority " - 9% -5% -2% -2%

of elite mothers -10% -2% -2% -1%

of elite fathers - 2% -2% -3% -2%

of service fathers +7% +26 % 7% 0%
On the average estimation
bias of the superiority of
these three categories )

(1) (b - a/a) x 100, with a = genetic superiority of the selected animals when there is no
treatment with GH and b = genetic superiority of the selected animals when GH is used in
the population subjected to the selection.

(2) (e - b/b) x 100, with b = genetic superiority of the selected animals when GH is used in
the population submiited io selection and ¢ = estimated genetic superiority of the selected
animals when GH is used in the population.

If one did not take the possible utilisation of rbGH into account for genetic evaluation,
the average genetic value of selected animals (elite cows and bulls, and service bulls)
would be overestimated. In a theoretical situation, where one supposes that 10% of the
cows are treated for 8 months of their lactation period with a 1000 kg milk increase
(Table 3), the efficiency of bull selection is affected as much as that of cow selection,
since bulls are judged according to their female descendents. One may be surprised to
discover that the results are lower when rbGH is used randomly in the herd. Indeed it
would be better if only low-producing cows were treated because this would not enable
them to outperform the best cows. From the selection viewpoint, the ideal situation is
where the treatments are concentrated in certain herds, because the corrections carried
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out for the "herd " effect also integrate the rbGH effect in these herds: the loss in
genetic progress is practically zero in this case.

The second type of consequences of not taking tbGH into consideration is the
existence of bias in genetic evaluation. In ideal indexing, the actual genetic value of a
breeder is an unknown value whose average is the calculated index, and which is less
variable around this average when the accuracy of the index is greater. In biased
indexing, the actual genetic value fluctuates around a value which is lower
(overestimated index) or higher (underestimated index) than the index. Table 3 is an
illustration of the amplitude of the estimation errors for the indices (+ 26 to -7) when
the use of tbGH is not taken into account. The highest biases occur when rbGH is used
on the best cows because their apparent superiority is increased further.

The values already mentioned are the results of simulation studies. In reality, the
user's confidence with respect to selection programmes would probably be diminished,
which could affect their fundamental structures and induce additional losses in genetic
progress.

In the longer-term, geneticists and breeders throughout the world have two choices:

® to continue perfecting the genetic evaluation methods already being used, and
completely ignore the new variation factor, i.e. tbGH ;

to organise the collection of monthly information regarding the treatment of
cows and use it in a genetic evaluation model based not on total lactation but on

the different monthly controls (Colleau, 1996).

In the second situation, numerous theoretical studies should be undertaken because
variations in response to rbGH are complex. The most limiting factor by far is,
however, the collection of exhaustive information from dairy farms and its cost.

The USA is the first country with a considerable milk production industry to have
authorised tbGH and, for the time being, the first of these two approaches prevails
there. It is not known what the consequences will be for selection efficiency in this
country; this should depend on the extent and mode of tbGH utilisation in dairy farms:
whether regular and concentrated for all the cows in certain herds, or cyclical, or only
utilised for some of the cows in the treated herds. Likewise, it is still too early to say
how the world dairy selection organisations will react if tbGH is authorised everywhere,
which is what as the present economic (liberal) logic seems to be leading to.

3.5. SOCIAL AND ECONOMIC CONSEQUENCES

3.5.1. Dairy Farm Economics and the Environment

From the viewpoint of farm economics, the use of rbGH appears to be a tool for
instantaneous intensification of milk production: the treatment of the animal, which has
a cost, entails extra production provided that the supplementary feed requirements are
sufficiently met.

The problem, which seems simple since it is a question of comparing the
supplementary revenue with the costs, is in fact a complex one, because numerous
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hypotheses have to be formulated first before turning to the calculations (Mouchet,
1987, 1988; Cordonnier and Bonnafous, 1989; Melet and Mouchet, 1989) :
® maintaining the milk price at the same level as if rbGH was not being used.
This hypothesis is acceptable in the short-term but not in the long-term, since
adopting more productive techniques is known to entail a decrease in the
selling price of the product;
the possibility of marketing the extra amounts produced without any problems.
The present quota system prevents this, unless some significant restructuring is
carried out via the redistribution of the rights of farms who have ceased their
activity;
® modification of herd management, or not, particularly in terms of stocking rate

per ha and farming strategy for replacement animals.
In the absence of quota (or any other form of quantitative limitation of production) the
use of tbGH is obviously of interest when the additional production is greater than the
cost of rbGH and feed, not taking the environment or working conditions into
consideration. The simulation results show that, from a purely accounting point of view,
the use of rbGH is therefore frequently interesting, which explains its diffusion in the
countries where its marketing is authorised.

The situation is entirely different when the farm is subjected, as in France, to a
production quota. Here, the farmer, faced with two solutions, should, in both cases,
reduce the number of dairy cows: maintain the same forage surface area i.e decrease the
stocking rate or, conversely, work at the same stocking rate and reduce the forage
surface area. The simulation results underline the fact that the solution of reducing the
stocking rate, without otherwise modifying the technical and economic management of
the herd, is only very rarely profitable.

In the case of reducing the forage surface area with a constant stocking rate, the
operation is profitable only if the farmer can use the land thereby made available for
production purposes which will make it possible to obtain a return on the fixed factors,
excluding productions with low or medium gross margins, and returns to intensive
animal or plant production. This is theoretically possible, but faces two obstacles: first,
the difficulty of finding such activities whose markets are not saturated and, then, the
constraints involved in a change of activity, such as the need for new skills and
equipment, the greater or lesser agronomic suitability of the soil, etc. The economic
advantage of using rbGH should therefore be established case by case, all the more so
as other factors can also vary, such as rbGH administration by the farmer or by the
veterinarian, the strategy of applying it to all or some of the herd, the control of the
technique, etc. This had led to an interest in using rbGH on a more punctual or
occasional basis, for example, to compensate for a deficit in production due to a sick
animal, or to exactly adjust the quantity produced to a quota allocated to the farm. It
seems that, in this kind of situation, rbGH could be an interesting tool for technical and
economic management, due to the flexibility of the conditions in which it can be used
(period and duration of utilisation chosen by the farmer, no investment necessary).

In terms of the environment, the consequences of using rbGH can be diverse. The
reduction in the number of cows would obviously entail a reduction in the amount of
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manure, particularly nitrogenous manure, which would be a positive factor if the
amount of manure thus reduced was spread out over a surface area kept constant.
However, conversely, the restructuring of the dairy farms could lead to a higher
concentration of herds and therefore to the risk of punctual surpluses of nitrogen
supply. Moreover, the total national and EC livestock would be reduced, all the more if
the technique proves to be more efficient and if its penetration rate in dairy farms is
high. The studies conducted in this subject area show that this reduction would not be
very considerable (most of the observers estimate it would be lower than 10%
compared to livestock not treated with rtbGH), but it would reinforce a very significant
trend towards a reduction following the implementation of quotas and productivity
gains. In France, for example, the number of dairy cows decreased from 7.2 million in
1984 to 4.5 million in 1995. This regression, compensated only in part by the increase
in meat livestock, usually results in fodder areas being abandoned and cultivated areas
being reduced for want of favourable conditions for expansion. Then rbGH, an
intensifying tool, would probably reinforce this tendency toward agricultural decline in
numerous regions in France. Yet a large part of the society currently considers this to be
harmful, which leads to the reaffirmation that, besides food production, agriculture has
other goals to fulfill, especially that of land management.

3.5.2. National and International Dairy Product Market

In the medium term, the reduction in production costs induced by the productivity gain
would probably entail a decrease in milk prices, all the more so the more widespread
this technique becomes (Mouchet, 1987; Cordier, 1988). On EC territory characterised
by the single market, the use of this technique, if authorised, will have to begin
simultaneously for all the member states, in order to avoid distorting competition. The
CAP mechanism guarantees a constant milk price level to meet external competition,
relying heavily on the quota system. If the member states are to continue respecting the
quotas, and this will no doubt be the case for several more years, there will be no
overproduction on the global level. However, the use of rbGH could incite some
farmers to produce more, which would be possible only if other producers give up their
right to produce. This will be a source of tension in the agricultural sector, to add to
those which already exist.

Some conflicts could also appear on the international market, from the moment
when big producers, such as the United States of America, authorised the use of rtbGH.
A "price war" led by American exporters could lead to the reconsideration of the ban on
rbGH in the European Union.

In addition to the problems of price and of amounts produced, there is also the
problem of product quality and further still that of the image of milk products for the
consumers. The milk produced by cows treated with rbGH, beyond any kind of
scientific consideration, could appear as disqualified, even dangerous whereas, for
numerous historical and sociological reasons, milk is seen as a noble product,
particularly because of its role in children's food. This modification in consumer
appraisal, judged as being irrational by certain operators in the milk sector or by certain
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scientists, is nevertheless possible in a context where problems of public health and
ethics are frequently associated, as in the case of bovine spongiform encephalopathy.

One solution would be to reserve the milk obtained by using rbGH for certain uses,
or to leave it up to the consumer to choose. This assumes that one can easily and
undoubtedly, identify the origin of milk, whether marketed in its unprocessed or
processed state. What is conventionally termed product "traceability" should then give
rise to long and complex studies in different scientific, economic, administrative, and
judicial fields.

It is also possible that, in the dairy sector as well as in others, taking into
consideration the different goals of the agriculture sector and the revolution in relations
between the agricultural sector and society, will lead consumer-citizens to regard the
price of an agricultural product as representative not only of the food production
function but also of the different aspects of its quality. They could then accept to pay a
higher price in return for the assurance that the milk (or another agricultural product)
has been obtained using a production technique they approve of (as it happens, without
rbGH) and can control.

4. Conclusions

The long history of the use of GH for milk production today enables us to make use of a
significant volume of knowledge on the effects and mechanisms of action of this
hormone, as well as on the context and the stakes involved in the economic
development of one of the first hormones produced on a large scale by genetic
recombination.

The spectacular effects of the hormone on animal production are presently described
with sufficient precision. Its utilisation is efficient and free of any major problems if
applied to healthy animals which are safe from latent infection, properly fed and
receiving no medical treatment, and as long as the treatment starts after conception. The
treatment of primiparous cows requires particular attention in terms of nutrition and
reproduction.

Knowledge of GH action mechanisms and of the physiology of "normal" lactation
has also made spectacular progress. However, uncertainty remains concerning the
respective direct or indirect roles of GH and of its mediators (mainly IGF-I) on
mammary metabolism. In addition, the longterm effects of GH treatment on tissue
metabolism are still not totally known.

Most of the technical questions concerning the use of rbGH in dairy production
have received favourable responses, whether in terms of productive efficiency, the
technologic quality of dairy products or nutritional safety for the consumer. However,
four points remain to be clarified: the possible direct or indirect effects of GH on the
occurrence of lameness and mastitis, on the rate of xenobiotic elimination by the liver,
and its possible effects on the reactivation of latent infections by viruses or other
pathogenic infectious agents. The technical risks appear to be sufficiently low to the
American authorities for them to authorise the commercial utilisation of tbGH in the
USA. However, the systematic sanitary monitoring of treated cows and of their milk
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will be necessary and could be insisted on by consumers, as well as the traceability of
milk produced at a lower cost with the aid of rbGH. However, at the present time there
are no technical means to control this traceability.

This authorisation has not been granted in western Europe for several social and
economic reasons since, in the dairy quota system, the profitability of using rbGH is
limited, and its use in the context of free production would, as is the case for other new
technologies, accelerate the decrease in the number of farmers, the desertion of certain
rural zones and an the increase in unemployment. Moreover, any damage to the positive
image of dairy products in the eyes of the consumers, in a context of general anxiety
about the "artificialisation" of agriculture, could reinforce the problems of the whole
dairy sector. Finally, the questions which remain on the subject of the effects on viral
infections in herds could justify the application of a precautionary principle by the EU
authorities if these concerns are supported by new experimental results. However, it is
necessary to be aware that, in the case of the complete liberalisation of world trade, the
American producers authorised to use hormonal treatment to produce milk at a lower
cost would benefit from being at a significant advantage when competing with
European producers.
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Abstract

Biotechnology has been heralded as a science that will have a revolutionary impact on
agriculture development. Joint efforts among industry, universities, and authorities will
result in new and novel products that establish new frontiers in the livestock industries.
One of the first biotechnology products is somatotropin.

The galactopoietic effect of bovine somatotropin in dairy cows has been firmly
established. Also, administration of exogenous somatotropin markedly improves
productive efficiency in lactating cows. However, in the international network, a control
strategy of treated animals is required not only because BST use is not authorised in
Europe and in Canada, but also because rbST treatment interferes with the genetic
selection scheme of reproductive animals. Besides studies on eventual adverse effects
on animal health, ethical aspects as well as consumer protection have to be considered.
Therefore, the present review tends to describe different possible ways to develop
strategies for identification of BST treated cattle.

1. Introduction

Sixty years ago, Russian scientists were the first to report that bovine pituitary extracts
stimulated milk production in dairy cows (Azimov and Krouze, 1937). During the
1940s, scientists in the United Kingdom further refined these extracts and established
that somatotropin (ST) was the component with a galactopoietic effect (Young, 1947).
During World War II, attempts by British scientists to use bST to offset milk shortage
were hampered by the limited amount of bovine ST (bST), which must be purified from
each pituitary gland. With the advent of biotechnology, it has been possible to clone in
bacteria the gene for bST and to induce the bacteria to produce higher quantities of the
recombinant protein. In late 1981, the first experiment utilising recombinant methionyl
bST indicated that it was as effective as pituitary derived ST in enhancing milk
production (Bauman et al., 1982). Studies with recombinant bST (rbST) have
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consistently demonstrated that treatment resulted in an unprecedented increase in milk
secretion. The magnitude of the gain in efficiency of milk production was equal to that
normally achieved over a 10to 20 year period with artificial insemination and genetic
selection technologies (Bauman, 1992). Moreover, because this biotechnology
increases the food output per unit of feed resource input, the benefits of bST include
effects on environmental impact through reductions in animal waste products.

Despite the advantages afforded by this molecule, rbST is the subject of hot
controversy over health effects on the consumer or the target animal, specially between
U.S. Food and Drug Administration and the European Committee for Veterinary and
Medical Products scientists. Based on 40 years of studies on the hormone by its
manufacturers and independent scientists, the FDA has concluded that rbST presents
«no increased health risk to consumers» On the contrary, European researchers
believe that the safety of bST has not been established with adequate scientific rigour
(European Report, 1999), because of possible adverse effects of substantially increased
concentrations of insulin-like growth factor-I (IGF-I) in the milk of rbST-treated cows.
At concentrations of IGF-I found in milk, it is unlikely that systemic effects would be
induced, but there is already evidence for local effects on gut tissues (Mepham, 1992;
Playford ef al., 1993; Olanrewaju ef al., 1992). Risk characterisations were also pointed
out by different authors like i.e. an association between circulating insulin-like growth
factor-I1 (IGF-I) levels which are increased by BST treatment and a possible effect on
breast and prostate cancer development (Epstein, 1996) or an increase of antibiotic
residues in milk after the BST treatment in relation with mastitis problems (Willeberg,
1993).

Recently, Health Canada Office also announced that rbST would not be approved
for use in Canada because the hormone increases the likelihood of health problems in
dairy cattle (Nolen, 1999). The decision was based on findings of review panels
examining the effects of ST on human and animal health. One report that indicated
cows treated with rbST had increased frequencies of mastitis, infertility, and lameness.

Finally, because rbST is not authorized in all countries, it has been speculated about
the possible alteration by bST of genetic improvement programs. However, Weigel et
al. (1998) have concluded their study that bST treatment had little impact on the genetic
selection decisions.

2. Structure and Chemical Identity of Somatotropin

Pituitary bST exists as 4 variants comprised of 190 or 191 amino acids with
heterogeneity at the amino terminus (Phe or Ala-Phe) and at position 126 (Val or Leu)
of the molecule (Santome et al., 1976). Synthesis of recombinant bST variants has

allowed exploration of the effect of various amino acid substitutions on the biopotency
of the bST molecule (Bauman et al., 1985). Substitution of the amino-terminal alanyl
residue of rbST with methionine did not affect milk response in dairy cows but deletion
of the first four amino acids lowered the response (Eppard et al, 1992). [Ala']-bST
variants with valine at position 127 elicited a greater milk response than Leu'?’ variants

even though immunoreactive bST concentrations in blood were statistically equivalent
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(Eppard et al., 1992). Other molecular bST variants are also available, harboring either
three additional amino acids (Burton et al., 1991a ;Juskevich and Guyer, 1990) or nine
additional amino acids (Bick et al., 1990; Juskevich and Guyer, 1990; Zwickl et al.,
1990) at the amino terminus.

The most popular biosynthetic form of rbST was developed by Monsanto
(designated as Sometribove®) and has the same number and sequence of amino acids
as except for the substitution of methionine for alanine at the amino terminus.

3. Strategies Developed for Identification of rbST Treated Animals

It is important to exactly identify authorized or banned exogenous hormones to meet
with consumer expectations if systems and procedures to assess the safety of food
components for consumption are to be considered as efficient.

Because recombinant preparations are chemically similar to pituitary GH, analytical
methods are presently available to identify natural and recombinant bST in biological
fluids. It is however impossible to distinguish GH from natural or recombinant origin.
This point is one of the major arguments of the consumer associations to ban bST use in
dairy industry. To resolve this problem, numerous scientists develop alternative
indirect methods to discriminate control and treated animals. These methods include
measurement of bST, IGF-I, IGFBP-3 and/or IGFBP-2 levels in blood or milk or
evaluation of immune responses to exogenously administered GH.

3.1.ALTERATION OF ENDOGENOUS HORMONAL OR PROTETN FACTORS BY
BST TREATMENT

3.1. 1. bST Variations

Exogenous bST treatment increases considerably plasma ST concentrations (by 500%)
(Vanderkooi et al., 1995). Slaba et al. (1994) observed that mean plasma bST
concentration in Somidobove® (Eli Lilly / Elanco rbST) or Sometribove® treated cows
increased rapidly during the first 24 h following hormone administration and returned
to pre-treatment levels by day 10 post-injection. This is not in agreement with the
results obtained by Schams et al. (1991) who reported a gradual increase of plasma bST

concentration until day 3 after the injection of Somidobove and with the results reported
by Cisse et al. (1991) who found higher plasma bST concentrations at day 10 after
administration of Sometribove. Moreover, Zhao et al. (1994) observed a significant
increase (P<0.05) in plasma bST concentrations for all early, mid- and late lactation
periods irrespective of the mode of GH administration, daily injections or sustained-
release bST treatment. Recently, we observed that plasma bST levels measured by an
ELISA sandwich assay using two monoclonal antibodies against rbST Sometribove®,
increased immediately after rbST treatment according to the rhythm of injections.
Highly significant differences (P<0.01) between control and treated animals were
observed after the first injection until the end of the trial. Animal response was
maximum 5 to 9 days after the injection.
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Because milk samples are easily available in food quality controls, some studies
aimed to identify bST-treated cows via the induced increase of hormone concentrations
in milk. Daily or sustained administration of exogenous bST to dairy cattle has been
shown to raise milk concentrations of bST (Zhao et al., 1994). However, the daily
injection group showed constant hormone profiles, while the sustained release group
showed a cyclic pattern with high concentrations early in the injection cycle followed
by declining concentrations thereafter.

The main problem of bST quantification in milk is the lower hormone
concentrations (ten time less than in plasma) which are near the limit of detection of
numerous published RIA or ELISA methods. Using an electrochemiluminescent (ECL)
detection system and our monoclonal antibodies, we quantified bST in milk (Baronheid
et al., 2000) with a detection limit of 5 pg bST/ml. In our study, the ECL method
appeared as a reliable alternative to RIA and ELISA, characterized by a high specificity
of antibodies used and an improved assay sensitivity. Milk hormone levels were
significantly higher (P<0.05) after the first bST treatment, and remained significantly
higher (P<0.05) than in the control group until the end of the experiment. After
validation on a sufficient number of biological samples, the ECL-based assay could be
used to identify bST treated dairy cows.

3.1.2. IGF-I Quantification

The mechanisms inducing galactopoiesis in ruminants are complex and involve a
multiplicity of events. Nevertheless, observations have suggested that the effects of bST
on the mammary gland itself are mediated in part by IGF-I, and that the availability of
IGF-I to mammary tissue is an important component of the overall galactopoietic
response to bST (Cohick et al., 1989; Mielke ef al., 1990; Prosser et al., 1992; Zhao et
al., 1994; Bauman, 1999). Following Sometribove® administration, the IGF-I
concentrations 24 h post-injection were elevated to nearly 2-fold and by 48 h to nearly
4-fold values. In the next few days, the mean IGF-I concentration increased and reached
the maximum value at day 10. Then, it decreased but still remained higher on day 14
than those in placebo-treated cows (Slaba ef al.,1994). This period corresponded to the
lowest activity of the implants and imposed a new injection. More recently, heifers
treated with bST presented a significant increase of plasma IGF-I on day 10 after the
first injection and the IGF-I level remained significantly higher than the control group
until the end of the trial (150 days). IGF-I concentrations decreased and returned to pre-
injection or control levels within 30 days after the last injection (Bertozzi ef al., 1998).
This increase in serum IGF-I was accompanied by increases of = 140% in the
abundance of IGF-I mRNA in the liver (Vanderkooi et al., 1995). Because IGF-I
synthesis is regulated, in large part, at the level of mRNA abundance (Sharma et al.,
1994), these results suggest that increased synthesis of IGF-I in the liver is largely
responsible for the increased concentration of IGF-I in serum of cows treated with bST.
Moreover, Vanderkooi et al. (1995) found that continuous bST treatement nearly
abolished pulsatility of endogenous ST by pituitary gland. These data indicate that
steady concentrations of ST may stimulate the IGF axis more than do pulsatile
concentrations. This hypothesis is consistent with data from rats where continuous
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infusions of ST increased serum IGF-I in hypophysectomized rats more than did
intermittent injections of ST at the same daily dose (Bick et al., 1992).

The concentration of immunoreactive IGF-I in bovine milk varies depending on the
stage of lactation. Malven et al. (1987) reported levels of 20 + 2 nmol/1for IGF-I in
pre-partum milk, declining to 3.2 £0.3 nmol/lby d 6 post-partum. Prosser et al. (1989)
showed that after peak lactation (35-47 weeks) only trace amounts of IGF-I (0.44 +
0.04 nmol/1)are present in cows’milk. Of particular interest was the 3.6-fold increase in
the concentrations of IGF-I to a maximum of 1.6 * 0.2 nmol/1 following 7 d of
treatment with rbST. There was a parallel increase in milk yield over this period such
that the output of IGF-I into milk of one udder half increased 6-fold. Daxenberger et al.,
(1998) demonstrated that IGF-I measurements in milk might be useful to monitor for
bST treatment in milk samples, especially as a screening procedure prior to further
confirmatory testing, for which commonly accepted methods remain to day inefficient.

3.1.3. Determination of IGFBP-3/IGFBP-2 Ratio

In serum of different species, over 99% of IGF molecules circulate complexed to at
least six distinctly different binding proteins (IGFBP), suggesting that the IGFBP play a
pivotal role in IGF bioactivity (Davis et al. 1989; McGuire et al. 1992, Bauman,
1999). Association with IGFBPs increases IGF half-life dramatically, as compared to
free IGF, and IGFBP are thought to regulate bioavailability of IGF in the target tissues.
The major IGFBP species is IGFBP-3, which contains more than 75% of the circulating
IGF and forms a ternary complex with IGF and the acid labile subunit (ALS) (Jones and
Clemmons, 1995).

Numerous studies with IGFBP data have been published, but usually measurements
were at that time obtained by western ligand blot. Based on this method, Sharma et al.
(1994) and Vanderkooi et al. (1995) observed that bST treatments increased the amount
of IGFBP-3 in serum by = 60 % and decreased the amount of IGFBP-2 by 25 % This
is consistent with observations in humans and pigs after ST administration (Walton and
Etherton, 1989; Bauman, 1999). In confirmation of results of Cohick et al. (1992) and
Vicini et al. (1991), Bertozzi et al. (1998) observed with Western Ligand blotting
(WLB) that plasma IGFBP-3 was positively (P<0.05) and IGFBP-2 negatively (P<0.05)
correlated with IGF-I which increased significantly during bST treatment. Results
showed that the calculated IGFBP-3/IGFBP-2 ratio was drastically changed by bST
treatment and amplifies significant differences between treated and untreated animals.

However, this WLB technique is both more time-consuming and less precise than
the RIA method. Recently, a RIA method for IGFBP-2 measurement in bovine species
has been published (Vleurick et al. 2000). These authors reported that treated groups
with bST or somatocrinine (GRF) both have diminished IGFBP-2 levels as compared to
the control group, corresponding to our present data. However, no difference between
the bST and GRF groups could observed using WLB, while the RIA was superior in
this respect. Recently, we produced antibodies against bovine IGFBP-3 and developed a
RIA method (Bertozzi et al., 2000). Using this new strategy, we confirmed that IGFBP-
3 synthesis and IGFBP-3/IGFBP-2 ratio were increased by bST treatment (unpublished
data). We concluded that as in cattle little circadian variation occurred in plasma levels
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of IGFBP-2 and IGFBP-3 as well, and it is tempting to speculate on the use of bovine
IGFBP-2 and IGFBP-3 as indicators for bST treated animal.

3.1.4.Hormonal Approach in bST-Treated Animal Strategy

As mentioned above, bST treatment in cattle significantly affect endogenous
somatotropin, IGF-I, IGFBP-2 and IGFBP-3 plasma and milk levels. Also, quantitative
assessment of these factors, particularly IGFBPs since RIA methods are available, could
be used to identify treated animal.

However, because the somatotropic axis is known to be modulated by different
factors other than bST treatment, the detection strategy of bST treated animals by this
approach requires numerous validation tests including the effects of genetic potential,
nutritional plan, stage of lactation, health status, ... For example, based on the
difference in concentrations of IGFBPs between early lactation and the dry period, it
seems that IGFBP-3 may be lower during negative nutrient balance; on the other hand,
IGFBP-2 may be higher (McGuire et al., 1992; Formigoni et al., 1996). Conversely,
basal concentrations of IGFBP-2 were highest during early lactation when ST was high,
and lowest during the dry period when ST was the lowest or when IGF-I was high, and
was reduced during bST administration when IGF-I concentrations were elevated
(McGuire et al., 1992). Similar results were described by Sharma et al. (1997) for
hepatic IGFBP mRNA expression after diet restriction or bST treatement. These
different parameters could affect the cut-off values for each factors used to discriminate
treated and untreated animals.

Finally, considering bibliographic information, milk appears as the best mistake
biological fluid for detection bST-treated animal. Considering the relative nycthemeral
stability and the recent RIA quantification, IGFBPs ratio could be the most interesting
parameter for bST treatment detection in dairy cattle.

3.2. HUMORAL IMMUNITY APPROACH

The actions of ST and IGF-I on immune cell activity suggest the existence of a specific
neuro-endocrine-immune axis. This concept was proposed more than 50 years ago. ST,
a central component of this axis, has many functions at both a molecular and cellular
level, including thymocyte proliferation, stimulation of the cytotoxic activity of natural
killer cells and induction of lymphocyte proliferation. Exogenous ST given by injection
has been shown to increase thymic, lymph node, and spleen mass in ST-deficient
animals (reviewed by Berczi, 1997). ST also was shown to regenerate a variety of T
cell-dependent immune responses in ST-deficient animals (Berczi, 1986; Kelley, 1989).
Furthermore, exogenous ST has been implicated in the function of T-helper cells
(Arrenbrecht and Sorkin, 1973) and in the maintenance of peripheral blood leukocyte
numbers in immunodeficient dwarf mice (Fabris et al, 1971a , 1971b). Further
evidence for the participation of ST in the immune system was gained by studies that
demonstrated the presence of ST receptors on lymphocytes (Hattori et al., 1996). Many
of the growth-promoting and galactopoietic effects of ST are mediated by IGF-L. Tt is
possible that IGF-I also participates in immunomodulatory phenomena such as those
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reported above for exogenous ST. Binding of ST to its receptors on lymphocytes
stimulates the production of IGF-I, which mediates the effects of ST on cell
proliferation (Geffner, 1997).

Exogenous hormones elicit mild immunological responses in human subjects.
Therapeutic administration of human pituitary or recombinant somatotropin (hST) to
humans resulted in the production of circulating anti-hST antibodies (Preece, 1986).
Approximately 20 to 40% of patients treated with recombinant methionyl hST
developed measurable antibody levels (Rougeot ef al. 1991). Most cows treated with
bST developed antibody against bST (Zwickl ef al., 1990), but not adverse health or
performance effects were observed. Burton e al. (1991b) also reported no detrimental
effect of daily injection of bST on blood concentrations of immunoglobulin (Ig). Even
if tbST preparations can be chemically similar to pituitary bST (Langley et al., 1987),
antigenic differences may be expected between specific molecular variants that differ
structurally depending on the source of rbST. Eppard ef al. (1992) also observed that
only bST-treated cows developed antibodies and an increase in relative anti-bST
binding compared with their individual pre-treatment binding percentages.

Bertozzi et al. (1998) demonstrated by ELISA methods that bST treated animals
developed circulating anti-bST antibodies which were detected after the second
injection and during the rest of the experimental period (Figure 1). Ten days after the
first bST injection and until 20 days after the last one, mean optical densities in treated
group were significantly (P<0.01) over the maximum individual value within the
control group during the whole experimental period.

3.3. CELLULAR IMMUNITY APPROACH

Exogenous ST has been shown to reconstitute deficiencies in the lymphocytic
component of the bone marrow and the thymus, numbers of peripheral blood
lymphocytes (PBL), and polymorphonuclear cells, and cell-mediated immune responses
(e.g., contact sensitivity induced by dinitrochlorobenzene, skin graft rejection time, and
proliferative responsiveness of PBL to mitogen stimulation) in ST-deficient animals
(Fabris et al., 1971a, 1971b; Roth et al., 1984; Berczi et al., 1986; Kelley, 1989).
Discovery of ST receptors on human lymphocytes and on human peripheral blood
mononuclear cells (Gagnerault et a/. 1996 ; Mertani et al., 1996) suggests an additional
direct peripheral role of ST on lymphocytic cells. Moreover, it has also been proposed
that ST has an autocrine or paracrine mode of action in the immune system. Hattori et
al. (1990) reported that short-term cultures of human B Ilymphocytes and T
lymphocytes secreted immunoreactive ST.

Burton et al. (1991b) showed that lymphocytes from the blood of cows treated with
rbST responded to mitogen with higher proliferative responsiveness than cells from
control cows, but that this effect required long-term treatment and adequate mitogen
concentrations to be detected. Recombinant bST treatment during the non lactating
period enhanced interleukin-2 (IL-2) secretion by mononuclear cells isolated from cows
treated also with rbST during lactation. (Torre et al. 1993). However, tbST treatment
during the nonlactating period had little effect on IL-2 secretion by mononuclear cells
from cows not treated with rbST during lactation. An another indicator of cell-mediated
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immunity was the contact sensitivity induced by dinitrochlorobenzene. Burton et al.
(1992) observed that the cutaneous sensitivity response was similarly not affected by
bST. These results were in contrast with their previous finding of augmented
proliferative responsiveness of mitogen-stimulated peripheral blood lymphocytes in
bST-treated versus control cows. It is possible that exogenous bST affects some
immune processes and lymphocyte subsets and not others. That contradiction
demonstrates some limits of this approach. Limits could also be induced by the great
individual variability observed with that kind of analytical method (e.g. cell
proliferation).

4. Conclusions

Some parameters of the somatotropic axis (bST, IGF-I and specially IGFBP-3/IGFBP-2
ratio) and the detection of rbST antibodies could provide good indirect methods to
screen rbST treated animals. But further studies are needed. It will be necessary to study
the transmission of antibodies between rbST cows and their calves during the nursing
stage in order to avoid possible false positive animals. It wil be also interesting studying
the individual variability of antigenic activity against rbST in a wide population and the
effects of nutritional, genetic, health and environmental factors on hormone and protein
levels in order to determine a threshold value for treated animal. An interesting
perspective is offered by the ECL method due to its high sensitivity. Moreover, stability
of reagents used in this technique is an advantage for standardisation of the protocol.

Days after first bST administration (0)

Figurel. Meanplasma bST antibody estimated hy ELISA (Optical Density) in not treated
n=6) (=== ) or bST treated (n=6) (———— ) Belgian White Blue bST

Somitrohove ® treated heifers ( T = day of treatment).
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BIOLOGY AND ACTIONS OF SOMATOTROPIN IN THE PIG

LOUVEAU I. AND BONNEAU M.
INRA, Unité Mixte de Recherches sur le Veau et le Porc, 35590 Saint
Gilles, France

Abstract

The availability of recombinant somatotropin (ST) in the eighties resulted in an
exponential increase in investigations ofthe effects of this molecule. Numerous studies
have been performed in the pig which is very responsive to porcine ST (pST) treatment.
The aim of'the present paper is to review the latest data concerning the biology of ST
and the actions of pST in pigs. The effects of ST are mediated at least in part by insulin-
like growth factor-I. Changes in hormones and binding proteins in plasma as well as
receptors expression in target tissues are considered during development and in
response to nutritional status. Somatotropin is involved in the regulation of many
physiological processes. The actions of pST are presented with a special emphasis on
the effects in adipose tissue and skeletal muscle. In the growing pig, the reduction in
lipid deposition results primarily from a decrease in the rate of lipogenesis. The increase
in muscle mass in response to pST treatment involves at least an increase in protein
synthesis. Somatotropin also stimulates longitudinal growth and affects the metabolism
of all nutrients classes. The effects on performance and meat quality in growing pigs
and on the reproductive system are then presented. It has been shown that treatment of
growing pigs with pST consistently improved growth performance including average
daily gain and feed efficiency without adversely affecting reproductive functions and
meat quality.

1. Introduction

The involvement of the anterior pituitary gland in growth was first demonstrated in the
1920s. Following these initial observations, the specific protein in the pituitary extract
was identified as somatotropin (ST). The amino acid sequence was determined in the
1970s for different species. The development of biotechnologies has led to the
availability of large quantities of recombinant ST. During the past 15 years, a
considerable number of experiments have been carried out to investigate the role of ST
in growth and development and to examine the possibility of enhancing growth in farm
111
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livestock and other species. Several strategies have been used to evaluate the effects of
ST. They involved an increase in circulating and/or tissue hormones concentrations.
One approach is the administration of the hypothalamic peptide Growth Hormone
Releasing Factor (GRF) that stimulates endogenous ST synthesis and secretion
(Etherton et al,, 1986; Dubreuil et al., 1987). Another approach is the production of
transgenic animals that overexpress ST (Pursel ef al., 1997). The widely used approach
is the administration of porcine somatotropin (pST).

The aim ofthe present paper is to review the latest data concerning the biology of
ST and the actions of pST in pigs. The effects of ST are mediated at least in part by
insulin-like growth factors (IGFs) and primarily by IGF-I. Changes in hormones,
binding proteins and receptors in plasma and/or target tissues are considered during
development and in response to changes in nutritional status. The review will then focus
on the actions of ST evaluated in vitro or after exogenous administration of pST.

2. The Somatotropic Axis

2.1. HYPOTHALAMIC FACTORS

Growth Hormone Releasing Factor (also known as GHRH - Growth Hormone
Releasing Hormone, somatocrinin or somatoliberin) is secreted by specialised neurons
located in the arcuate nucleus of the hypothalamus (Daikoku ef al, 1988). The 44
amino acid sequence of porcine GRF is similar to that of human GRF, with only 3
amino acids differing at positions 34, 38 and 42 (Bohlen et al., 1983). GRF1-29 (the
first 29 amino acid portion of GRF) is as efficient as GRF1-44 in stimulating pST
secretion (Petitclerc et al., 1987).

Somatostatin (also known as SRIF - Somatotropin Release Inhibiting Factor) is
secreted in various tissues and organs particularly the hypothalamus (Daikoku ef al. .,
1988). It has numerous biological actions (Hall et al., 1988) including the inhibition of
ST secretion. Different forms of somatostatin have been described, particularly
somatostatin-14 (predominant in brain) and somatostatin-28. Amino acid sequences of
both forms of somatostatin are identical in the mammalian species so far studied
(Brazeau, et al., 1973; Schally etal., 1976; 1980; Pradayrol et al., 1980).

2.2. SOMATOTROPIN, RECEPTORS AND BINDING PROTEINS

Somatotropin is a 22 kDa polypeptide hormone (Chen et al., 1970) released primarily
from the anterior pituitary gland under the influence of GRF and somatostatin. Both the
synthesis and release of ST are pulsatile. Porcine ST shares a high degree of homology
with bovine ST (bST). There are 18 positions between pST and bST that have different
amino acid residues whereas there are 59 residues that differ between pST and human
ST. The three-dimensional structure of recombinant pST has been reported (Abdel-
Meguid et al., 1987).

The first step in ST action is binding to a specific cell surface receptor (STR). The
STR was first purified, sequenced and cloned from rabbit liver (Leung et al., 1987).
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Subsequently, the cDNA for the STR has been cloned in several other species including
pigs (Cioffi et al., 1990). This cDNA sequence shares 89% sequence identity with the
human and rabbit STR ¢cDNAs. STR is a transmembrane protein encoded by nine exons
(Edens and Talamantes, 1998). Receptors are highly expressed in liver but are also
found in adipose tissue, kidney, lung, skeletal muscle, ovary and pancreas (Chung and
Etherton, 1986; Louveau and Etherton, 1992; S¢rensen et al., 1992; Lee et al., 1993,
Peng ef al., 1998; Quesnel, 1999). The STR is a member of the cytokine receptor
superfamily, a group of receptors characterised by a single transmembrane domain and
defined sequence homologies in the extracellular and cytoplasmic regions (Kelly et al. ,
1991). The STR is able to associate with and activate the tyrosine kinase JAK2 that in
turn activates a number of intracellular pathways (Wojcik and Postel-Vinay, 1999).

A ST binding protein (STBP), which essentially corresponds to the extracellular
domain of the STR (Leung et al., 1987) has been identified in the serum of many
species including pigs (Davis etal., 1992). STBP is derived from the same gene as STR
and is generated by mechanisms that differ between species (Edens and Talamantes,
1998). Little is known about the physiological role of STBP. It has been shown to
enhance the growth-promoting effects of ST in vivo probably by increasing its half-life
in the circulating compartment.

2.3. IGFS, RECEPTORS AND BINDING PROTEINS

IGF-I and IGF-II are ~7.5 kDa single chain polypeptides that retain 70% amino acid
homology with each other and 50% homology with proinsulin. The IGF-I molecule
contains 70 amino acid residues and IGF-II has 67 amino acid residues. The sequence is
highly conserved across species. Porcine IGF-I is identical to human or bovine IGF-I
(Tavakkol et al., 1988). Porcine IGF-II differs from human IGF-II only by one amino
acid residue (Francis et al., 1989). IGF-I is predominantly synthesised by the liver
under the influence of GH. Local production of both IGF-I and IGF-II has also been
demonstrated in numerous other tissues and organs.

IGF-I and IGF-II interact with two types of receptors, type I and type 11,that differ
in their amino acid sequence, secondary structure and ligand-binding specificity
(Rechler and Nissley, 1985; Jones and Clemmons, 1995). The type I receptor has a
heterotetrameric structure which is homologous to that of the insulin receptor. The type
I receptor is a monomeric protein. This receptor is identical to the cation-independent
mannose 6-phosphate receptor (M-6PR) involved in lysosomal enzyme transport whose
major, if not sole, function is IGF-II uptake for purposes of intemalisation and
degradation. The IGF-WMdP receptor has very weak affinity for IGF-I and no affinity
for insulin. IGF-I receptors (IGF-IRs) are widely distributed (Jones and Clemmons,
1995). In the pig, IGF-IRs are expressed in adipose tissue, intestine, kidney, liver, lung,
skeletal muscle, ovary, pancreas and uterus (Schober ef al., 1990; Hofig et al., 1991;
Lee et al,, 1993; Louveau et al., 1996; Peng et al., 1996; 1998; Gerfault et al., 1999;
Quesnel, 1999).

The IGFs are present in all biological fluids almost entirely (95 to 990%) bound to a
family of structurally related binding proteins (IGFBPs). To date, six genetically
distinct IGFBPs (IGFBP- 1 to IGFBP-6) have been cloned and sequenced (Jones and
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Clemmons, 1995; Rajaram ef al, 1997) and five of them have been identified in pigs
(McCusker et al., 198Sa; Coleman et al, 1991). Like IGFs, they are synthesised
ubiquitously. In adults, most of the bound serum 1GFs are present in a 150 kDa
complex that contains IGFBP-3 and an additional 85 kDa protein known as the acid-
labile subunit (ALS). The IGFBPs differ in their regulation and their affinities for IGF-I
and IGF-II. Structural alteration elicited by proteolysis and other posttranslational
modifications such as phosphorylation can modify IGFBP affinities for IGFs. In
addition to serving as carrier proteins (150 kDa complex), there is increasing evidence
that they act as potentiators or modulators of several complex physiological activities of
IGFs.

3. The Somatotropic Axis during Growth and Development

Numerous changes occur during development at many levels of the somatotropic axis.
In a number of species including pigs, ST concentrations are considerably higher in
foetuses than in adults (Figure 1). Plasma pST concentrations increase to very high
levels (80-ISO ng/ml) until 90-1 10 days of gestation and then remain stable (Klindt and
Stone, 1984; Macdonald et al., 1985; Spencer et al., 1989) or decline (Herbein et al.,
1977; DeHoff et al., 1986; Bauer and Parvizi, 1996). Foetal secretion is pulsatile at least
between d89 and d 113 of gestation (Bauer and Parvizi, 1996). During the first 2-3 days
postnatally, plasma GH concentrations decrease sharply and then decline slowly
(Klindt, 1986; Scanes ef al., 1987; Carroll et al., 1998) at least until 5-6 months of age
(Siers and Swiger, 1971; Chappel and Dunkin, 1975; Althen and Gerrits, 1976;
Dubreuil et al., 1987; Scanes et al., 1987; Louveauetal., 1991).

In contrast to GH, plasma IGF-I concentrations increase with age in pigs like in
other species (Figure 1). Plasma IGF-I concentration is low in foetuses. It increases
during the latter half of foetal life. It further increases postnatally (Lee ef al, 1991;
1993; Owens ef al.,, 1991; Louveau et al., 1996) and decreases after 180 days of age
(Weiler et al., 1998). Plasma IGF-II concentration remains high throughout the prenatal
period (Hausman et al., 1991; Lee et al., 1991; Lee et al., 1993). It then increases
postnatally, but the change in IGF-II levels is not as pronounced as that of IGF-I levels
(Lee et al., 1991; 1993; Owens et al., 1991). The preponderance of IGF-II over IGF-I in
foetal serum and the postnatal increase in serum levels of both IGFs support the view
that IGF-II is both a foetal and a postnatal growth factor, whereas IGF-I may be
primarily a postnatal growth factor in pigs. In the kidney, liver and skeletal muscle,
IGF-II mRNA levels are high during the foetal and early postnatal life and decrease
thereafter (Kampman et al., 1993; Lee et al., 1993; Peng et al., 1996; Gerrard et al.,
1998). IGF-II mRNA levels are highest at 59 days of gestation in muscle (Gerrard et al.,
1998). In the liver, IGF-I mRNA levels are the highest at 21 days of age (Lee ef al.,
1993; Peng et al., 1996). In kidney and skeletal muscle, IGF-I mRNA declines after
birth (Lee et al., 1993; Peng et al., 1996; Gerrard et al., 1998).
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Figurel. Developmental changes in plasma GH, IGFBP-3. IGF-I and IGF-llifrom 75
days of gestation to 180 days ofage in pigs (adapted from Klindt and Stone. 1984, Klindt,
1986, Leeet al.. 1991, Louveau et al., 1996).

Marked changes in the relative proportions of circulating IGFBPs occur with age.
IGFBP-2 is 2- to 3-fold more abundant in foetal than in postnatal serum (McCusker et
al,, 1991; Lee et al., 1993). After birth, the IGFBP profile changes towards a pattern
that is more similar to a peripubertal animal (McCusker et al., 1985a). Plasma IGFBP-3
predominates and increases with age (Lee ef al, 1991; Figure 1). After birth, IGFBP-3
mRNA level does not change in liver but decreases in kidney, pancreas and skeletal
muscle (Peng et al., 1996; 1998). Hepatic IGFBP-2 mRNA levels decline postnatally
(Kampman et al., 1993; Lee etal., 1993).

The expression of STR is tissue- and perhaps cell-specific. The STR is expressed at
a much earlier stage of development in muscle than in liver, and the ontogenic profiles
differ between these two tissues (Breier et al, 1989; Duchamp et al, 1996;
Schnoebelen-Combes ef al., 1996). After birth, STR increases in liver whereas there is
no age-related change in skeletal muscle (Figure 2). Plasma STBP levels also increases
with age (Mullins and Davis, 1992; Schnoebelen-Combes et al., 1996). The specific
binding of IGF-J is detected in liver and skeletal muscle from at least 75 days of
gestation until the adult stage (Figure 2). It increases between 75 and 90 days of
gestation (Louveau et al.,, 1996). After birth, the levels of IGF-IR decline markedly in
kidney, liver, pancreas and skeletal muscle (Lee ef al., 1993; Louveau ef al., 1996; Peng
et al., 1996; 1998). In the small intestine, IGF-I binding is highest at birth, declines by
day 3 and increases by day 21 (Schober et al., 1990).
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Figure 2 Developmental changes in IGF-I and GH binding to liver and skeletal muscle
(longissimus) from 75 days of gestation to 365 days of age in pigs (adapted from Louveau
et al., 1996, Schnoebelen-Combes et al , 1996)
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4. Influence of Nutritional Status on the Somatotropic Axis

It is widely accepted that nutritional status plays a major role in regulating circulating
levels of ST, IGFs and IGFBPs (Table 1). Serum ST concentrations are higher in non-
suckled than in suckled piglets (Campion ef al., 1986). Prolonged fasting (at least 24
hours) induces an elevation of plasma pST concentration in young piglets as well as in
older animals (Kasser ef al., 198 1 ; McCusker et al., 1985b; Buonomo and Baile, 1991)
and a decrease of plasma IGF-I levels (Campion et al., 1986; Buonomo and Baile,
1991). It also causes a decline in serum IGFBP-3, IGFBP-2 and 24 kDa IGFBP-4
(McCusker et al., 1985a). The decrease of IGFBP-2 is related to degradation of intact
IGFBP-2 in serum (McCusker et al., 1991).

Refeeding after a 48-hour fast is associated with a decline in plasma pST levels
within 2 hours whereas it takes longer for IGF-I to return to prefast levels (Buonomo
and Baile, 1991). In pigs submitted to limited feed restriction, circulating pST levels are
not altered (Kirkwood et al., 1987). Both moderate and severe food restrictions
decrease plasma IGF-I concentrations and IGFBP-3 levels (Dauncey et al, 1993;
1994a; Louveau and Le Dividich, unpublished data). Weaning results also in a
reduction in serum IGF-I and IGF-II levels (Carroll et al., 1998). There is increasing
evidence that circulating IGF-I is related directly to energy intake in neonatal like in
older pigs (Dauncey et al, 1994a; Ritacco et al, 1997; Louveau and Le Dividich,
unpublished data). Pigs fed a protein deficient diet present lower circulating IGF-I
levels than controls (Caperna et al., 1990). In contrast, Grant et al. (1991) report no
response of plasma IGF-I to dietary protein level. Porcine ST secretion is not altered in
pigs receiving a tryptophan deficient diet, which induces a significant decrease in feed
intake (Montgomery et al., 1980).

Table 1. Influence of fasting and undernutrition on the somatotropic axis.

Fasting Undernutrition
Moderate Severe
Plasma ST 18 o
STBP 1
IGF-I + + 1
IGFBP-3 7 i I
IGFBP-2 1
Liver STR —orT 1
IGF-1 mRNA 1
'IGF-IR 1 P
Skeletal muscle STR > «or T
IGF-I mRNA lore
IGF-IR. > )

The effects on IGF and ST receptor levels have been studied less extensively, although
our recent investigations are starting to elucidate some of the responses involved.
Whereas moderate food restriction induced by a larger litter size does not significantly
affect STR, it decreases IGF-IR in liver but not in skeletal muscle (Louveau,
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unpublished data). A moderate but long term food restriction in older pigs induces an
increase in hepatic STR but does not affect STR in muscle (Combes ef al., 1997a).
Severe food restriction from birth to 7 days of age decreases STR in liver but not in
skeletal muscle and increases IGF-IR in skeletal muscle but not in liver (Louveau and
Le Dividich, unpublished data). A low food intake in pigs aged between 3 and 7 weeks
results in down-regulation of hepatic STR mRNA but an upregulation in muscle, which
is reflected in a marked decrease in hepatic IGF-I mRNA and growth rate (Dauncey et
al,, 1994b; Weller et al, 1994). Altogether, these data clearly indicate that the
regulation of these receptors is tissue-specific and dependent on the type of
undernutrition and/or the age and stage of development.

5. Biological Effects of pST

Research conducted during the past 15 years has established the diversity of the
biological effects of ST. Somatotropin not only stimulates longitudinal growth but has
numerous other effects in a variety of tissues and regulatory systems. The effects on
kidney (Feld and Hirschberg, 1996), muscle (Florini et al, 1996), adipose tissue
(Etherton and Bauman, 1998) and bone (Ohlsson et al,, 1998) have been reviewed. The
metabolism of all nutrients classes is affected by pST treatment: carbohydrate, lipid
protein, minerals. The effects on the somatotropic axis and on general metabolism will
be developed. Because the major effect of pST is a reduction in adipose tissue
deposition and an increase in skeletal muscle growth in the growing pig, the review will
focus on the effects of pST in these two tissues.

5.1. EFFECTS OF PST ON THE SOMATOTROPIC AXIS

Exogenous administration of pST consistently induces an increase in the circulating
concentrations of IGF-I in growing pigs (Buonomo ef al., 1987; 1988; Walton and
Etherton, 1989; Caperna et al, 1990; Ambler et al., 1992), in gilts and sows during
gestation (Sterle et al, 1995) and in lactating sows (Toner et al., 1996). This IGF-I rise
is dose-dependent (Etherton et al,, 1987; Sillence and Etherton, 1987; Evock ef al.,
1988). It also occurs in piglets (Matteri et al., 1997; Wester ef al., 1998) for high dose
but not for a dose commonly used in growing pig (Dunshea ef al., 1999). A significant
increase in IGF-I mRNA abundance has been reported in liver, in subcutaneous adipose
tissue and in semitendinosus muscle following pST administration (Grant ef al.,, 1991 ;
Wolverton et al., 1992; Coleman et al., 1994, Brameld et al., 1996). In contrast, IGF-I
mRNA is not affected by pST in longissimus muscle (Grant ef al., 199 1; Coleman et al.,
1994; Brameld et al., 1996). These data suggest that the response to pST administration
is muscle-specific (Brameld ef al., 1996). In contrast to IGF-I, the effect of pST on
plasma IGF-II concentration is not consistent. Plasma IGF-II has been shown to
increase or to remain unchanged in growing pigs (Buonomo ef al., 1988; Klindt et al.,
1992) but to decrease in pregnant gilt (Sterle e al., 1995). Serum IGFBP-3 levels are
increased whereas serum IGFBP-2 levels are decreased by pST (Walton and Etherton,
1989; Coleman and Etherton, 1991). IGFBP-3 mRNA levels also increase in response
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to ST in both liver and kidney but not in longissimus muscle, stomach or jejunum
(Dunaiski et al., 1999). Administration of pST increases STR level in liver (Chung and
Etherton, 1986; Ambler ef al., 1992; Combes et al, 1997b) but not in adipose tissue
(Serensen et al, 1992) or skeletal muscle (Combes et al., 1997b). The rise in ST
binding in liver is associated with an increase (Mullins and Davis, 1992) or no change
(Combes et al., 1997b) in plasma STBP.

5.2. EFFECTS OF PST ON GENERAL METABOLISM

There is evidence for altered insulin action in vivo during pST treatment. Numerous
studies have demonstrated that exogenous administration of pST increases plasma
insulin and glucose concentrations (Chung et al., 1985; Etherton et al., 1986; Kveragas
et al., 1986; Gopinath and Etherton, 1989a; Mikel et al,, 1993). It has been shown that
the reduced insulin sensitivity is expressed within 21 hours of the initial pST treatment
(Kerber et al., 1998). The ability to clear glucose from the circulation in response to a
glucose tolerance test is reduced in pST-treated pigs (Gopinath and Etherton, 1989b;
Wray-Cahen et al., 1993). Insulin resistance after pST administration in pigs is due to 1)
the diminution of glucose clearance because of decreased glucose uptake by peripheral
tissues and 2) the augmentation of glucose output from the liver (Gopinath and
Etherton, 1989b; Wray-Cahen et al., 1993).

Circulating free fatty acids are elevated and blood urea nitrogen is reduced by pST
(Chung et al., 1985; Etherton et al.., 1986; Kveragas et al, 1986; Gopinath and
Etherton, 1989a; Mikel et al, 1993). These changes must be the result of increased
lipolysis and reduced amino acid catabolism in the liver respectively. However, the
mechanisms governing these metabolic changes in pigs are still poorly understood.

5.3. SOMATOTROPIN ACTIONS ON ADIPOSE TISSUE

Exogenous pST treatment consistently decreases lipid deposition in pigs regardless of
sex, genotype, age or nutrient intake. The reduction in lipid deposition results primarily
from a decrease in the rate of lipogenesis as assessed in vivo (Dunshea et al., 1992a)
and in vitro (Walton and Etherton, 1986; Walton et al., 1987; Magri et al., 1990;
Wolverton et al., 1992; Harris et al., 1993; Wang et al, 1999). The reduction in
lipogenesis results from a decrease in both mRNA expression and activities of several
lipogenic enzymes (Magri et al., 1990; Mildner and Clarke, 1991; Harris et al., 1993;
Liu et al., 1994; Donkin et al., 1996). Glucose transport may also be involved. The
mRNA abundance of GLUT4, the major insulin-regulated glucose transporter gene in
adipose tissue, is decreased (Donkin ef al, 1996). However, the magnitude of the
decrease is much lower than the one observed for expression of the fatty acid synthase
gene. Somatotropin may also regulate lipid deposition through affecting exogenous
lipid uptake by adipose tissue. It has been shown that ST decreases adipose tissue
lipoprotein lipase activity (Wang et al., 1999). An increase in the rate of lipolysis could
also be involved in the reduction in adipose tissue. Although indices of fat mobilisation
tended to be higher in pST-treated pigs, the changes are too small to account for a
significant decrease in lipid accretion (Dunshea ef al., 1992b).
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Besides its effects on lipid metabolism, ST exerts an effect on adipose tissue cell
formation. This effect has been mostly studied in preadipose cell lines. In the pig, ST
inhibits preadipocytes differentiation in primary culture (Hausman and Martin, 1989;
Gerfault et al., 1999). It has also been shown that ST reduces proliferation of stromal-
vascular cells in primary culture (Gerfault ef al., 1999).

5.4. SOMATOTROPIN ACTIONS ON SKELETAL MUSCLE

The action of pST in skeletal muscle has not been studied as extensively as in adipose
tissue in pigs. The administration ofexogenous pST to pigs is known to increase muscle
mass and to slightly alter muscle composition. Moisture and protein contents are higher
whereas the lipid content decreases or tends to decrease in pST-treated pigs (Beerman et
al., 1990; Bidanel et al., 199 1; Fabry et al., 199 1; McPhee et al., 199 1; Nieuwhofet al.,
1991; Mourot et al, 1992). These changes involve at least an increase in protein
synthesis in pigs fed an adequate level of protein (Seve er al, 1993). Several
histochemical studies have been conducted to determine the effects of pST on muscle
fibre morphology and fibre types (Solomon et al., 1988; 1990; 1991; 1994; Beerman et
al., 1990; Lefaucheur et al., 1992; Whipple et al., 1992; Rehfeldt and Ender, 1993;
Oksbjerg et al., 1995; Ono et al., 1995). Most studies indicate that the administration of
pST increases muscle fibre size resulting in a concomitant increase in cross-sectional
area of muscle. The effects of pST on fibre types are more conflicting. Ono et al. (1995)
indicate that most of the muscle that respond to pST treatment are located in hindlimb
region suggesting a relationship between pST and muscle function and/or metabolism.
The discrepancies between the studies may be related to duration or onset of pST
treatment, nutritional status or the dose of pST used.

6. Effects of Exogenous Administration of pST on Performances

6.1. SOMATOTROPIN ADMINISTRATION IN SUCKLING PIGS

Although the somatotropic axis is considered to be essential for postnatal growth, it is
widely believed that its role in neonatal growth is relatively limited. Few studies have
examined the effect of pST in the suckling pig. Whereas Matteri et al. (1997) and
Dunshea et al. (1999) report no effect on growth rate, Wester et al. (1998) indicate that
body weight is 10% greater in pST-treated than in control pigs using high doses of pST
(1 mgkg-1.d-1). Taken together, these recent studies indicate that the sensitivity of the
neonatal pig to exogenous pST is reduced compared to older pigs.

6.2. SOMATOTROPIN ADMINISTRATION IN GROWING PIGS

Beneficial effects of administration of exogenous pST on growth performance and
carcass characteristics of pigs are well documented (Bonneau, 1991). In ad libitum fed
pigs administered pST during the finishing period, daily feed intake is reduced (2-22%),
growth is generally accelerated (up to 47%) and feed efficiency is dramatically
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improved (3-38%), in connection with a sharp reduction in fat deposition (7-44%).
Lean content ofthe carcass is augmented (2-23%). Due to the increased weight of some
organs (liver, heart, etc.), dressing percentage is reduced (1-4%).

It is well known that performance response to pST administration varies extensively
between studies. We performed a statistical analysis of available literature data, as an
attempt to estimate the effects of pST dose, animal's potential and dietary lysine
content, on performance response to pST administration. Data from several experiments
were selected on the basis of availability of relevant data and reliable description of
experimental procedures (Azain et al., 1991, 1992; Becker et al., 1992; Bidanel et al,
1991; Bonneau et al.., unpublished data; Etherton et al.., 1986; Evock et al, 1988,
199 1; Evock-Clover et al., 1992; Fabry et al., 1991 ; Goodband et al., 1993; Hacker et
al., 1993; Hagen et al., 1991 ;Klindtet al., 1992; Knight et al., 1991 ; Krick et al., 1992;
McLaren et al.,, 1990; McNamara et al., 1991 ; Quiniou ef al., 1993; Smith and Kasson,
1991 ; Thiel etal., 1993; Verstegen et al., 199 1; Weedenet al., 1993a, 1993b).

6.2. I Effect ofpST Dose on Performance Response to pST Administration

For all criteria, the best coefficients of determinations are obtained with negative
exponential regressions of performance on pST dose. The pST-induced decrease in
daily feed intake (DFI) or backfat thickness (BFT) is almost linear (Figure 3). However,
the exponential estimates are significantly better than the linear ones, indicating that the
marginal reduction in DFI or BFT, obtained from any increase in pST dose, tends to
decline with higher doses. Only part ofthe maximum theoretical response (calculated as
the response for an infinite dose of pST) for DFI (60%) or BFT (65%) is achieved with
a dose of 100 pg.kg-1.d-1.This means that the maximum theoretical responses for DFI
and BFT to pST cannot be practically achieved, because high doses of pST are
associated with sanitary problems, particularly oesophagogastric ulcers, eliciting some
mortality (Smith and Kasson, 1990; McNamara et al., 1991; Smith et al, 1991;
Lefaucheur er al, 1992). The responses of average daily gain (ADG) and feed
conversion ratio (FCR) to pST are clearly not linear. Most of the maximum theoretical
response is achieved for a dose of 100 pg.kg-1.d-1 (94% for ADG and 81% for FCR),
and responses to pST tend to reach a plateau for high doses.

BFT,DFI,FCR

1] 20 40 60 80
pST dose

Figure 3. The injluence ofpST dose (pg.kg-1.d-1) on daily feed intake (DFI), average
daily gain (ADG), feed conversion ratio (FCR) and backfat thickness (BFT) (results
obtained from an overall analysis of literature data).
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6.2.2. Effect of Animal 's Potential on Performance Response to pST Administration

Four performance level groups were formed on the basis of FCR and BFT measured in
control animals (Figure 4). The effect of pST administration on ADG is similar in all
performance level groups. On the other hand, the pST-induced reductions in DFI, FCR
and BFT are significantly larger in low performance than in high performance pigs.

In high performance pigs, the limited reduction in energy requirements for fat
deposition is balanced by the increase in energy requirements for both maintenance and
lean tissue deposition (Verstegen ef al., 1991; Noblet ef al., 1992), so that total energy
requirements, and consequently feed intake, are poorly affected. In contrast, in pigs
with low performance, the elevation in energy requirement due to increases in lean
tissue growth rate and maintenance is largely over-compensated by the sharp reduction
in energy requirement for fat deposition, resulting in a reduction of feed intake.

FCR

0 20 40 60
pST dose

Figure 4. The influence ofpST dose (Ug.kg',d") on feed conversion ratio (FCR) in 4
performance groups (results obtained from an overall analysis of literature data;
performance groups formed on the basis of FCR and backfat thickness in untreated
animals).

6.2.3. Effect of Dietary Lysine Level on Performance Response topST Administration

With the exception of DFI, the effects of pST on performance are affected by dietary
lysine. When dietary lysine levels are too low (0.7%), pST administration has a small
effect on FCR and negatively affects ADG. In connection with the pST-elicited
reduction of DFI, daily lysine supply is more limiting in pST-treated than in control
animals, despite the fact that pST improves the efficiency of nitrogen (Verstegen et al.,
1990; Noblet et al., 1993) and amino acid (Goodband ef al., 1993) utilisations for lean
tissue deposition.

With dietary lysine levels equal to or higher than 0.8%, the improvements in ADG
and FCR, obtained from any elevation of pST dose, increase with dietary lysine. The
increase in protein deposition elicited by high doses of pST is not fully compensated by
the better efficiency of nitrogen deposition, so that essential amino acid requirements
are elevated. High lysine levels are thus required to compensate for the pST-elicited
decrease in daily lysine supply resulting from the reduced feed intake.
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7. Meat Quality in pST-Treated Pigs

In contrast to performance, the effects of pST on meat quality have not been studied
extensively. Despite the changes induced in muscle composition by pST, the influence
of pST on physical measurements of meat quality is rather low (Beerman et al., 1990;
Bidanel ef al., 1991; Fabry et al,, 1991; McPhee ef al., 1991; Nieuwhof ef al., 1991;
Mourot et al., 1992). Somatotropin treatment has no significant effect on muscle pH fall
after slaughter according to Bidanel et al. (1991). However, it has been reported in
other studies that ultimate pH (24 hours after slaughter) is elevated after pST
administration (Beerman et al., 1990; Fabry et al., 1991). Shear force, drip and cooking
losses and reflectance of meat are generally not significantly affected by pST treatment
(Beermann et al., 1990; Bidanel et al., 1991; Mourot et al., 1992). Administration of
pST has been shown to reduce the incidence of boar taint in entire male pigs (Hagen et
al., 1991 ; Bonneau et al., 1992).

Few studies have evaluated the consumer acceptance of pork from pST-treated pigs
(Prusa et al., 1993; Fox et al., 1995). Sensory characteristics of pig meat are generally
unaffected by pST treatment (Beermann et al., 1990). However, with high pST dosage,
a slight but significant reduction in tenderness, juiciness or flavour can be observed
(Evock et al., 1988; Beermann et al., 1990).

8. Effects of Exogenous Administration of pST on Reproductive Functions

8.1. SOMATOTROPIN ADMINISTRATION TO PREPUBERTAL GILTS

Porcine ST has been administered to prepubertal gilts to determine whether this
treatment alters the onset of puberty and subsequent reproductive performance.
Whereas one study indicates that the onset of puberty is delayed (Bryan et al., 1989),
other studies fail to show any effect of pST on age at puberty (Andres et al, 1991;
Terlouw et al., 1991). Genital tract development of prepubertal gilts is not affected by
pST treatment (Bryan et al, 1989, 1990). Moreover, length of oestrus, oestrus cycle
length, ovulation rate, percentage pregnant females and embryo survival are not
significantly affected by pST treatment (Andres et al., 199 1; Terlouw et al., 1991). The
concentration of IGF-I is consistently increased by pST in follicular fluid (Bryan et al.,
1989, 1992; Beltranema et al., 1994; Echternkamp et al., 1994). However, the
significance of this change remains unclear with respect to follicular development and
maturation.

8.2. EFFECTS OF PST ADMINISTRATION ON PREGNANT GILTS AND ITS
EFFECTS ON THE PROGENY

Administration of pST from d30 to 43 of gestation results in greater foetal and placental
weights (Sterle et al. ., 1995). Kelley et al. (1995) reported that pST administration from
d28 to 39 of gestation increases foetal survival and crown rump lengths but not foetal
weight. The effect of pST administration in the pregnant gilt may be dependent on the
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gestational period of treatment (Rehfeldt er al, 1993). It has been shown that pST
increases muscle fibre number by 27% at birth when sows are treated early in gestation
(d10 to d24) (Rehfeldt et al., 1993). The same authors observe an increase in birth
weight of piglets from sows given pST in late gestation (d80 to d94) whereas they
report no effect for other periods of treatment. A lack of significant effect on birth and
weaning weights of piglets has been also reported after pST administration to sows
during d28 to d40 of gestation (Kelley et al, 1995) or during the last 3 weeks of
gestation (Kveragas et al., 1986). However, body lipid content at birth as well as fasting
blood glucose were higher in piglets born from pST treated than from control sows
(Kveragasetal., 1986).

8.3. SOMATOTROPIN ADMINISTRATION IN THE LACTATING SOW

In contrast to dairy cattle, very few studies have been conducted to evaluate the effects
of pST in lactating sows. Sows treated with pST during late gestation and/or lactation
consistently consume less feed and lose more backfat than untreated sows (Harkins et
al., 1989; Cromwell et al., 1992; Toner et al., 1996). The effects on milk production are
more variable. According to Harkins ef al. (1989), exogenous pST administration
during lactation (d12 through d29) induces a large increase in milk production, with no
alteration in milk composition. Piglets suckling a pST treated sow weigh 6% more at
weaning. Subsequent studies failed to show any increase in milk production in sows
treated with pST (Cromwell et al., 1992; Toner et al., 1996). The failure of pST to
affect milk production may be related to the period of treatment or to the litter size
(Toneretal., 1996).

9. Conclusions

Exogenous pST administration markedly enhances pig growth performance and affects
body composition. It stimulates muscle growth and decreases lipid deposition. The
research conducted during the past 15 years has increased our knowledge on the
biology of ST including in pigs. Nevertheless, various questions remain to be resolved.
Although no adverse effects have been reported so far, the impact of pST administration
on meat quality and reproductive functions need to be further evaluated. The
mechanism by which ST regulates muscle growth need to be investigated further. The
signalling pathways that are responsible for the numerous effects of ST and the
mechanisms that are involved in the tissue-specific effects of ST are still unknown.
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MODULATION OF THE GROWTH HORMONE (GH) AXIS BY THE USE OF
ANTIBODIES TO HORMONES, RECEPTORS AND BINDING PROTEINS
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Hannah Research Institute, Ayr KA6 SHL, UK

Abstract

Hormonal growth promoters (growth hormone (GH), p-adrenergic agonists, steroids)
which improve growth rate and/or lean:fat ratios in the carcass have received
considerable adverse publicity and are either banned or have no licence for use in the
EC. This has led to the development of a number of techniques, involving the use of
antibodies, aimed at regulating metabolic processes involved in determining growth and
body composition. In this article we will discuss the immunoneutralization of
somatostatin to increase GH secretion, the use of antibodies to enhance GH action, anti-
idiotypic antibodies as GH mimics, antibodies to the GH receptor and the possibilities
for manipulating the activity of IGF-I, a mediator of GH actions. Whether these new
approaches will be perceived as acceptable to the general public remains a serious
concern and a potential limitation to their development as many would-be sponsors cut
back their support for research in these areas.

1. Introduction

Animal production systems have seen improvements in the efficiency of growth
through improved nutrition and genetic selection programmes. Further improvements
have been achieved by use of antibiotics and hormone-based approaches, involving
steroids which have been used world-wide. Opposition to the use of steroids, however
led to a ban on their use in the EC, a ban that was also extended to growth hormone
(GH), otherwise known as bST, although GH is licensed for use in a number of
countries world-wide, including the United States. The European ban served to
encourage research into alternative approaches which might be more "consumer
acceptable" as well as taking full account of increasing concern for the welfare of the
animals which would be treated with such preparations. Some of these alternative
techniques are considered in this review.

Any novel approaches to manipulate growth and body composition need to fulfill a
number of important criteria in addition to being effective in promoting increased
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growth rates, improved body composition or improved efficiency of conversion of feed
intake into meat. They must also be able to produce long-term effects without the need
to use frequent treatment (a practical requirement) and without leaving potentially
hazardous residues in the meat of animals destined for human consumption (consumer
safety). The use of bovine (b) GH for improvement of milk yield in dairy herds has
been in operation in the US for several years now with a relatively high initial uptake by
dairy farmers. Within the European Union, however, the use of bGH has been banned.
Such a policy has been viewed as reflecting the view of consumers, although the
scientific evidence to support this position is somewhat lacking. More recently,
however, a number of concerns regarding insulin-like growth factor -1 (IGF-1) in milk
and its potential effects upon the gastrointestinal tract of the consumer has become a
subject of considerable debate. The EU moratorium on the use of GH ends in December
1999 and the member states are currently reconsidering this issue. Aside from the safety
aspect to the consumer, attention has also turned to the concerns for animal welfare,
including such considerations as the effects of GH treatment on metabolic stress, on
reproductive problems on the incidence of mastitis and problems of reactions at
injection sites in animals treated with GH. It is not within the scope of this review to
discuss these topics but they are mentioned here to explain the current background to
the use of potential agents for increasing animal productivity. They will no doubt
continue to be areas of animated debate within Europe for some time to come.
Accepting these general concerns, it is questionable whether immunomodulating
approaches as described in this article indicate a possible direction forward, or whether
this will be considered to be no more than a subtle modification of a technology which
many consider unacceptable. Again, it is the belief of the authors that, irrespective of
the eventual commercialisation of such approaches, the fundamental science
underpinning these potential vaccines is aiding our understanding of the biological
actions of GH. It is also useful to remember that, although this technology has been
developed for use in agricultural species, its utility, admittedly in the longer-term, in
humans or companion animals may influence judgements on the acceptability of these
strategies. This is particularly pertinent to the situation of obesity, which is now
recognised as a disease rather than a cosmetic problem and which clearly would involve
some adjustment of the "risk-benefit" analysis when it is compared with an approach
which is being developed purely as an agricultural "production tool". The approaches
we will discuss include using antibodies to neutralize, mimic or enhance the actions of
certain hormones involved in regulating growth and body composition.

Although all of the areas discussed in this review are amenable to molecular
biological approaches, particularly transgenics, the major distinction to be made is that
immunization techniques offer flexibility and speed of response to changing demands
although they suffer the drawback of the necessity to treat all animals rather than
benefit from transmission through the germline.
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2. Immunoneutralization of Somatostatin

The effectiveness of GH in stimulating growth and milk production provided the
opportunity to consider various aspects of the GH axis as potential sites for
immunomodulation. One of the first to be assessed was immunization against
somatostatin because it inhibits GH secretion from the pituitary. Thus, inhibition of
somatostatin action should result in elevation of endogenous GH secretion. The initial
studies showed considerable increases in liveweight gain in sheep (Spencer et al.,
1983a, 1983b). Subsequent studies, however, supported or refuted these findings in
terms of growth (for review see Flint, 1990). Similar differences in results have also
been described for milk production, one study in goats demonstrated that immunization
against somatostatin could increase milk yield in early lactation (Spencer and Garssen,
1985) whereas a study using the same approach in sheep failed to show any effect on
milk production, despite the fact that the same study did show an increase in weight
gain of female lambs immunized in the same way (Deligeorgis et al, 1998). More
recently a study in sheep has described an increase in milk yield after immunization
with somatostatin (Sun ef al., 1990). The reason for these discrepant results has been
proposed to be due to differences in antibody titres, although no relationship between
titre and biological effect has been described. The fact that the original hypothesis was
too simplistic has also been proposed as a possible explanation for variable results,
since somatostatin plays a role in regulating a number of hormones and affects nutrient
absorption and digesta flow (Elsaesser and Drath, 1995; Flint, 1990; Reichlin, 1987).

3. Antibodies as Enhancers of GH Activity

The biological function of antibodies is most widely perceived as the binding and
neutralisation of antigenic molecules. For example, administration of polyclonal
antiserum raised against endogenous GH neutralises hormone activity and this kind of
approach can provide useful information in relation to the endocrine regulation of
physiological processes such as lactation and growth (Flint ef al, 1992; Palmer et al.,
1994). This approach, however, attracted commercial interest when certain monoclonal
antibodies were shown to increase, rather than inhibit GH action. There are many
potential benefits both for industry and consumer in devising methods whereby activity
of GH is augmented rather than neutralised. This approach received experimental
support over a decade ago with the demonstration that the somatogenic activity of
human hGH could be enhanced by pre-complexing it with monoclonal antibodies
(Mab) prior to administration in a suitable animal model (Aston et al., 1986, 1989). In
vitro assays using [35S]-sulphate uptake into costal cartilage of dwarf mice indicated
enhanced somatogenic activity of Mab-hGH complexes. This antibody-mediated
enhancement of hGH activity confirmed earlier experiments which had demonstrated
the enhancement of epidermal growth factor (EGF), insulin and other polypeptide
hormones by antibodies (reviewed in Aston et al., 1987).

These observations of Mab-mediated augmentation of hGH activity, were followed
by studies which demonstrated that the same approach could be used to enhance bGH
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activity (Aston et al., 1991). This finding had obvious implications for the field of
animal performance and productivity. Clearly the injection or infusion of selected anti-
bGH Mabs into livestock is not currently feasible both on grounds of cost and
practicality. Such reagents would be quickly recognised as foreign protein and an anti-
antibody response raised in species receiving such foreign antibodies. Considerations
such as these led to the development ofthe concept of antisera directed towards specific
sites or epitopes on the GH molecule as alternatives to Mabs. In its ultimate form, this
strategy would employ peptide fragments of the bGH molecule as vaccines to be used
in active immunisation procedures to generate antibodies, which would bind to, and
enhance, endogenous GH activity. The feasibility ofthis approach gained support from
several reports that antisera raised against fragments of both bovine and porcine GH
enhanced hormone activity (Bomford and Aston, 1990; Tainer et al., 1984; Wang et al.,
1990, 1995). However some of these studies still employed dwarf mice or
hypophysectomised rats as a GH-deficient animal model and enhancement of GH
activity was demonstrated by complexing the hormone with anti-peptide antisera prior
to administration to animals. Under such conditions these complexes did show greater
activity than GH administered alone when parameters such as increases in body weight
or [35S]-sulphate uptake into costal cartilage were used.

In an attempt to improve the prospects for the development ofa peptide vaccination
strategy, epitope mapping sudies of the GH molecule were undertaken. Previous GH
peptides had largely been selected on the basis of computer algorithms which predicted
immunogenic regions within the GH molecule. This typically resulted in the selection
of peptides which were part of loop structures connecting helices within the GH
molecule and which, with reference to the published crystal structure of the protein,
were accessible on the surface of the molecule. Antisera generated from such peptides
may be more likely to bind to native protein than antisera raised to peptides which
represent elements of secondary structure within a protein (Beattie et al, 1992).
Indeed, initial epitope mapping studies, using a technique which identifies linear
epitopes, showed that polyclonal anti-sera raised against bGH in rabbits and guinea pigs
contained major continuous epitopes which were present in all ofthe loops joining the 4
a-helices as well as in the non-ordered C-terminus of'the protein protein (Beattie et al.,
1992). Although many monoclonal antibodies could not be epitope-mapped using this
technique, presumably because they recognised discontinuous epitopes, one anti-ovine
GH enhancing antibody, Mab OAI1lS5, was identified as defining a functionally
continuous epitope lying between residues 91-102 of bGH in a loop region which joins
helices 2 and 3 ofthe molecule (Beattie and Holder, 1994). In agreement with earlier
studies, the peptide sequence defined by this enhancing Mab could also be used to elicit
a polyclonal antiserum which was capable of enhancing ovine (0)GH activity when
administered as the hormone-antibody complex in the hypopituitary dwarf mouse
model (Mockridge, 1997; Mockridge et al, 1998). However, in active immunisation
experiments in lambs, which involved immunisation with this peptide conjugated to
Keyhole Limpet Haemocyanin, no increase in weight gain was observed compared with
control animals (Mockridge, 1997). These results suggest that peptide fragments of
growth hormone(s) can be used to generate polyclonal anti-sera, which enhance GH
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activity when complexed with the hormone in vitro and administered to a GH-deficient
animal model but active immunisation leading to in vivo complexes of GH and antibody
are incapable, at least for the moment, of reproducing this growth- enhancing effect in
our hands. There is however one report (Pell and Aston, 1991) which describes the
successful active immunisation of lambs with a modified fragment 134-154 of porcine
(p) GH with resulting increases in carcass weight, although no other studies have
repeated this success. This may be related to the typically low anti-GH titres induced in
those animals which are immunised with peptide fragments of the hormone. This may
not be too surprising since this is effectively an attempt to induce an autoimmune
response against an endogenous protein. Clearly, a re-evaluation of this strategy is
required including the influence of such parameters as peptide structure, formulation
and presentation to vaccinated livestock. In one such trial, involving synthesis and
presentation of oGH fragment 91-102 in the form of a multiple antigenic peptide
(MAP) structure (Tam, 1988), data have shown no increase in body and individual
organ weights when this MAP peptide was used as immunogen. This correlated with a
failure of anti-serum from treated lambs to bind bGH in vitro (unpublished observations
- J Mockridge). Clearly, this area requires further investigation to aid understanding of
some of the current limitations. One aspect which has been developed to a limited
extent is an investigation into the mechanism of antibody-mediated hormone-
enhancement. Most theories have concentrated on specific in vivo effects such as
increased half-life of the hormone-antibody complex compared with the hormone alone,
increased GH receptor occupancy time by hormone-antibody complexes and the
targetting of hormone by antibody into specific target tissues (eg liver). Recently
evidence has been provided to support some of these hypotheses (Massart ef al., 1993;
Tans et al, 1994; Wang et al, 1992) and clearly a greater understanding of the
mechanistic aspects of this phenomenon would assist in the development of this
technology.

4. Anti-idiotypic Antibodies as Mimics of Hormone Action

Other strategies have been used to manipulate the GH axis with antibodies. An anti-
idiotypic approach (Jerne, 1974) has been attempted using both monoclonal and
polyclonal anti-GH antibodies. According to idiotypic network theory the use of such
reagents should allow the generation of anti- (anti-GH) antibodies, a proportion of
which may exist as structural and functional mimics of the original immunogen (GH).
Such approaches have met with varying degrees of success. For example polyclonal
anti-idiotype antibodies raised in sheep to polyclonal anti-rGH anti-serum were able to
stimulate growth in hypophysectomised rats (Gardner et al., 1990). Similarly an anti-
idiotypic Mab (2A6) raised to an anti-pGH Mab (PS-7.6) also promoted growth in
hypophysectomised rats (Wang et al., 1994). In another study it was shown that
administration of a purified polyclonal rabbit anti-bGH anti-serum to lactating cows
resulted in an increase in "bGH-like" immunoreactivity in the sera of immunised
animals. However, there was no effect of immunisation on either milk yield or serum
IGF-I concentrations (Schalla et al., 1994), two biological responses which are
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stimulated by bGH. Together with these conflicting data are the inherent limitations
associated with the use of the anti-idiotypic network in this way, ie the fact that such
approaches may still rely on the administration of antibody and also the ability of
recipient animals, over a period of time, to generate specific neutralising anti- (anti-
idiotypic) antibodies (Ab3)

5. Antibodies to the GH Receptor as Receptor-Agonists

GH, like other class I cytokine ligands activates its receptor by a homodimerisation
mechanism involving separate sites on a single hormone molecule engaging largely
similar areas of two different receptor proteins resulting in a 1:2 (hormone: receptor)
stoichiometry (De Vos ef al., 1992). Such a mechanism of receptor binding suggested
that activation may be achieved by the direct binding to receptor of appropriate bivalent
anti-receptor antibodies. Such receptor activating antibodies have already been
described for the prolactin receptor. Many considerations apply in the case of anti-
receptor antibodies. For example, although some reports have demonstrated a
stimulatory effect of anti-prolactin receptor antibodies on mammary gland casein
synthesis in vitro and in vivo (Dusanter-Fourt et al., 1983, 1984) such antibodies also
have the ability to inhibit prolactin activity and on their own may show inhibitory or
stimulatory activity depending on dosage (Djiane ef al, 1981). Much the same
considerations would apply to anti-growth hormone receptor antibodies although to
date no reports of anti-GH receptor antibodies which stimulate the GH axis in vitro or in
vivo have been published. In addition, as indicated above, administration of anti-GHR
antibodies is scientifically and commercially unattractive and therefore active
immunisation with receptor peptide fragments is an option. However, the difficulties of
this approach were clearly illustrated in the context of anti-GH enhancing antibodies
and these same problems of peptide selection and presentation apply. The 3-
dimensional structure of the extra-cellular domain of the hGHR has been reported (De
Vos et al., 1992) and together with published epitope mapping studies of the bGHR
extra-cellular domain (Beattie ef al., 1996) may assist in the selection of candidate
receptor peptides for immunisation. In the case of direct binding anti-receptor
antibodies, however, it must be borne in mind that the appropriate spatial geometry of
the receptors which is induced by ligand binding may not be replicated by antibody-
receptor engagement and under these circumstances only a weak (if any) signal may be
propagated. Alternatively, such antibodies may prove to be antagonists at the GHR and
may form the basis of an approach to treatment of GH over-activity syndromes (eg
acromegaly). In a refinement ofthis technique we have adopted a strategy of chimeric
vaccine production where putative peptide epitopes are presented within the framework
of a homologous protein. We believe that the use of such recombinant proteins as
vaccines may overcome problems associated with the appropriate presentation of
peptides during vaccination. Our initial studies using chimeric rat/ovine GH binding
protein molecules have indicated the feasability ofthis approach (Allan ez al., 1999).
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6. Manipulation of the Insulin-like Growth Factor (IGF) Axis

IGF-I is believed to mediate many ofthe actions of GH and the actions of IGF-I are in
turn modulated by a series of 6 IGF binding proteins (IGFBPs) (reviewed in [38]). The
interactions of IGFBPs with IGF-I are complex and can involve both inhibition or
enhancement of IGF action. At least one of the functions of the IGFBPs involves
transport of IGFs within the blood and it is interesting to note that increased activity of
IGF-I has been achieved using antibodies to IGF-I, which might act like a pseudo-
binding protein (Hill and Pell, 1998). It is probably significant to note that the affinity
of such an antibody was 10-8M, one order of magnitude lower than the affinity of the
IGF-receptor, and thus the antibody would not be expected to inhibit IGF interaction
with its receptor. By contrast some ofthe IGFBPs have affinities for IGF-I which are
10-10M and these IGFBPs are believed to act as inhibitors of IGF-action under such
circumstances, acting to sequester IGF-I away from cell surface receptors. Clearly, if
antibodies to IGF-I could be created with such high affinities they could be used to
inhibit IGF-action.

An alternative strategy might involve the use of antibodies to the IGFBPs,
antibodies which bind at, or close, to, the site at which IGF-I binds. This would
effectively prevent the inhibitory action of the IGFBPs on IGF-I action. In a
development of this approach small molecules have been produced which bind to
IGFBPs and prevent IGF binding and these have been shown to enhance IGF-action
(Lowman et al., 1998).

7. Conclusions

The practical and political limitations on the use ofhormonal growth promoters such as
anabolic steroids, [ -adrenergic compounds and GH have led to the search for
alternative strategies which are more "consumer acceptable".

The use of antibodies to manipulate biological processes which lead to
improvements in body composition of agricultural animals has clear potential
advantages in terms of safety to the consumer. Antibodies are proteins and thus are not
considered to be orally active; they do not survive high temperatures involved in food
preparation. In addition, these antibodies are generally species-specific and would thus
not have biological activities even if injected into humans. Despite these considerable
safety aspects, it is impossible to predict whether they will be deemed acceptable
particularly by the European consumer. Inevitably, political considerations will come to
the fore as consumer concerns are balanced against the approval of such techniques
elsewhere in the world and enforced entry of such products into the European Market
under the auspices of the GATT agreement. Equally interesting will be the public
reaction to these same technologies when they are developed for clinical use, for
example, to treat obesity.
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Abstract

The last 10 years have seen substantial progress in the development of gene therapy.
Gene therapy is a new modality with the potential for treating or preventing a variety of
diseases, inherited or acquired. New viral and nonviral vectors, and applications are
being developed at a rapid pace. The ability to reversibly turn genes on and off through
gene therapy is a powerful tool in the control of gene expression. Until recently, gene
therapy focused mainly on studying disease mechanisms, whereas recent research has
put potential clinical and agricultural applications to the forefront of attention. Thus,
significant progress has been made in the continued development of viral systems,
including retro- and adenoviruses, as well as in the exploration ofnovel tools such as
plasmid DNA, herpes virus-based systems or liposomes. New vaccines using DNA
vectors are used to induce a long-lasting immune response. Gene therapeutic
approaches were used to direct the ectopic production of growth factors for chronic
periods. The success of these projects has broad ramifications: in addition to being
potentially more physiological and economical that the traditional ones they could be
adopted for the delivery of genes that encode a wide variety of peptides, such as other
releasing hormones, neurotrophic factors or enzymes. The application therefore can be
extended to enhance the economic efficiency of animal food production, and overall
animal health and performances.

1. Introduction

Gene therapy promises to revolutionize agriculture as well as medicine. We are nearing
the end of the first decade of gene therapy, and important recent developments were
made. The early results on the clinical efficacy of gene therapies were disappointing,
largely because the available gene-transfer vectors proved to be inadequate. Great
progress was made recently in selecting and improving vectors, and subsequently first
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positive results were reported (Mountain, 2000). The use of molecular and cellular tools
to genetically modify and improve food supply is playing a leading role in the
continuing concern to produce more food and of better quality for the increasingly
demanding world population. Many of the approaches supplement or enhance
conventional breeding, address environmental concerns or stabilize food production
(Kasha, 1999). Genetically manipulated animals generated by transgenic and gene-
targeting (knockout) technology contributed tremendously to our understanding of gene
function and regulation at the molecular level in the context of the whole organism. The
development of new biotechnologies offers the potential to improve productive
efficiency of animal agriculture, increase meat and milk production and the efficiency
of these processes (Etherton, 1999). Consumers' risk perceptions toward the food-
related biotechnology, as involuntary risk exposure, unnatural product characteristics,
lack of trust in FDA regulator's ability to protect consumers in the marketplace, and
consumers' inability to distinguish treated products compared to untreated is a parallel
increasing problem. Studies indicate that often the public perceives no consumer
benefits from farmers' use of recombinant proteins or transgenic animals (Grobe et al.,
1999). On the other hand, the Food and Agriculture Organization of the United Nations
(FAO) underlines the fact that the world population more than doubled in the last 40
years, and it is expected to double again in the next 40-50 years, while the food surplus
felt below 17%. The question now is how can we better feed the next generations
(Kasha, 1999). Very recently investigators focused on developing a new type of
technology in the agricultural field, approaches of gene therapies rather than
transgenesis for improving growth and lactation in farm animals by enhancement of
endogenous animal performances or for vaccine production.

2. Gene Therapy Vectors and their Applications

2.1. VIRAL VECTORS

The efficient delivery of therapeutic genes and appropriate gene expression are the
crucial issues for clinically relevant gene therapy. Viruses are vehicles that efficiently
transfer their genes into host cells. This ability made them desirable for engineering
virus vector systems for the delivery of therapeutic genes. The viral vectors currently
used in research are based on RNA and DNA viruses processing very different genomic
structures and host ranges (Walther and Stein, 2000). Particular viruses were selected as
gene delivery vehicles because of their capacities to carry foreign genes, efficiently
deliver these genes associated with efficient gene expression. These are the major
reasons why viral vectors derived from retroviruses, adenovirus, adeno-associated virus,
herpesvirus and poxvirus are employed in more than 70% of clinical gene therapy trials
worldwide - several applications are mostly correlated with the viral vectors like
vaccines.
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2.1.1. Retrovirus Vectors

Retrovirus vectors are an efficient transfer systems characterized by their reverse-
transcriptase activity that allows their viral RNA genome to be transcribed into a double
stranded DNA that stably inserts into the host DNA. The advantages of retroviral
vectors are the stable integration into the host genome, generation of titers that allow
efficient gene transfer into a broad variety oftarget cells and the ability to carry foreign
genes of up to 8kb (Wu and Ataai, 2000). Unfortunately, retrovirus vectors have also
disadvantages, as instability of some viral vectors, with possibility of recombination,
possible insertional mutagenesis by integration at random sites in the cell host genome
and the ability of vectors based on Moloney murine leukemia virus (MulLV) to
transduce only dividing cells. Vectors based on lentiviruses such as HIV have the
ability to transduce a variety of post-mitotic tissues as heart, muscle or brain, but
biosafety remains a major concern in the production of such vectors (Naldini, 1998;
Naldini ef al.,, 1996). Despite these problems, retroviruses are the system of choice for
some animal gene therapy applications.

2.1.2. Somatic Gene Therapyfor Growth

Somatic gene therapy consists in stable expression of a transgene product from an
implanted group of cells that could be eventually removed if desired. The vectors used
in these cases are retroviruses because of their property of integrating into the
transduced cells genome and express the transgene for the sequential generations in the
cell-line. Investigators developed stable transfections of porcine myoblasts and
fibroblasts isolated from muscle of young pigs first using a green fluorescence protein
(GFP) reporter plasmid (Blanton et al., 2000). Porcine cells were transduced with GFP
using vesicular stomatitis virus glycoprotein G pseudotyped retrovirus and resulted in
efficiencies of 1:1.2 for myoblasts and 1:1.1 for fibroblasts. Retroviral transduction
produced stable reporter gene expression in more than 80% of porcine muscle cells.
Transduced GFP-positive cells could be separated from negative cells by fluorescence-
activated cell sorting and implanted into pigs. Several days after the transplant,
implanted muscles were removed and subjected to immunodetection of GFP protein.
Fibroblast implantation resulted in limited GFP expression within muscle, whereas
myoblast implantation resulted in GFP within muscle fibers.

This experiment suggested that cell-mediated gene transfer is possible in porcine
muscle and the technology may be useful as an approach for studying and/ or
promoting muscle growth in pigs. As a step further, Cheng et al. (1998) used this
strategy to deliver long-term growth hormone (GH) to swine. Hormones stimulating
growth and lactation are the obvious targets of animal gene therapy. Administration of
growth hormone (GH) to farm animals has been used to improve muscling and milk
production, while improving feed efficiency. Administration of porcine GH to growing
pigs increases average daily weight gain by 10-20%, improves feed efficiency by 10-
30%, decreases lipid accretion rates to 70%, and stimulates protein deposition (muscle
growth) to 60% (Etheron ef al., 1993). The porcine GH (pGH) gene was constructed
inside a bicistronic retroviral vector transfected into fibroblasts further encapsulated
with immunoprotective microcapsules. The nonautologous microencapsulated
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fibroblasts carrying the pGH cDNA were implanted into the Tao-Yuan swine.
Encapsulation of the pGH with an alginate-poly-L-lysine-alginate membrane did not
show any deterioration in their proliferation and survival both in vitro and in vivo. The
pGH gene in encapsulated recombinant fibroblasts was fully expressed after it was
transplanted into the peritoneal cavity of the Tao-Yuan swine for at least 1 month as
detected by PCR. The treated midget Tao-Yuan swine showed a significant increase in
weight gain of 34% compared with age-matched untreated control group or with those
with encapsulated recombinant fibroblasts only.

2.1.3 Adenovirus Vectors

Adenoviruses used in gene therapy applications are members of type 2 (Ad2) and type
5 (AdS) serotypes. Replication incompetent vectors can be created by specific deletions
in the wild-type virus, which allows for a packaging capacity of at least 7-8 kb. The
great advantage of the Ad vectors is that very high viral titers can be easily achieved,
making them suitable for direct in vivo applications. Furthermore, Ad vectors can infect
a wide range of cell, including non-dividing cells (Walther and Stein, 2000). Recently,
targeted viral vectors localize gene transfer to specific cell types, thus reducing
immunogenicity and toxicity, increase safety, and enable the systemic administration of
these vectors for multiple indications including cancer, cardiovascular disease, and
inflammatory disease (Wickham, 2000). The disadvantage of Ad is that their episomal
state within the host cells allows only transient expression of the therapeutic gene. Also,
undesired expression from some Ad genes provokes inflammatory reactions and
toxicity that limit repeated administration.

2.1.3.1. Gene therapy for the Next Generation? Maybe an alternative to the classical
transgenic animal is the introduction of a manipulated gene into the spermatozoa. Farre
et al. (1999) tested the ability of adenoviral vectors to transfer DNA into boar
spermatozoa and to offspring. Exposure of spermatozoa to adenovirus bearing the
reporter Eschrichia coli lacZ gene resulted in the transfer ofthe gene to the head of the
spermatozoa. Treatment did not affect either viability or acrosomal integrity of boar
sperm. Approximately 22% of cell embryos obtained after in vitro fertilization with
adenovirus-exposed sperm expressed the LacZ product. Also, 7% of the piglets
obtained after artificial insemination with adenovirus-exposed spermatozoa, as well as
two of'the stillborn piglets showed the presence ofthe LacZ mRNA in all ofthe tissues
tested. The offspring obtained after mating of the two positive animals did not show
LacZ gene presence. Their results indicate that adenovirus could be a feasible
mechanism for the delivery of DNA into spermatozoa, even though the transfer of the
transgene seams to be limited to the first generation.

2.1.4. Adeno-Associated Virus Vectors

The AAYV is a single stranded DNA virus, and a broad range of cell types is susceptible
to infection with AAV. The AAV requires an adenovirus or a herpes virus for viral
replication. No pathology was linked to this virus. As a gene therapy vehicle the AAV
has important characteristics: high level of infection in different cell types, including
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post-mitotic cells, long-term expression of the transgene for at least up to 2 years
(Fisher et al., 1997; Koebert et al., 1997), low immunogenicity and could integrate in a
specific site on chromosome 19 (property often lost in AAV gene therapy construct).
Unfortunately, the recombinant AAV production requires superinfection with a Ad that
results in low-quality viral stocks. Another potential rate-limiting aspect is the relatively
small packaging capacity, less than S kb (Monaham and Samulski, 2000). Based on
impressive success in delivering genes by this method in rodents and primates, many
clinical trial using AAV are ongoing for a variety of human inherited diseases, from
cystic fibrosis to beta-thalassaemia (Hallek and Wendtner, 1996). In contrast, this type
of vector is relatively unused for animal improvement purposes.

2.1.5. Herpes Virus Vectors

HSV-1 is a DNA virus with a large genome of 150 kb, relatively stable, which allows
packaging of up to SO kb of foreign sequence. Vectors can be produced at very high
titers. HVS-I vectors have a broad range oftarget cells, and it can infect both dividing
and non-dividing cells. Because of the natural tropism to neuronal cells the vectors are
mostly used for corrective human gene therapies or cancer within the nervous system
(Wolfe et al., 1992; Miyanohara et al., 1992).

2.2. PLASMID DNA

Direct gene transfer with naked plasmid DNA into somatic cells that would further
function as bioreactors for production of secreted proteins, as hormones or enzymes, or
for vaccines is now a routine technique. The organ of choice for plasmid delivery is the
skeletal muscle (Wolff et al, 1990), but skin, some tumors and immune cells are
successfully transfected using naked DNA (Ulmer et al., 1997).

For farm animals, skeletal muscle possesses properties that make it an attractive
target organ for gene therapy. It offers an easily accessible site for injection of DNA,
and the post-mitotic nature and longevity of muscle fibers permit sustained expression
of genes that are delivered. Studies to date suggest that when plasmids are injected into
skeletal muscle they persist as an episome and are not integrated into host chromosomal
DNA (Wolffet al, 1992) even though expression was reported to persist for up to 19
months (Manthorpe et al., 1993). The transfer efficiency of plasmid was reported to be
superior to adenovirus and retrovirus in rodent muscle (Davis et al, 1993), and
expression of recombinant protein from intramuscular injection of plasmid were also
reported in primates and humans (Jiao er al., 1992). Comparative with viruses, the
nonviral techniques for gene transfer in vivo, the direct injection of plasmid DNA is
simple to use, easy to produce on large scale, inexpensive, and safe, as it lacks specific
immune response.

In addition to expression of reporter enzymes, skeletal muscle is now used as a
bioreactor to express therapeutic proteins having either a local (Acsadi et al., 1991) or
systemic effect (Draghia-Akli et al., 1997, 1999). Until recently this methodology was
limited by the relatively low expression levels due to inefficient DNA uptake into
muscle fibers to ensure systemic physiological levels of secreted proteins (Prentice et
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al., 1994; Wells et al., 1997). Several approaches were developed to enhance the
efficiency of gene transfer via naked DNA including gene gun (Mahvi et al., 1997) or
electroporation. Electroporation was previously used in un-anesthetized humans to
transfect tumor cells after injection of plasmid DNA (Nishi et al., 1996; Rols et al.,
1998). The electrotransfer method was first used experimentally in rodents and other
small animals (Aihara and Miyazaki, 1998; Mir et al., 1998; Muramatsu et al., 1998)
and it was found to be effective with expression levels at 40-100 fold over injection
alone bringing the range of expression to physiological realm. Recently, different
polymers that weakly interact with DNA such as PVP were shown to improve the
efficiency of gene transfer (Anwer et al., 1998).

2.2. 1.Growth Enhancement using Naked DNA

Porcine GH treatment, while widely used, could induce insulin resistance of protein
metabolism (Etherton et al., 1986), and consequently reduces the theoretical possibility
for increased protein synthesis in the fed state. Numerous studies have shown that GH
markedly reduces the amount of carcass fat; consequently the quality of products
increases (Etherthon er al, 1993). Nevertheless, side effects of continuous GH
administration by implants are frequent, as increased glucose or insulin levels (Klindt et
al., 1996); the requirement for daily administration is labor intensive. GH transgenic
animals developed problems as lethargy, lameness, gastric ulcers and anoestrus
(Solomon et al., 1994; Pursel et al., 1990).

The use of growth hormone releasing hormone (GHRH), the upstream stimulator of
GH, was considered to be an alternate strategy that may increase not only growth
performance or milk production for large species such as pigs or cattle, but also more
importantly, the efficiency of production from both practical and metabolic perspectives
(Draghia-Akli et al., 1999). GHRH therapy seems to be more physiological than GH
therapy, as interaction between GH and its receptor suggests that the molecular
heterogeneity of circulating GH may have important implications in growth and
homeostasis (Caiozzo et al., 1992; Diffee et al., 1993). It is thought that GH side effects
are correlated with the excess GH, which abolishes the natural GH episodic pulses.
GHRH therapy is capable ofa degree of feed-back, which is totally abolished in the GH
therapies, which explains the fact that virtually no side effects have been reported for
GHRH therapy (Thorner et al., 1986).

GHRH cDNAs were characterized in porcine, bovine and many other species (Baird
et al., 1986; Kato et al., 1990) . It is well established that extracranially secreted GHRH
as mature peptide or truncated molecules can be biologically active and even produce
acromegaly in humans (Melmed, 1991; Faglia ef al. 1992) in a wide range of dosage.
Thus the conclusion that hypothalamic tissue specific expression of the GHRH gene is
not required for activity, as long as the peptide has access to the circulation. The
approach for a GHRH gene therapy is complex. This hormone has a short half-life in
serum that would theoretically imply that a large quantity of plasmid would be needed
to assure that a sufficient number of cells are transfected and produce the hormone. In
order to minimize the quantity of plasmid necessary for the injection, the design of the
plasmid is critical. In our laboratory we combined several improved elements in the
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injected constructs: we designed and integrated strong muscle specific promoters (Li et
al., 1999), mutated GHRH cDNAs coding for molecules with longer half-life and
cloned them on plasmid backbones that don’t enhance an immune response.

Several mutated GHRH coding vectors were tested in vitro into porcine primary
myocytes and used for the stimulation of pig GH release from porcine primary pituitar