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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

1



Renaville R. and Bumy A

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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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
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 of their 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 of proteins. 

Table 1. The prion diseases. 

Diseases Transmission

Human diseases 

Kuru Infection through cannibalism 
Iatrogenic Creuztfeldt-Jakob disease (CJD) 

familial CJD 
Variant CJD 
Sporadic CJD 

Gerstmann-Straussler-Scheinker (GSS) syndrome 
Fatal familial insomnia 

Animal diseases

Scrapie (sheep and goats) 

Bovine spongiform encephalopathy (BSE) 

transmissible Mink encephalopathy (TME) 

Chronic wasting disease (CWD) (mule deer, and elk) 
Feline spongiform encephalopahty (FSE) 

Exotic ungulate encephalopathy (oryx, greater kudu, nyala) 

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
Germ-line mutation in PrP gene

Infection in genetically 
susceptible sheep 
Infection through prion-
contaminated feeding 
Infection through prion-
contaminated feeding 
Unknown
Infection through prion-
contaminated feeding 
Infection through prion-
contaminated feeding 

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 of the 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 et 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 et al., 1986).

Human PrP has a 22 amino acid signal peptide that is cleaved in the endoplasmic 
reticulum . The N-terminal domain (residues’ 5 1-91) also contains octarepeats (Stahl et
al, 1993). The native protein has a disulphide bridge between Cys 179 and Cys 214 
(Figure 1).

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 of the disease. A point mutation in the central domain (A1 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 -helical,
the content of PrPsc significantly increases in -sheet and decreases in -helix
(Caughey et al., 1991 ; Safar et al., 1993 ; Pan et al., 1993). These observations suggest
a αto β 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 of two C-terminal helices, in the 170-230 region, is confirmed, 
but the presence of a short two-stranded antiparallel sheet is observed. This 
structure could have a role in the to conversion occurring during PrPsc formation. 

of PrPc should be involved in the 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 -strand (Huang et al., 1995) (Figure 2D). 

The hydrophobic core 
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A

B

C

D

Figure 2. Proposed structures of PrPc and PrPsc. Blocks represent helices and arrows, 
- 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 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 et 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 et 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 of the 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 of the disease , 
the latter should be the consequence of PrPsc accumulation rather than the impairment 
of PrPc function (Bueler et 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 et al., 1987). Almost all our current knowledge 
arises from transgenic studies. For example, the insertion of the syrian hamster PrP gene
in mice induces abrogation of the 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 et 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 et 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 of the PrP protein.
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A

B

C

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, 199 1 ; Horth et al.,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 et 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 et al., 199 1 ; 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 et al., 1996) and in neurotoxic proteins, notably in
the A protein involved in Alzheimer’s disease (Pillot et 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 -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 -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 30o and 60o (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 of the 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 of the liposome aqueous compartments (Pillot et 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 A1 17V 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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Figure 4. 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 -helices and minimised at the Iipid/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 

SIV 12 528-539 GVFVLGFLGFLA 0.93 30-53 X X X X X virus fusion

IIlV 12 478-489 AVGIGALFLGFL 0.91 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 

RSV 17 FLGFLLGVGSAIAS 0.75 63 virus fusion

Sendai virus 17 FFGAVIGTIALGV 0.71 72 virus fusion

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

MLV 17 GPVSLTLALLLGG 0.63 63 virus fusion

Ebola 17 524-540 GAAIGLAWIPYFG 0.60 45 virus fusion

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

B hepatitis S prot 16 1-16 MENITSGFLGPLL 0.45 57 virus fusion

PrP 18 118-135 AGAVVGGLGGYM 0.57 25 xx neurotoxic

amyloid 14 29-42 GAIIGLMVGGVVI 0.89 50 xxx neurotoxic

meltrine 14 591-603 VIGTNAVSIETNIE 0.30 50 myoblast 
fiision

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

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

CETP 16 461-476 FGFPEHLLVDFLQ 0.40 30 lipid
SLS transport

LCAT 13 56-68 DFFTIWLDLNMFL 0.55 40 xxx lypolytic

HLP 13 234-246 FLELYRHIAQHGF 0.19 47 lypolytic

LPL 13 218-230 IGEAIRVIAERGL 0.16 55 lypolytic

Ibct 18 195-212 GAGIVPLNIETLLF 0.58 31 membrane
MVLD insertion

1bct 16 177-192 VTVVLWSAYPVV 0.75 65 membrane
WLIG insertion

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

TAAG

GVA

ATSA

LTMG

PAAE

WEGMIDG

VLQ

LGSAMS

A

AAKISA peptide

metabolism

enzyme

enzyme

enzyme

(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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A

B

Figure 5. A = The 118-135 PrP fragment 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 et 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 et 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 helix-turn- helix in the model 
and a -strand-turn- -helix motif in the NMR structures. This suggests a high structural 
mobility. A conformational change from to 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 of tilted 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 
et al., 1999).
One physiological process that potentially involves an oblique peptide is the 
spermatozoid-egg fusion during fecondation. Actually, fertilin 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.,

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 of the viral outer layer with the host plasma membrane. 

1997).
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Figure 6.
processes.

Scheme of the free energy decrease induced by tilted peptides in various

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 A 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 A 
(Brasseur et al., 1997). This fragment has fusogenic activities that could account for A 
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 A 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 if their use in future breeding programs can be optimized. A 
last type of biotechnologies 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 et 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 G (Falconer, 1989): 

G = rGGi G^ (1)

where rGĜ 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 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) 
g= G/yr :

(2)g = G/yr G =
r GG i G^

1 1

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): 

(3)
Gss + GSD + GDS + GDD

∆g=
1ss+1SD+1DS+1DD

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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∆ GS +∆ GD
rGSGS

iS G +rGDGDiD G
(4)∆ Gp =

2 2

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

2 (5)
ˆ âiSai =

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 ( pi ) without 
own records should include both these effects: 

âi +âiD
2

where dis i is the parental dominance effect [9], F is the inbreeding depression per

percent inbreeding and Fi is 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. 

+
^
dis,iD +

F
Fi (6)

Spi =

D
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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 AI 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 AI 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, 198 1). 

AI acts on genetic progress in several ways. First AI 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 of tested older 
and the progeny testing of younger bulls allow to achieve very accurate estimations of 
breeding values. In dairy cattle, frozen semen of AI 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 of this seems to be that despite heavy selection 
genetic variances are not yet decreasing in most species undergoing heavy selection due 
to AI. 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 AI, 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 et 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 AI 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). 
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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 et 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 of two 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 of the 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 of the 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 calf only 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 of potential 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 et 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 of the 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 AI 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: 

2
pi= +d

^

iS ,iD + FFi+ qai + qdi (7)

All polygenic effects are reduced for the QTL effects of the animal i where
q ai represents the sum of the additive and q di 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 et 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. 
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Pedigrees, molecular and 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 
itself a 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 of this 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 of the 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 of animals (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 of the animal. In these cases use of the 
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 of this 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. 

1 . 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 of the genetic control of the 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. If the 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 of the 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 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 HaeIII restriction enzyme. In a preliminary study on 89 artificial 
insemination (AI) Holstein-Friesian bulls, we noted that the rare genotype (AA, 7.7%) 
obtained after PCR-RFLP HaeIII 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 et 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 of the somatotropic cells (Connor et 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 et al., 1992), the gene coding 
for the subunit of thyroid-stimulating hormone (TSH) (Haugen et al., 1993,
Steinfelder et al., 1991) and the pituitary 2 TSH receptor (Wood et 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, Lira et al., 1993 and Crewshaw 1989). In humans, different mutations of the Pit-1
gene have been also reported in patients with hypopituitarism (Pfaffle et 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 of a family of proteins, 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 HinfI RFLP in exon 6 of the Pit- 1 gene 
which has been assigned to chromosome 1 (Moody et al., 1995b). Digestion of the PCR 
products with the enzyme revealed two alleles: A (Hinfl -) and B ( HinfI +). The 
frequencies of the three genotypes generated by the two alleles in a sample of 89 Italian 
AI Holstein-Friesian sires were 2.2, 3 1.5 and 66.3 % for AA , AB and BB, respectively 
(Renaville et 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 of the 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 of the A allele on the B allele for milk yield, protein yield 
and for fat yield. These preliminary investigations indicate that Pit-l 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).
Høj et al (1993) observed a difference in allele frequencies at the GH loci between two 
Danish and Norwegian lines, the Mspl (-) haplotype being more frequent in the line 
selected for milk fat. Lee et al. (1993, 1994) found also a significant association of 
MspI (-) with higher fat yield in Holstein cows. In a recent study, Lagziel et al (1999)
found a significant increasing effect of MspI (-) 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 et al. (1996), who have detected 
this polymorphic site by the SSCP method, the MspI (+) 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 of the gene, in linkage disequilibrium with the MspI mutation. For Furu 
et al. (1988), the MspI (+/-) 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 AI sires. 

With the PCR-RFLP technique using the AluI restriction enzyme, Lucy et al. (1 993)
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-Leu127 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 et al. (1998), Schlee et al. (1994a) and van der Werf et 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 et al. (1996) and 
Lucy et al. (I 993) reported a decreased milk yield associated with the valine variant of
the GH gene in Holstein cows. Further studies by Schlee et 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-TaqI 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 of the gene, between the EcoRI and the 
TaqI 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 of them have been identified in the 5’-flanking
region and one in intron I. Some of these 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 of the growth hormone gene. Recently, Rodrigues et al. (1 998), 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 
(Leung et al., 1987, Wang et 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 TaqI bands (7.1, 6.2, 5.7, 5.4, 4.2 and 3.3 kb) that give nine genotypes in 
Holstein-Friesian AI bulls (Falaki et 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 et al. (1998) detected three variants in the 3’ flanking region of the 
bGHR:GHR311, GHR320, GHR325. The longer alleles GHR320 and GHR325 are more
frequent in the selected Finnish dairy breeds, whereas the shortest allele GHR311

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 SnaBl polymorphism in the 5’-flanking region 
(Ge et al., 1997). However, in 152 Holstein bulls from select sires and AI 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 AluI 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 TaqI 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. The positional 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 of this 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 of a 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 half as 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 et al., 1992). The most severe limitation on analyses of this 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 

53



Parmentier I., Portetelle D., Bertozzi C., Haezebroeck V., Pirard M. and Renaville R. 

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 et al. (1998). Arranz et al. (1 998) confirmed the genuine 
nature of the 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 et 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, Sharif et al., 1998). As some results of these 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 of these 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 TaqI RFLP
polymorphism and birth weight and shoulders width of calves. For Sneyers et al., 
(1994) the TaqI RFLP was associated with growth performance at the 7th and 13th

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 GHl 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 
I7 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 et al., 1995). On the contrary, the RsaI
polymorphism showed no significant differences for lean-to-fat ratio (Stancekova et al.,
1999).

The receptor of the 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 et 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 et al., 1996). Recently, the RN loci is 
more accurately assigned to the 15q24-q25 region by Millan et al. (1996) and 
confirmed by Törnsten et 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 5,5cM (Rohrer et 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 et al., 1998 and Rattink et 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 et al., 1990;
Vanderpooten et al., 1993). The GH gene is highly polymorphic in meat-type chickens, 
segregating for at least five different alleles (Fotouhi et 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. typhimurium.
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 of the hormone. Effects on milk composition 
and body reserves depend on the duration of the 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 of the 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 

a 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 of these 
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 rbGH 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 of the bovine dairy sector. 

2. Effects on Dairy Cow Performance 

2.1 SHORT TERM EFFECTS 

The daily administration of rbGH 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 of the 
animals (Chilliard, 1998a). The effects on milk composition depend mostly on the 
nutritional balance of the 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 et 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 rbGH 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 rbGH on milk 
production were confirmed when cows were treated over several successive lactations 
(up to eight lactations). 
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Milk production response 
(rbGH-control, kg/day)

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

V = injection every 14 days of Sometribove, 881 cows (Chilliard, 19886); 

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 rbGH. 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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Milk (kg/day)

Dry matter intake (kg/day)

Calculated energy balance (MJ/day)

Weeks after start of the rbGH injections

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).
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1.2.2. Feed Intake and Energy Balance of the 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 of high 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 NEl/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 
et al., 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 (%) 

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 

Body lipids 

Weeks of lactation 

Figure 4. Variations of body 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 of the cows are kept constant (Kirchgessner et 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 of rbGH-retard (500 mg every 14 days during 12 weeks). 
(1) Bruneau, et al. (1991) - 420 cows treated in 24 French farms; (2) Thomas et al. (1991) -
445 cows treated, in 15 American farms. 

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 et 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 et 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 of the 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 et 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 et 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 rbGH in cows (Knight et al., 1992). However, a metabolic potential 
value measured in vitro may only reflect part of the 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-I =
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 lactalbumin transport, casein synthesis and lactose production in bovine 
mammary acini (Shamay et al., 1988; Baumrucker and Stemberger, 1989), but this has 
not been confirmed by studies using tissue cocultures (Keys et 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 et 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 et al., 1988; Cisse et 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 et 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 rbGH 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 of triglycerides 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) of the 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 itself through 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 of tissue 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 et 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)).

Treated cows 

Control cows 

Figure 6. Effect of recombinant bovine growth hormone on the pregnancy rate (96).
Literature review (20 trials, 1589 dairy cows)(1 = 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 of the 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, 199 1).
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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-l 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 et 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).

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 et al. 1990; Gallo and 
Block, 1991; De la Sota et al., 1993), neither the circulating follicular steroids 
modification, nor the stimulation of in vitro synthesis under the action of GH and/or
IGF-I, 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 of the 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 et 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 
et al., 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 of the 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 
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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 rbGH on cellular immunity, but the available 
results tend to confirm the immunostimulating effect described in humans and rodents 
(Burton et 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 rbGH 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 rbGH to dairy
cows increases the incidence of clinical mastitis from 15 to 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 et 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 et al., 1990b, 1994; Lissemore et
al., 1991), the administration of rbGH 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 rbGH (Burvenich et 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 rbGH 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 (rhGH), 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 ofHIV-1 in vitro (Spandidos et 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 
CAEV 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
of 2 to 10) the replication of murin cytomegalovirus in vitro (Chong and Mims, 1984).
Moreover, the addition of rhGH 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, rhGH 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 vitro 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 et 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 rbGH-treated cows (Schams, 
1988; Butenandt, 1995). Besides, the limitation of the biological activity of bGH to the 
bovine species (inactivity of rbGH 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 et 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 et 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 et al., 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 rbGH are harmless to consumers. However, in 
a context of intensified milk production by the use of rbGH, the risks of increasing 
diseases related to lactation (mastitis, etc.), or to latent viral infections, are not nil. If the 
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 rbGH 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 % of the cows According to Colleau (1990a, 1990b)

(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 c = 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 

85



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

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 rbGH 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 rbGH 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. rbGH ;
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 rbGH 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 rbGH 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 rbGH 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 rbGH 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 rbGH), 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 rbGH.
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 rbGH 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 et al., 1993; Olanrewaju et al., 1992). Risk characterisations were also pointed
out by different authors like i.e. an association between circulating insulin-like growth
factor-I (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). [Ala1]-bST
variants with valine at position 127 elicited a greater milk response than Leu127 variants
even though immunoreactive bST concentrations in blood were statistically equivalent

100



Is-it possible to detect bovine treated with bST ?

(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 et 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 et a1.,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 et 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 nmo1/1for IGF-I in
pre-partum milk, declining to 3.2 ±0.3 nmo1/1by d 6 post-partum. Prosser et al. ( 1 989)
showed that after peak lactation (35-47 weeks) only trace amounts of IGF-I (0.44 ±
0.04 nmo1/1)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 nmo1/1 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. (1 995) 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-I. It 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 et al. 1991). Most cows treated with
bST developed antibody against bST (Zwickl et al., 1990), but not adverse health or
performance effects were observed. Burton et al. (1991b) also reported no detrimental
effect of daily injection of bST on blood concentrations of immunoglobulin (Ig). Even
if rbST 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 et 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 al. 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 lymphocytes 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, rbST 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.

e

Days after first bST administration (0)

Figure I . Mean plasma bST antibody estimated hy ELlSA (Optical Density) in not treated
(n=6) ( ------------ ) or bST treated (n=6) ( ) Belgian White Blue bST
Somitrohove ® treated heifers ( = day of treatment).
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Abstract

The availability of recombinant somatotropin (ST) in the eighties resulted in an 
exponential increase in investigations of the 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
R. Renaville and A. Burny (eds.), Biotechnology in Animal Husbandry, 111-131.
© 2001 Kluwer Academic Publishers. Printed in the Netherlands. 



Louveau I. and Bonneau M. 

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 (Purse1 et al., 1997). The widely used approach 
is the administration of porcine somatotropin (pST).

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 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 et 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 (Böhlen 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 et 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 et al., 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 et 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 et al. , 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 
II 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 et 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 

113



Louveau I. and Bonneau M. 

Clemmons, 1995; Rajaram et 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 lGFs 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-IS0 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 et 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; Louveau et al., 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 et al., 1991;
1993; Owens et 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 et 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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Figure1. Developmental changes in plasma GH, IGFBP-3. IGF-I and IGF-llfrom 75
days of gestation to 180 days of age in pigs (adapted from Klindt and Stone. 1984; Klindt, 
1986; Lee et 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 et 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 et al., 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 et 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 et al., 1993; Louveau et 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).

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 

Louveau I. and Bonneau M. 

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 et 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 et al., 1981 ; 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. 

1993;

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 et 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 et 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 et al., 
1988). It also occurs in piglets (Matteri et al., 1997; Wester et al., 1998) for high dose 
but not for a dose commonly used in growing pig (Dunshea et 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 et al., 199 1 ;
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 et al., 199 1; Coleman et al.,
1994; Brameld et al., 1996). These data suggest that the response to pST administration
is muscle-specific (Brameld et 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 et al., 1988; Klindt et al.,
1992) but to decrease in pregnant gilt (Sterle et 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 et al., 1992; Combes et al., 1997b) but not in adipose tissue 
(Sørensen 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 et 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 et al., 1992b).

118



Biology and actions of somatotropin in the pig 

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 et 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 of exogenous 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 et 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. (1 995) 
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 mg.kg-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 of the 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., 199 1 ; Goodband et al., 1993; Hacker et
al., 1993; Hagen et al., 1991 ; Klindt et al., 1992; Knight et al., 1991 ; Krick et al., 1992;
McLaren et al., 1990; McNamara et al., 199 1 ; Quiniou et al., 1993; Smith and Kasson, 
1991 ; Thiel et al., 1993; Verstegen et al., 199 1; Weeden et 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 of the 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 et 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. 

Figure 3. The injluence of pST dose (pg.kg-1.d-I) 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 et al., 1991; Noblet et 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. 

Figure 4. The influence ofpST dose (µg.kg-1,d-1) 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 to pST 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 et 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 et al., 1991; Fabry et al., 1991; McPhee et al., 1991; Nieuwhof et 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 et 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 
(Kveragas et al., 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 et 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 
(Toner et al. , 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 BlNDING PROTEINS

BEATTIE J., ALLAN G.J., SHAND J.H. AND FLINT D.J. 
Hannah Research Institute, Ayr KA6 5HL, UK

Abstract

Hormonal growth promoters (growth hormone (GH), -adrenergic agonists, steroids) 
which improve growth rate and/or 1ean: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 ofSomatostatin

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 et 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 et 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 of the 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 of this 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 of a 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 of the 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 OA15, 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 of the 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 (o)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 et 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 et 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 et 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 et 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 of this 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 of this approach (Allan et al., 1999).
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6. Manipulation of the Insulin-like Growth Factor (IGF) Axis 

IGF-I is believed to mediate many of the 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 of the 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 of hormonal 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 of novel 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 of target 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 (MuLV) 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 et al., 1996). Despite these problems, retroviruses are the system of choice for 
some animal gene therapy applications. 

2.1.2. Somatic Gene Therapy for 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 et 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 (Ad5) 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 of the 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 of the LacZ mRNA in all of the 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 AAV 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 of target 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 (Wolff et 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 et 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 et 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 of a 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 et 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 pituitary 
culture. A shorter form (1-40)OH form of the hormone was used as a base construct in 
all cases. Growth hormone release rose from baseline values of 200ng/ml up to 
1600ng/ml, when stimulated with media from HV-GHRH mutant (figure 1). For the in
vivo studies the best mutant construct (pSP-HV-GHRH), as well as the wild-type
construct (pSP-wt-GHRH) as a positive control, and an Eschericia coli beta-
galactosidase expressing construct as the negative control (pSP- gal) was selected 

Figure 1. Pig GH release in porcine primary pituitary culture is stimulated by media from 
skeletal muscle cells transfected with porcine GHRH mutant plasmids (media from cells 
transfected with: pwt - porcine wild-type construct, 15/27/28 - mutation of Gly15 to Ala, 
Met27 to Leu and Ser28 to Asn, TI - mutations as in 15/27/28 plus change ofAla2 to Ile, 
TV - mutations as in 15/27/28 plus change ofAla2 to Val, HV - mutations as in 15/27/28 
plus change of Tyrl with His, and Ala2 with Val, gal - consfruct coding for E,coli beta-
gal, used as a negative control, 10ng GHRH- cells stimulated with 10 ng of recombinant 
GHRH

At day 0, three-week-old pigs were anesthetized and 10mg of pSP-GHRH or pSP- gal
plasmid DNA was injected into intact semitendinosous muscle (figure 2) , and then the 
thigh was placed in between two calipers and electroporated, as described (Aihara and 
Miyazaki, 1998; Wang et al., 1998).

Figure 2. GHRH constructs injected in vivo inporcine. 
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In vivo activity of these myogenic expression vectors was first evaluated by measuring 
the relative GHRH serum levels (2696). In pigs injected with pSP-HV-GHRH, GHRH
levels increased at 7 days post-injection (figure 3a) and were 150% the gal control 
levels at 14 days (652.4±77pg/ml versus 419.6±13pg/ml). pSP-HV-GHRH serum
GHRH levels reached a plateau by 60 days that was 2 to 3 fold greater than the injected 
control values (p<0.002). The absolute quantity of GHRH (figure 3b), corrected for the 
increase in body weight between day 0 and day 60 (blood volume accounts for 8% of 
total body weight), secreted by the pSP-HV-GHRH injected pigs was 3 fold the gal
control values (1426.49± 10.47ng versus 266.84±25.45ng, p<0.034). By comparison, 
the wild-type injected animals required 45 days to demonstrate an increase in GHRH 
secretion, and had attained only a 2-fold increase at the 60 day time point (p<0. 16). 

Young animals have very high levels of GH, levels gradually decreasing with age. 
The GHRH injected animals (figure 4) had a less dramatic decline or even an increase 
in their GH levels evident at day 7 post-injection (delta variation HV = +1.52, wt = -
0.73 versus control = -3.2ng/ml) and 14 days post-injection (delta variation HV = 
+1.09, wt = -4.42 versus control = -6.88ng/ml).

Figure 3. Serum GHRH levels in pSP-GHRH injected pigs versus control animals. A. 
Relative levels of serum GHRH levels in pSP-GHRH injected pigs versus placebo injected 
pigs, *p<0.02; ¶p<0.002. When experimental data from HV-GHRH and controls through 
the entire experiment were compared by ANOVA, #p<0.002. B. Absolute levels of serum 
GHRH in pSP-GHRH injected pigs versus control pigs corrected jor weight/blood volume 
increase, *p<0.05 at all marked time points. When datafrom HV-GHRH and controls were 
compared throughout the experiment by ANOVA, #p<0.004.

Plasma IGF-I level started to rise in pig HV-GHRH injected pigs at 3 days post-
injection (figure 5). At 21 days, the same animals had in average 3 times more IGF-I,
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level maintained over 65 days (p < 0.03). The pig wild-type GHRH injected animals 
had in average 40% increase in their circulating IGF-I (p = 0.39). IGF-binding protein-3
was slightly increased in treated animals. 

constuct

Figure 4. pSPc5-12-HV-GHRH injected pigs show a positive variation of GH levels.
*p<0.033.

Figure 5. Plasma IGF-1 and IGF-BP3 levels after direct intramuscular injection ofpSP-
GHRH constructs. ANOVA for the entire series *p<0.03.
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Sixty-five days post-injection, GHRH injected animals showed a significant increase in 
weight (figure 6A): pig wild-type GHRH injected animals were in average 21.5% 
heavier than the controls (37.125kg vs. 29.375kg), while the HV-GHRH injected pigs 
were 37.8% heavier than the gal controls (41.775kg) (p = 0.014). 

Feed efficiency (figure 6B) is increased with 20% in pigs injected with GHRH 
constructs when compared with controls (0.267 kg of food/day for each kg weight gain 
in pSP-HV-GHRH, and 0.274 kg in pSP-wt-GHRH, versus 0.334 kg in pSP- gal
injected pigs). 

Body composition studies showed a proportional increase of all body components in 
GHRH injected animals, with no organomegaly, and no sign of associated pathology. A 
decrease in the relative proportion of body fat (11.35% versus 16% in controls, p = 
0.09) and an increase in the lean body mass (86.2% versus 81% in control animals, p<
0.02) was observed in pigs injected with wt-GHRH. Pigs injected with the mutated HV-
GHRH had similar body composition with the control animals (table 1).

Figure 6. A. Average weight increase in injectedpigs over 2 month after pSP-GHRH intra-
muscular injection. B. Improved feed efficiency in the pSP-GHRH injected pigs versus 
controls.
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The metabolic profile of pSP-HV-GHRH injected pigs showed a significant decrease in 
serum urea level (p < 0.006), indicating decreased protein catabolism. Serum glucose 
level was similar in between the controls and the plasmid GHRH injected pigs. 
Importantly, no other metabolic changes, including the absence of hyperglycemia, were 
found (table 2). 

Table 1 Composition of weight gain as determined by dual x-ray ahsorbitometry (DEXA)
compared with IGF-I levels and feed consumption over 63 days in piglets subjected to gene 
transfer treatment with pSP-ßgul porcine pSP-wt-GHM, or pSP-HV-GHRH vectors

Table 2. Plasma glucose, urea, creatinine, and total protein concentrations in control and 
GHRH-injected pigs 63 days after receiving the plasmid injection. 

These results demonstrate that the i.m. injection of pSP-GHRH followed by 
electroporation could be used to produce physiological levels of GHRH in the 
circulation of farm animals. Thus, it should be possible to enhance endogenous GH and 
IGF-I secretion in livestock in a more physiological and less expensive manner than 
traditional methods. 

New experiments in our laboratory using injectable electrodes rather than calipers 
showed that the quantity of plasmid could be reduced to as low as 100 micrograms with 
similar results. 

2.2.2. Plasmid DNA - The Next Generation of Vaccines 

Nonviral vectors are particularly suitable for creating vaccines, as parts of the viral 
antigens can be expressed. The generated immune responses are sufficient to protect 
animals from a wide variety of live infectious agents, leading to the creation of a new 
class of therapeutic agents, the DNA vaccines. Different studies in mice showed that 
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DNA immunization can induce neutralizing antibodies and cytotoxic T-cells against 
several viral pathogens, including rabies virus (Xiang and Ertl, 1995), herpes simplex, 
murine cytomegalovirus or papilloma virus (Ertl and Xiang, 1996). In porcine, 
investigators tested pseudorabies virus (PRV) based on surface glycoproteins B (gB),
gC and gD important antigens implicated in protective immunity against PRV infection 
(van Rooij et al., 2000). As cell-mediated immunity plays a major role in this protective 
immunity, pigs were vaccinated with plasmid DNA constructs coding for gB, gC or gD
and challenged with the virulent strain of pseudorabies virus. Vaccination with gB
plasmid DNA induced the strongest cell-mediated immune responses including 
cytotoxic T cell responses, whereas plasmid DNA coding for gD induced the strongest 
virus neutralizing antibody responses. Interestingly, vaccination with gB-DNA reduced
virus excretion early after challenge infection. 

Naked DNA vaccines were developed as candidates for foot-and-mouth disease 
(FMD), an important disease of domestic animals (Beard et al., 1999). The virus that 
causes this disease, FMDV, is a member of the picornavirus family, which includes 
many important human pathogens, such as poliovirus, hepatitis A virus, and rhinovirus. 
The first DNA vaccine, pP12X3C, encoded for the viral capsid gene (P1) and the 
processing proteinase (3C). Cells transfected with this DNA produce processed viral 
antigen, and animals inoculated with this DNA using a gene gun produced detectable 
antiviral immune responses. The second DNA vaccine candidate, pWRMHX, encoded
the entire FMDV genome, permitting the plasmid-encoded viral genomes to undergo 
amplification in susceptible cells; as a measure of protection the construct encoded also 
a mutation at the cell-binding site, preventing the replicated genomes from causing 
disease. Swine inoculated with this vaccine candidate produced viral particles lacking 
the cell binding site, and neutralizing antibodies that recognize the virus. Comparison of 
the immune responses elicited by pP12X3C and pWRMHX in swine indicate that the 
plasmid encoding the replicating genome stimulated a stronger immune response, and 
swine inoculated with pWRMHX by the intramuscular, intradermal, or gene gun routes 
were partially protected from a highly virulent FMD challenge. Using this 
methodology, recombinant swinepox virus vaccines expressing pseudorabies virus 
antigens were developed and shown to provide protection against challenge (Tripathy, 
1999). These studies and evidence of local infection of the oral tract by swinepox virus 
indicate its potential as a recombinant vector for providing immunity against various 
swine pathogens including those that infect the respiratory and gastrointestinal tracts. 
Other investigators (Pirzadeh and Dea, 1998) proved that following a massive 
intratracheal challenge with the virulent interstitial pneumonitis and broncho-alveolitis
virus, DNA-vaccinated pigs were protected from generalized viraemia and the 
development of typical macroscopic lung lesions that were observed in unvaccinated, 
virus-challenged controls, as well as in pigs that were immunized with a mock 
construct. Interstitial pneumonitis and broncho-alveolitis were remarkably milder in 
DNA-vaccinated animals. 

The last ten years have seen substantial progress in the development and application 
of gene therapy. Many problems remain to be resolved before delivery of genes for 
improvment of animal health and performances can become a standard practice. The 
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achievement of these goals has broad ramifications, and finally will enhance the
economic efficiency of animal food production.
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Abstract

During the last decades, livestock breeders attempted to develop strategies for 
decreasing fat content in meat. One of these strategies consists in immunization against 
adipocytes. Polyclonal antisera have been raised against fat cells or adipocyte plasma 
membranes of different species, and in vivo reduction of fat depots has been observed 
in some cases. Facing the problems of specificity and reproducibility inherent to 
polyclonal antisera, monoclonal antibodies could offer a promising alternative, which 
has been developed only in the porcine species. 

In our laboratory, a mouse monoclonal antibody of the IgG2b sub-class was raised 
against porcine adipocyte plasma membranes. This antibody did not cross-react in 
immunocytofluorescence with any tested cell-type or tissue other than adipocytes. 
Complement-mediated cytotoxicity was demonstrated in primary cultures of porcine 
stromal-vascular cells. When antibody and complement were added to already 
differentiated cultures, the treatment resulted in elimination of lipid-filled
preadipocytes, whereas an early treatment of cultures prevented the appearance of these 
cells. Newborn piglets were injected at a time when most fat tissues are developing, 
except the intramuscular one maturation of which occurs later. The dose of 1 mg/kg of
monoclonal antibody on d 2 and 5 of life produced more than a 20% reduction of 
subcutaneous and leaf fat lipids at 35 d of age, whereas the lipid content of muscle 
remained unaffected. In animals sacrificed at 50 and 100 kg, the early treatment with 
antibody led to a decrease of subcutaneous and visceral fat without affecting the growth 
performance of the animals. These results demonstrate that early systemic treatment of 
piglets with a specific anti-adipocyte antibody is able to reduce the fat mass, while 
keeping less affected the intramuscular fat depot. 
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1. Introduction

Considering the food surplus stocks existing in European countries, increasing meat 
production is no more needed. By contrast, and in response to consumer requirement, 
livestock breeders now attempt to develop new strategies for improving the qualitative 
aspect of meat. The main objective is to develop a meat with high nutritional values as 
well as good technological (e.g. conservation, consistency, sensitivity to oxidation) and 
organoleptical (e.g. colour, flavour, texture) qualities (Lebret and Mourot, 1998). Meat 
is essentially composed of muscular, connective and adipose tissues. Numerous studies 
attempted to favour the growth of the muscular mass at the expense of fat tissues, 
considered as useless or even undesirable for health and taste of consumers. For this 
purpose, hormones and antibiotics treatments were administered but, because of 
consumer reluctance, development of new approaches was investigated. One of these 
alternative strategies for reducing body fat of meat-producing animals consists in 
immunisation against adipocytes. 

2. Using Anti-Adipocyte Monoclonal Antibodies for Controlling the Development
of Adipose Tissue

Polyclonal antisera have been raised against fat cells or adipocyte plasma membrane 
proteins of rat (Flint, 1998; Flint et al., 1986; Panton et al., 1990), rabbit (Dulor et al., 
1990), cattle (Cryer et al., 1984), sheep (Moloney and Allen, 1989; Nassar and Hu., 
199 1, 1992), pig (Kestin et al., 1993), and chicken (Butterwith et al., 1989, 1992; Dong 
et al., 1991). In vitro and in the presence of complement, fat cells of rat (Flint et al., 
1986), cattle (Cryer et al., 1984) and chicken (Butterwith et al., 1989, 1992) origin 
could be lysed but the most relevant results are those observed in vivo. Indeed, studies 
on rats showed that injection of anti-adipocytes polyclonal antisera resulted in a long-
term reduction of the number of adipocytes in internal fat depots, probably due to 
adipocyte lysis (Flint, 1998; Flint et al., 1986). Panton et al. (1990) also observed 
reduced body fat depots in antisera-treated rats, which was accompanied by an 
increased body weight gain suggesting a compensatory increase in lean body mass. 
Decrease in total body fat as well as of dorsal and perirenal adipose tissues was 
obtained in experimental rabbits (Dulor et al. , 1990). In breeding species, such as sheep, 
several fat depots (i.e. backfat, subcutaneous, omental, perirenal and kidney pelvic) 
were reduced after injection of antisera against adipocyte plasma membranes (Moloney 
and Allen, 1989; Nassar and Hu, 1991, 1992). However, these experiments did not 
show out obvious improvement of carcass production. In the case of the porcine species 
however, such antisera led to a long-term reduction in body fat and to an increase in 
lean carcass development (Kestin et al., 1993). The main drawback of this technique is 
that these antisera are not specific for fat cells because they recognise a myriad of 
uncharacterised determinants. To reduce this problem, polyclonal antisera are usually 
adsorbed with extracts of non-adipose tissues in order to increase the relative specific 
recognition of adipocyte determinants (Cryer et al., 1984). However, the damages 
observed in vitro on erythrocytes (Butterwith et al., 1989) clearly indicate that such 
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antisera, even when partially purified, are able to cross-react with tissues other than fat 
in vivo. Another problem is that antisera administration can be accompanied by 
anaphylactic reactions, which can be reduced by multiple injections of lower 
concentrations (Hu et al., 1992). Finally, their lack of reproducibility renders their long-
term utilisation impossible. 

Consequently, another strategy, developed so far in the porcine species, and 
consisting in the production of monoclonal antibodies, was adapted. It is characterised 
by a constant and abundant production of molecules with high specificity for fat cell 
surface proteins (De clercq et al., 1997; Hausman et al., 1993; Killefer and Hu 1990a,b;
Wright and Hausman, 1990). Such an approach avoids the adsorption procedures 
performed for polyclonal antisera and ensures specific cytotoxicity in vivo. This 
technology has already found applications in vitro and in vivo. Indeed, by using a 
monoclonal antibody named AD-3, Yu et al. (1997) have depleted committed porcine 
preadipocytes in stromal-vascular culture by cytotoxic reaction and showed that the 
remaining cells can then be recruited by a specific treatment. In addition to indicate for 
the first time that these cultures contain preadipocytes at different stages of 
differentiation, this study also highlighted the possibility to detect preadipocytes which 
are at a very early stage of adipose conversion and undetectable with classical markers. 
AD-3 is now currently used by these authors as an early marker of fat cell 
differentiation (Hausman and Richardson, 1998). On the other hand, Killefer and Hu 
(1990a, b) isolated a monoclonal antibody (named LA-I) that specifically binds a 64 
kDa antigen present on the adipocyte surface of lean but not obese pigs. This work 
clearly demonstrates that searching for monoclonal antibodies having such 
characteristics in humans could reveal antigens playing an important role in the 
development of avoiding or triggering human obesity. Such studies could open new 
ways of investigation for treating this quite sperad dysfunction of human fat tissue. 
Another treatment of this pathology could consist in using anti-adipocyte monoclonal 
antibodies for their direct cytotoxic effect on adipose tissue. In our laboratory, we are 
developing this last concept for better controlling fat development in the porcine 
species.

The different adipose depots (e.g. visceral, subcutaneous, intramuscular) have 
different breeding and economical importance and the organoleptical quality of meat is 
mainly dependent on intramuscular fat tissue. Then, if previous strategies led to a 
marked reduction in carcass fat content in pigs through various techniques (e.g.
selection, hormones and antibiotics treatments), that was to the detriment of meat 
quality. Consequently, a very interesting new approach consists in depressing the 
development of most fat depots but not the intramuscular adipose tissue. This strategy is 
made easier by the fact that this fat tissue develops later than the other ones, as 
demonstrated for porcine (Hauser et al., 1997; Moody et al., 1978) and bovine 
(Chakrabarty and Romans, 1972; Lin et al., 1992) species. In the particular case of pigs, 
we showed that during the early postnatal period, numerous lipid inclusions are found 
inside the muscle fibres, whereas there are very few differentiated intramuscular 
preadipocytes (Hauser et al., 1997). Thereafter, the number of intramuscular adipose 
cells increases whereas lipid droplets in muscle fibers disappear, highlighting the 
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asynchronous aspect of intramuscular adipose tissue maturation. In our laboratory, we 
started to develop monoclonal antibodies raised against fat cells in view of reducing 
body fat mass in pigs (De clercq et al., 1997). This study has the final and original 
objective to destroy both preadipocyte and adipocyte pools in very young animals. Such 
an approach show favour long-term effects and avoid impact on intramuscular adipose 
tissue.

3. Identification, Production and Characterisation of Monoclonal Antibodies
against Porcine Preadipocytes and Adipocytes

We immunised BALB/c mice with purified plasma membranes of adipocytes. However, 
this technique can lead to the loss of interesting plasma membrane determinants, due to 
the method of membrane preparation (Wright and Hausman, 1990). Consequently, we 
also immunised BALB/c mice with entire adipocytes, (known to be better immunogens 
than plasma membranes), from 1 week piglets. Two protocols of immunisation were 
performed. In a short-term protocol, immunogens were injected four times (every three 
days) in the hind soles, the popliteal lymph nodes being dissected, and the plasma cells 
recovered at the 12th day. In a long-term protocol, immunogens were injected 
intraperitoneally twice in one month. Then, after four to six months, the spleen was 
dissected and the splenocytes recovered. The antibodies content in mice serum was 
checked by ELISA after blood sampling from periocular plexus. Plasma cells or 
splenocytes were then fused with SP2/O myeloma cells, in the presence of polyethylene 
glycol and a feed layer from peritoneal cells. These hybridomas were cloned in RPMI 
culture medium containing 3% hypoxanthine-aminopterin-thymidine supplement and 
10% foetal bovine serum, and the supernatants were tested in ELISA. When a 
supematant was positive on adipocyte plasma membrane, the clone was developed until 
obtaining confluent culture wells. Then, these cells were subcloned at least twice by 
limit dilution and were cultured in RPMI medium until confluence. Supernatants were 
then tested in ELISA for their ability to react with adipocyte but not hepatocyte 
antigens. We obtained 44 clones that responded to this criterion but four of them, 
named 1B5,2C2,4G7 and 3B12, all derived from short-term immunizations with entire 
adipocytes, were still positive after the various cloning and freezing steps. 

Additional tests were performed in order to better characterise these hybridomas 
(Table 1). The clones 1B5 and 3B12 secreted immunoglobulins (Ig) Glk, like the AD-
1, AD-2 and AD-3 monoclonal antibodies developed in Hausman's laboratory (Wright 
and Hausman, 1995). They secreted very low amounts (less than 0.2 µg/ml) of 
antibody. On the other hand, the clones 2C2 and 4G7 produced IgG2bK at a 
concentration of 0.2 and 5.1 µg/ml respectively. The fact that these Igs are of G type is 
an advantage since they are better suited for cytotoxic activity, when compared to IgMs.
Additional experiments showed that the supernatant of 4G7 clone, after the addition of 
fluorescein-coupled rabbit anti-mouse IgGs, led to a strong immunofluorescent reaction 
with cultured adipocytes and preadipocytes containing at least small intracytoplasmic 
lipid droplets (De clercq et al., 1997). Supernatant of 2C2 clone did not provide so 
obvious results. In addition, no or a very weak reaction was observed either with lipid-
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free (fibroblastoid) cells or endothelial cells from porcine pulmonary artery. Finally, the
supernatants were tested on various frozen porcine tissue sections (i.e. adipose tissue, 
skeletal muscle and kidney) and it appeared that IgGs produced by 4G7 were very
specific to adipose tissue (De clercq et al., 1997). Comparatively, polyclonal anti-
serum, obtained from immunized mice, led to strong reactions with all the frozen tissue 
sections tested, demonstrating once again the interest to produce monoclonal antibodies. 
Finally, the 4G7 monoclonal antibody was purified by affinity chromatography on a
protein A-sepharose CL-4B column. Its purity was assessed by SDS-PAGE
electrophoresis and its activity by ELISA.

Table 1. Characteristics o f the monoclonal antibodies

1B5 3B12 2C2 4G7
Immunoglobulin IgG1K IgG1K IgG2bK IgG2bK
Production (pgiml) < 0 2 < 0.2 0.2 5.1
Reactivity in culture to:
-lipid-containing preadipocytes strongly weakly weakly strongly
-fibroblastoid cells very weakly very weakly very weakly very weakly
-endothelial cells no signal no signal no signal no signal

Reactivivity on frozen tissues to:
-adipocytes in adipose tissu yes yes yes yes
-adipocytes in muscular tissue yes yes yes yes
-capillaries in muscular tissue no no yes no
-perivascular smooth muscle cells no yes no no
-kidney no no no no

We attempted to produce 4G7 and 2C2 hybridomas in vivo, by injection into NMRI-
BALB/c mice and recovering the ascites fluid, but this technique appeared inefficient.
Then, we decided to produce the antibodies in vitro by using a batch incubator and a
good productivity was then obtained.

4. Cytotoxicity of 4G7 Antibody on Preadipocytes and Adipocytes in vitro

A first step for investigating the cytotoxic activity of monoclonal antibodies consisted 
in testing these proteins on differentiated stromal-vascular cells from adipose tissue in
culture.
Wright and Hausman (1995) showed that, in the presence of complement, several
monoclonal antibodies (named AD-1, AD-3, SC3, IC3, AB3 and JC3) have cytotoxic 
activity on porcine fat cell clusters grown in serum-containing medium. By contrast,
pools of antibodies were necessary for inducing cell death in serum-free medium. It
would be interesting to investigate whether this discrepancy is due or not to the lack of
glucocorticoids in the serum-deprived medium. Indeed, it is possible that this lipophilic
hormone induces or amplifies the expression of some crucial antigenic determinants on
stromal-vascular cells.
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In our laboratory, we have shown that the addition of the 4G7 monoclonal antibody
alone was sufficient to induce complement-mediated cytotoxicity on lipid-containing
cells cultured in a medium containing insulin and hydrocortisone in the presence or not
of serum (De clercq et al., 1997). By contrast with AD-3 that has been shown to bind an
antigen appearing early in adipose conversion, before the lipid accumulation in cells
(Yu et al., 1997), we do not presently know at what precise stage the epitope (92 kDa)
recognised by our 4G7 antibody is expressed during adipose conversion. It does not
seem to be a very early determinant, since only lipid-accumulating cells were detected
by immunocytofluorescence. However, similarly to the observations of Wright and
Hausman (1995), cultures treated with 4G7 antibody and complement before lipid
accumulation do not differentiate well (De clercq et al., 1997). These observations
suggest that the antigen recognised by 4G7 antibody might emerge just before lipid
accumulation. Finally, no secondary effect (e.g. nuclear shrinking and membrane
protrusions) was detected in the undifferentiated cells remaining in the culture dishes
after complement-mediated lysis of the adipocytes (De clercq et al., 1997).

5. Treatment of Young Piglets with 4G7 Antibody in vivo 

5.1. EFFECTS DURING THE FIRST MONTH

As mentioned above, injections of antisera in rats (Flint, 1998; Flint et al., 1986; Panton
et al., 1990), rabbits (Dulor et al., 1990), sheep (Moloney and Allen, 1989; Nassar and
Hu, 1991, 1992) and pigs (Kestin et al., 1993), as well as injections of monoclonal
antibodies in rats (Wright and Hausman, 1995), led to reduction in body fat. The
problem of using polyclonal antisera has already been discussed and the experiments of
Wright and Hausman ( 1 995) consisted in injections of pooled monoclonal antibodies.

Because of the high efficiency and specificity of the 4G7 antibody in vitro, we had a
good potential tool to selectively reduce porcine adipose tissue in vivo. This had never
been performed on this species before. The 4G7 monoclonal antibodies were injected
intraperitoneally in young Large White pigs two and five days after birth (De clercq et
al., 1997). Pigs were sacrificed at 38 days of age and various tissues were analysed. It
appeared that heart, spleen and liver were unaffected in injected piglets whereas all the
adipose tissues examined were slightly decreased in weight, expressed as percent of the
carcass weight. The backfat and subcutaneous ham adipose tissues reached the most
significant reductions. In addition, whereas the percentage of dry matter was only
slightly reduced in the carcass, it was significantly decreased in backfat, in which
adipocytes were also of smaller sizes than in controls, and leaf fat. Finally, the total
amount of lipids in the carcass was significantly decreased, the amount of tissue lipids
expressed as percentage of wet tissue weight was decreased by the treatment in backfat,
breast, shoulder and leaf fat adipose tissues, but the lipid content of the longissimus
muscle was not affected. Taken together, these results indicate that the 4G7 monoclonal
antibody reduced fat mass without adversely affecting either the average daily gain or
the weights of tested organs in young pigs. Another interesting conclusion was that

164



Anti-adipocyte monoclonal antibodie:for regulating adipose conversion 

neonatal anti-adipocyte antibody treatment did not modify the lipid content of the
longissimus muscle, suggesting that intramuscular fat development was not adversely 
affected.

5.2. LONG-TERM EFFECTS

The 4G7 monoclonal antibody was then tested for its long-term effects after 
intraperitoneal injection in young Large White x Piétrain pigs, two and five days after
birth, that were sacrificed after reaching 50 to 100 kg.

A first series of experiments indicated that treatment led to a lower thickness of
subcutaneous adipose tissue in shoulder, backfat and kidney area (Table 2) without
affecting growth performance of the animals since the carcass mass remained
unaffected (not shown). This was supported by the fact that the content in tissue lipids, 
expressed as percentage of wet tissue weight, tended to decrease in backfat, shoulder, 
leaf fat and ham, but not in longissimus muscle (Table 3) . Furthermore, in treated pigs 
of 50 and 100 kg, adipocytes were smaller in the tested adipose tissues except in
internal ham, an intermuscular fat depot (Table 4).

Table2. Ultrasonic measurements of the thickness of subcutaneous adipose tissue (mm)
(mean ± s e m , n=6)

Table3.
n=6)

Tissue lipid content expressed as percentage of wet tissue weight (mean ± s.e.m.,

Table4 Adipocyte diameter (pm) (mean ± s.e m., n=6)
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6. Conclusions

These in vivo results show that the inhibiting effect of 4G7 monoclonal antibody on
porcine adipose conversion observed after five weeks is sustained until pigs reach the
weight of slaughter (i.e. about 100 kg). This clearly demonstrates that the technology
we developed during these experiments is a promising tool for controlling long-term
adipose tissue development in this species.

,
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Abstract

In the farm animal species, the control of fertility and of sexual and aggressive 
behaviour are important factors of productivity. Traditionally, they have been reduced 
by surgical approaches. But, castration becomes unacceptable generating stress and 
decreasing animal efficiency and carcass quality. Therefore, alternative castration 
method such as immunocastration has been considered. This alternative method 
involves active immunisation against a hormone or factor, which is implicated in the 
cascade of events of the hypothalamic-pituitary-gonadal axis. Finally, a last procedure 
which consists in the application of recombinant DNA technologies to produce viral 
vector for hormone and other factors is under studies. 

1. Introduction

The relation between reproductive function and production characteristics is strong. 
Secretion of anabolic steroids from the gonads improves the production characteristics 
of farm or domestic animals such as growth efficiency, growth rate and carcass quality 
(Renaville et al., 1996). Experiments comparing entire or castrated animals 
supplemented with anabolic gonadal steroids have confirmed these effects 
(Schanbacher 1984; Renaville et al., 1988; Sheridan et al., 1990).
However, in feedlot industry, there are difficulties like sexual and aggressive 
behaviours associated with rearing gonad-intact animals (D’Occhio, 1993). 
Traditionally, they have been overcome or reduced by surgical/invasive forms of 
castration, by laborious management practices or, in the case of female, by 
administration of progestogens. Unfortunately, conventional castration is non-
reversible, stressful, and generally decreases animal efficiency and carcass leanness. 

It is also being increasingly scrutinised from ethical and environmental points of 
view. For example, because intact males have better feed efficiency, avoiding castration 
would significantly reduce the amount of biological pollutants, excreted by animals into
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the environment (Bonneau et al., 1995; Thompson, 2000). In the long term, such 
considerations may have important influences on animal production policy. Therefore, 
there is a need for a practical alternative approaches to traditional castration. 

2. Principle of Immunocastration 

Different immunological approaches have been studied for the control of reproduction. 
In active immunisation, vaccines are composed of peptides that mimicked the epitopes 
of a target protein. After injection, antibodies against these peptides are produced. The 
rationale for endocrine-directed vaccines is that binding of a hormone to a specific 
antibodies will diminish or neutralise the biological activity of the endogenous 
hormones (Hadley, 1992). There are many factors other than animal variation which 
determine the success of an active immunisation approach, including species, age, 
structure of the peptideihormone, type of adjuvant used, immunisation frequency and 
their relative timing. 

Reproduction function is under control of the hypothalamus, hypophysis and gonads 
(Figure 1). The hypophysis secreted the luteinising hormone releasing hormone 
(LHRH) which stimulates the pituitary gland to secrete the luteinising hormone (LH) 
and the follicle stimulating hormone (FSH). The LH and FSH induce a steroid 
production by the gonads of progesterone, testosterone, androstenedione and 17beta-
oestradiol. lmmunisation against LHRH, LH, FSH and human chorionic gonadotrophin 
playing an important role in the reproduction, these hormones have been studied as 
targets for immunocastration. Immunisation against other targets as gonadal steroids 
and sperm and ova surface antigens will be also described. 

3. Targets for Contraceptive Vaccines 

3.1. IMMUNISATION AGAINST LHRH 

LHRH is the first intracellular messager of the control of fertility. Because comparisons 
of LHRH amino acids sequences have showed that these proteins are highly conserved 
in all mammalian and between male and female (Flanagan et al., 1997), we may expect 
that one vaccine kit for one species could be quickly adapted for an another one. 
Largely studied (Table 1), immunological neutralisation of LHRH would expect to 
block pituitary secretion of LH and FSH and lead to gonadal quiescience. Experiments 
of immunisation results in a markedly reduction of steroidogenic and gametogenic 
functions of the ovaries and the testis. After long-term treatment with LHRH 
immunization, a decrease of the secretion of FSH and LH is observed in cattle. Bulls 
animals immunised against this hormone have their testicular function suppressed, 
plasma testosterone concentrations being similar to those of surgical castrates 
(Tshewang et al., 1997; D’Occhio, 1993). The individual immune response was 
sometimes variable and the vaccines effects reversible (Cook et al., 2000). In lambs, 
immunoneutralisation reduced testis weight and the concentration of testosterone in 
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serum. Measures of sexual behavior (frequency of mounts and ejaculation) were also 
reduced. A better stimulation was observed when Freund‘s complete adjuvant was used 
as carrier protein (Kiyma, 2000). Likewise, immunisation of heifers against LHRH 
leads to a reduction of fertility equivalent to that of ovariectomised heifers (Adams and 
Adams, 1990; Adams et al., 1990). Animals treated with this vaccines have also there 
sexual behaviours reduced (D’Occhio, 1993). The effects were reversible and the 
subsequent fertility of the vaccinated fillies was normal (Tshewang et al., 1997).

Sexual behaviour Sexual behaviour 

Figure 1. Sexual axis in mammalian.

A LHRH vaccine, containing 10 amino acids which are well conserved among species, 
has been commercialised under the name of Vaxstrate and is available in Australia 
(Hoskinson et al., 1990).

Administration of Vaxstrate suppresses ovarian cyclicity in post pubertal females for 
a period of six to eight months. After this time, the effect of the vaccine disappears and 
ovarian function retains to normal. In production systems, the reversibility of the 
vaccine is not useful. This problem could be solved by including an additional adjuvant 
to the vaccine which should extended the immunological response of the animals 
(Hoskinson et al. , 1990).
Administration of Vaxstrate to bulls have plasma testosterone concentrations similar to 
those of surgical castrates (Jeffcoate et al., 1982; D’Occhio, 1993). They also showed a 
decreased in testis size for about 25 weeks after which they returned to normal 
(Hoskinson et al., 1990).

The effects of a newly developed gonadotrophin releasing hormone (GnRH) 
vaccine, Improvac, on growth performance and incidence of boar taint-related
compounds were investigated in male pigs (Dunshea et al., 2000; Mc Cauley et al., 
2000). All animals exhibited anti-GnRH titres. Compared with control, testis and 
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bulbourethral gland were reduced and serum testosterone were below 2 nM.
Compounds responsible for boar taint include androstenone and skatole in subcutaneous 
fat were suppressed to low or non detectable levels. Pigs treated with Improvac grew 
more rapidly. The vaccine was well tolerated by the pigs, and no observable site 
reactions could be detected at slaughter. Vaccination of pigs with Improvac allows the 
production of heavy entire boars with improved meat quality through the prevention 
and control of boar taint (Dunshea et al., 2000).

Male pigs were also used in study to investigate the interactions between Improvac 
and porcine somatotrophin (pST, Reporcin) regimes. While neither Improvac or 
Reporcin alone had any effect upon daily gain, the combined treatment increased daily 
gain by 25% (McCauley et al., 2000).

Table 1. Immunisation againsr sexual hormone in male and female animals 

3.2. IMMUNISATION AGAINST GONADOTROPHIC HORMONES 

Because LH, FSH and human chorionic gonadotrophin share a common alpha subunit, 
immunisation against the beta subunit has been carried in cattle and sheep (Table 1). 
Experiments on LH immunisation have tended to focus on female because of the 
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requirement for LH in follicule maturation and ovulation. Immunisation against LH 
leads to acyclicity for a period comprised between 42 to 96 week in females and to the 
suppression of sexual behaviour in both sexes (Johnson et al., 1988; Roberts and 
Reeves, 1989). Immunisation against FSH is characterised by the suppression of 
fertility by presumably blocking the preovulatory surge of LH and by the conservation 
of the sexual behaviour (Mariana et al., 1998). Application of a FSH contraceptive 
preparation could be interesting when only the infertility aspect is desired. 

Human chorionic gonadotrophin (hCG) has been used as target particularly for 
immunocontraception in women. A vaccine incorporating a synthetic peptide antigen 
representing the aminoacid sequence of the C-terminal region of the beta subunit of 
human chorionic gonadotrophin has been tested. The protein has been linked 
chemically to tetanus toxoid and diphtheria has been tried as vaccine. Potentially 
contraceptive levels of antibodies to hCG were observed for six months (Jones et al., 
1988). Immunisation was well tolerated with no significant changes in endocrine, 
metabolic and haematological indices. Normal ovulatory cycles were maintained as 
indicated by menstrual regulation. The vaccine was highly effective in preventing 
pregnancy and reversible fertility control is feasible (Talwar et al., 1993).

3.3. IMMUNISATION AGAINST GONADAL STEROIDS 

Gonadal steroids serve important roles in sexual behaviour. Therefore, it is not 
surprising that numerous experiments have investigated the reproductive consequences 
of immunisation against progesterone, testosterone (Table 1). Anti-progesterone
monoclonal antibody injected completely blocked pregnancy (Wang et al., 1984; Rider 
et al., 1987). The action of the antibody in females was associated with a failure to 
initiate an implantation response. The most pronounced effect, however, was a break of 
embryonic development at a stage prior to cavitation (Ellis et al., 1988; Wang et al., 
1989). The results show that passive immunisation against progesterone shortly after 
mating interferes with early hormone-dependent steps which are essential for normal 
embryonic development. In some studies, immunisation against progesterone induces 
infertility in females (Price et al., 1987) but in others is associated with ovarian 
abnormalities like cystic follicles (Martin et al., 1978) which is not desirable. 

Testosterone has been shown to regulate spermatogenesis, primarily by controlling 
meiosis, the step responsible for the production of spermatids (Suresh et al., 1995).
However, immunisation against testosterone was not characterised by an inhibition of 
the sexual behaviour in rams and there were no testicular function suppressed (Walker 
et al., 1984).

3.4. SPERM AND OVA ANTIGENS

Sperm and ova have both antigens on their surfaces. These antigens play an important 
role during fertilisation and are involved in interactions between sperm and egg. 
(Wassarman, 1990). An interesting possibility is to made antibodies that interact with 
gamete antigens. Antibody binding to sperm or ova will block gamete interactions 
required for fertilisation. This kind of vaccine allows us to block the conception while 
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other reproductive functions still normal. It is particularly relevant when the control of 
reproduction should not disrupt social hierarchies (Tyndale-Biscoe, 1991).

The zona pellucida (ZP) forms a coating around mammalian eggs. The ZP is 
comprised essentially of three major glycoproteins, which are involved in sperm 
binding during their penetration through the zona. The ZP3 was identified as a major 
sperm receptor and targeted as the most likely female gamete antigen for a 
contraceptive vaccine (D’Occhio, 1993). In several species, immunisation of females 
against ZP antigens can lead to the control of fertility (Liu et al., 1989). However, some 
experiments were associated with abnormal ovarian function and altered reproductive 
hormone profile (D’Occhio, 1993) 

Sperm antigens can be used to immunise males or females while zona pellucida 
antigen vaccination will be only effective in females (Liu et al., 1989).

3.5. IMMUNISATION WITH TROPHOBLASTS 

Early events of pregnancy involve complex interactions between maternal tissues and 
the developing trophoblast. Unique antigens can be express on the surface of 
trophoblasts and could be the targets for antibodies. A large number of monoclonal 
antibodies has been generated against human trophoblast and have been selected. These 
antibodies could influence the immune interactions between maternal tissues and the 
conceptus and could be used as vaccine (D’Occhio, 1993). 

3.6. RECOMBINANT DNA TECHNOLOGIES 

The application of recombinant DNA technologies is under studies. The principle of the 
technique is to introduce a vector (plasmid, retrovirus, herpes virus, adenovirus) 
containing the DNA sequence of a gene coding a protein implicated in the reproduction 
functions. The synthesis of the recombinant protein induces an immunological response 
and the production of antibodies. We could expect a reject reaction against the protein, 
a reduction of fertility and an inhibition of the sexual behaviour of the animals. 

First experiments of immunisation of mouse result in a decrease of fertility for a 
period of 28 weeks. After this time, the effect of the vaccine disappears. However, some 
problems have to be solved before this new approach could be used. The introducing of 
the DNA sequence was carried out with mouse pox vector which is not acceptable for 
the population. The virus could mutate, become uncontrollable and spread to other 
species. Additional works has to be done to find an acceptable vector to introduce the 
DNA sequence in the animals. The next step is to adapt this method to new species 
(Norrie, 1997). 

4. Perspectives

The best results of immunocastration were obtained with the LHRH and LH vaccines. 
But some improvements have to be done to obtain a better vaccine. An ideal product 
would be the one that induces a long-term response (up to 3 years). In this case a single 
injection is necessary to induce a infertility of the animals. The vaccine should be 
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reversible if necessary. Some improvements could occur through a better understanding
of the factors controlling the immune response and the effects of the adjuvant. This 
might satisfy both the production and reproduction aspects of managing farm animals 
reserved for meat production 

Encouraging results were obtained through the use of recombinant DNA 
technologies to incorporate either a sexual hormone into vector delivery systems. The 
main advantage is that application of these technologies would require a single injection 
that lead to continued expression of the hormone. 
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Abstract

During the last decade, investigations were carried out by several research groups in 
order to characterize proteins or glycoproteins synthesized in the ruminant placenta. 
Recently, as results of this research, a large family of pregnancy-associated
glycoproteins (PAGs) was discovered. Using molecular biology techniques, they were 
found to be members of the superfamily of the aspartic proteinases which also contains 
pepsinogen, chymosin, renin, beta-secretase, cathepsin D and E etc. Synthesized in the 
mono and/or binucleate cells of the trophoblast, some forms of PAG seem to lack of 
proteinase activity. It is likely they are synthesized together with molecules involved in 
the tissue remodeling of the placenta. Their release in large quantities into the maternal 
blood circulation results in measurable plasma concentrations. 

Thanks to international collaborative studies, we have shown that PAG levels are a 
good indicator of feto-placental well-being and that sharp decreases in PAG levels 
occur just before pregnancy failure in cows and in goats. In some countries, the PAG 
assay is available for veterinarians in the regional laboratories responsible for animal 
health including immunodiagnosis for brucellosis, IBR, BVD, CAEV, VISNA-MEDI
etc.

1. Introduction 

Placenta is a polyvalent organic system with a vital biological role for the perpetuation 
of the eutherian mammals. Fetal development is related to that of the placenta from the 
anatomical, genetic and metabolic points of view. As far as metabolism is concerned, 
endocrine function is particularly important. The endocrine function of the mammalian 
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placenta includes various hormones: progesterone, oestrogens, chorionic gonadotropins, 
placental lactogens, also designed “chorionic somatomammotropins”, prolactins, 
growth hormones and a series of growth factors, proteins and glycoproteins interfering 
with the establishment of pregnancy, corpus luteum maintenance, immunotolerance of 
the conceptus by the mother, intermediate maternal metabolism, fetal growth and 
mammary growth. 
The study of the endocrine function of the ruminant placenta will be discussed below. 
Emphasis will be given to pregnancy-associated (specific) proteins, but information 
related to other polypeptide hormones will be freely utilized in order to develop our 
comparative understanding of the structure, function and release in maternal circulation 
of the placental proteins. 

2. The Placenta 

The placenta plays an essential role in both establishment and maintenance of 
pregnancy as well as in fetal development, working as a respiratory, nutritional, 
epurative, endocrine and immunological organ. The placenta is not only a barrier, as it 
was thought before, but it has a real active and selective exchanger role which is 
developed in harmony with other systems. 

The topography and structure of the placenta vary according to the species and 
depend on the behavior of the egg which, at the time of its attachment, either remains in 
the uterine lumen or implants interstitially in the uterine mucosa. 
Various classifications have been proposed though the most widely used, despite some 
imperfections, is the classification based on the histological structure, or, more 
precisely, the number of histological layers separating the maternal and fetal blood. 
Four types of placenta may be distinguished histologically: the epitheliochorial placenta 
(Equidae, Suidae), the synepitheliochorial placenta (ruminants), the endotheliochorial 
placenta (carnivores) and the haemochorial placenta (human, primates and rodents). 
The uterine connective tissue is modified in both endothelial and haemochorial 
placentas and tearing of the uterine tissues accompanied by bleeding occurs during 
parturition. The uterine regions shed in this way are said to be deciduous and the 
species with these types of placenta are called deciduates. 

The mature ruminant placenta is neither entirely syndesmochorial with no uterine 
epithelium, nor epitheliochorial with two apposed cell layers whose the only anatomical 
interaction observed is the presence of interdigitated microvilli. The uterine epithelium 
persists but is modified to a variable degree into a hybrid fetomaternal syncytium 
formed by the migration and fusion of the fetal chorionic binucleate cells with those of
the uterine epithelium (Wooding, 1992). 

2.1. BINUCLEATE CELLS 

The most characteristic element of the ruminant placenta is the presence of binucleate 
cells or diplokaryocytes in the trophectoderm (Wimsatt, 1951). First described by 
Assheton in 1906, these cells have been the subject of numerous investigations over the 
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last 5 decades (Drieux and Thiery, 1951; Amoroso, 1952; Wooding and Wathes, 1980; 
Klisch et al., 1999).

Binucleate cells derive from chorionic mononucleate cells by karyokinesis without 
subsequent cytokinesis. The youngest cells are located deep in the trophectoderm and 
maturation takes place progressively as they rise to the maternal surface (Wooding, 
1983).
Young binucleate cells have a small volume of dense ribosome-filled cytoplasm, which, 
after cytoplasmic re-organization to a spherical or oval cell, has no contact with either 
the basement membrane or the atypical trophectodermal tight junction. As the 
binucleate cells increase in size it develops an extensive array of rough endoplasmic 
reticulum and a large Golgi body. The latter produces a considerable number of 
characteristic granules that contain numerous protein and glycoprotein constituents 
(Wooding, 1992). 
The first binucleate cells appear just before implantation (Wango et al., 1990a). They
can be recognized from day 14 after fertilization in the ovine trophectoderm (Wooding, 
1984) and from day 16-17 in the bovine. 

The binucleate cells represent 15-20% of the total population within the mature 
placenta (Wooding, 1983; Wango et al., 1990b). Of these, about one in seven are 
migrating towards the uterine epithelium at any time of gestation (Wooding et al., 
1986). The migration of binucleate cells plays an important role in the remodeling of 
placental structure and leads to a reaction with the uterine cells: the formation of a 
hybrid fetomaternal tissue in the ewe and goat (the syncytium plaques) and the maternal 
giant cells in the cow (the trinucleate cells) (Wooding, 1984; Wooding and Beckers, 
1987).

Trinucleate cells are short-lived structures, which, after exocytosis, are resorbed by 
the trophectoderm (Wooding and Wathes, 1980). Contrary to the ewe, in which 
binucleate cell migration is essential to support the enormous growth in area of the 
fetomaternal interface layer as the placentome develops (Wooding et al., 1981), in cow 
placentomes the binucleate cell migration has no barrier or structural role (Wooding and 
Wathes, 1980). 

Special cells of the ruminant placenta were suspected as responsible for an 
important endocrine function during gestation as early as 1940. In this decade, it was 
observed for the fist time a reduction in the pituitary gonadotropic activity in the 
pregnant cow and suggested that the corpus luteum was replaced by additional 
luteotropic substances produced elsewhere. Using microsections of cotyledons and 
staining for carbohydrates like periodic acid-Schiff (PAS), Weeth and Herman (1952)
and Bjorkman (1954) described the presence of numerous trophoblastic cells containing
glycoproteins. About 10 years later, Foote and Kaushik (1963) demonstrated the 
presence of a LH-like activity in the cotyledons. They used the bioassay of Parlow
(1961) in order to identify this LH-like activity. These studies were pioneers in this 
field: they opened the way for further identification and characterization of placental 
hormones and proteins in the ruminant species. 

Binucleate cells are directly involved in the production of progesterone (Wango et
al., 1991; Wango et al., 1992; Wooding et al., 1996), prostaglandins (Reimers et al., 
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1985b), placental lactogen hormones (Verstegen et al., 1985; Wooding et al., 1992) and 
pregnancy-associated (specific) glycoproteins (Reimers et al., 1985a; Gogolin-Ewens et
al., 1986; Morgan et al., 1989; Zoli et al., 1992a; Atkinson et al., 1993). These 
secretory products are stored in dense granules which occupy more than 50% of the 
cytoplasm (Lee et al., 1986) and deliver their content directly in the maternal system 
after binucleate cell migration (Wooding, 1984). 

3. Placental Proteins 

Proteins secreted by the placenta, when detected in the peripheral circulation of the 
mother, can be useful indicators of both pregnancy and feto-trophoblast well-being.
Despite many attempts to investigate the physiological functions of the placental 
proteins, the exact biofunction of most of them (e.g. pregnancy-associated glycoprotein) 
is still not known. 

In ruminant species, interferon tau allows the maintenance of the corpus luteum, 
acting as an antiluteolytic factor (Martal et al., 1979). In primates this role in corpus 
luteum maintenance is played by the chorionic gonadotropin (Aschheim, 1927). This 
glycoprotein acts as a luteotropin-like hormone having also an important role in 
progesterone synthesis stimulation. The interferon tau, in addition to its antiluteolytic 
function also has an important role in the first steps of immunotolerance of the 
conceptus by the mother (Fillion et al., 1991; Martal et al., 1997).

Later in pregnancy placenta produces a placental lactogen hormone, responsible for 
the stimulation of the mammogenic activity (Forsyth, 1986). This hormone is also 
involved, at least partially, in the fetal growth (Chene et al., 1988) and in the long term 
changes of the maternal metabolism (Freemark et al., 1992).
The main groups of placental proteins and their relevant aspects are discussed below. 

3.1. THE PREGNANCY-ASSOCIATED GLYCOPROTEINS (PAGS) 

Characterized in the last 20 years (Butler et al., 1982; Beckers et al., 1988a,b; Zoli et
al., 199 1, Xie et al., 199 I), the pregnancy-associated glycoproteins (PAGs) constitute a 
large family of glycoproteins specifically expressed in the outer epithelial cell layer 
(chorion/trophectoderm) of the placenta of ungulate species (Guruprasad et al. , 1996;
Xie et al., 1997b). They are members of the aspartic proteinase family having high 
sequence homology with pepsinogens (Green et al., 1998a).

By using biochemical procedures, some molecules of the PAG family were isolated 
from cotyledons of cow (Zoli et al., 199 1), ewe (Zoli et al., 1995; Xie et al., 1997a) and
goat (Garbayo et al., 1998). These molecules were used to immunize rabbits and the 
antisera obtained allowed the development of homologous and heterologous 
radioimmunoassay systems (Zoli et al., 1992b; Ranilla et al., 1994; González et al., 
1999).

In veterinary practice, the measurement of the PAG concentrations in maternal 
blood is useful for both pregnancy confirmation and follow-up of the trophoblastic 
function. The first aspect can help breeders in the management of reproduction, while 
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the second concerns more specifically clinicians and researchers in their investigation to 
establish differential diagnosis of pathologies affecting pregnancy (Zarrouk et al.,
1999a,b).

Screening of placental libraries with nucleic acid probes has identified additional 
cDNAs that are very abundant and code for polypeptides related but structurally (amino 
acid sequence) distinct from PAGs isolated by biochemical procedures. Some of these 
molecules have amino acid sequences that are consistent with their being potentially 
functional proteinases (Roberts et al., 1995). It remains to be determined whether the 
PAGs expressed in the ungulate placenta are catalytically active and, even if they are, 
whether their physiological function is that of proteinases. 

3.1.1. Historical Overview ofPAGs and Related Proteins Isolated by Biochemical
Procedures

The PAGs, also known under a variety of other names including pregnancy-specific
protein B (Butler et al., 1982; Lynch et al., 1992) and pregnancy-specific protein 60 
(Mialon et al., 1993), were first described as placental antigens of cattle placenta that 
were also present in the blood serum of the mother soon after implantation. 

The methodology employed for bovine PAG purification by Zoli et al. (1991) was
similar to that previously described by Butler et al. (1982). Briefly, an antiserum was 
first generated against placental extracts from which antibodies against common 
maternal antigens had been removed (or neutralized) by immunoadsorption. This 
reagent was then used to follow the immunoreactive fractions throughout the isolation 
procedure (a series of extractions of soluble proteins, acid and ammonium sulfate 
precipitations, gel filtration and ion exchange chromatographies). 

The cleared antisera obtained by Sasser and coworkers (Butler et al., 1982) allowed 
the partial purification of two antigens; pregnancy-specific protein A (PSP-A) and 
pregnancy-specific protein B (PSP-B). PSP-A was identified as -fetoprotein, which is 
not strictly limited to pregnancy; PSP-B represented a novel antigen. Subsequent 
biochemical analysis indicated that PSP-B probably represented a mixture of related 
proteins since multiple molecular weight forms (47 000-90 000) and isoeletric variants 
(pI 3.7-4.4) were reported (Butler et al., 1982).
Alternatively to the results obtained by Butler et al. (1982), the use of antisera raised 
against specific antigens of fetal cotyledons by Zoli et al. (1991) resulted in the 
purification of one major placental protein: the bovine pregnancy-associated
glycoprotein 1 (boPAG-1).

3.1.1.1. The Bovine PAG Family. After the isolation of Zoli et al. (1991) and the first 
characterization of Xie et al. (1991), different PAG molecules were identified justifying 
an arbitrary numbered nomenclature adopted till now. 

3.1.1.1.1. boPAG-1. The bovine PAG (bPAG) purified by Zoli et al. (1991), later
designed boPAG-1 (Xie et al., 1994; Xie et al., 1995), was shown to be an acidic 
glycoprotein with 67 000 molecular weight. Four isoforms (I, II II and IV) with
different isoeletric points (4.4, 4.6, 5.2 and 5.4) were detected in this initial preparation. 
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The pI were closely related to the amount of sialic acid of each isoform (2.12%; 0.83%,
0.64% and 0.29%, respectively). Moreover, pI, sialic acid content and immunoreactivity 
were closely related, with the most basic form being the most immunoreactive (Zoli et
al., 1991). Immunocytochemical investigations allowed the localization of boPAG- 1
predominantly in the cytoplasm of large binucleate cells present in the fetal 
cotyledonary tissue (Zoli et al., 1992a). The presence of antigens immunologically 
similar to boPAG- 1 has also been demonstrated in testicular and ovarian extracts (Zoli 
et al., 1990b,c), justifying the adjective “associated” and not “specific” given to this 
glycoprotein.

The most surprising feature of boPAG-1, revealed by Roberts and coworkers soon 
after its purification (Xie et al., 1991), was the fact that this protein belongs to a family 
of proteolytic enzymes known as aspartic proteinases, with more than 50% amino acid 
sequence identity to pepsin, cathepsin D and cathepsin E. 

The boPAG-1 has the bilobed structure typical of all known eukaryotic aspartic 
proteinases and possesses a cleft between the two lobes capable of accommodating 
peptides up to 7 amino acid long (Xie et al., 1997b). However, despite its structural 
similarity with other active aspartic proteinases, this molecule is considered as 
catalytically inactive because of key mutations close to the active site (Figure 1) (Xie et
al., 1991).

Pepsinogen A Monkey Yes Phe Asp Thr Gly Ser Ser Val Asp Thr Gly Thr Ser 

Progastricsin Human Yes Phe Asp Thr Gly Ser Ser Val Asp Thr Gly Thr Ser 

Pepsinogen F Rabbit Yes Asp Thr Gly Ser Val Asp Thr Gly Thr Ser 

Chymosin Bovine Yes Phe Asp Thr Gly Ser Ser Asp Thr Gly Thr Ser 

Renin Rat Yes Phe Asp Thr Gly Ser Val Asp Thr Gly Thr Ser 

Cathepsin D Human Yes Phe Asp Thr Gly Ser Ser Val Asp Thr Gly Thr Ser 

Cathepsin E Human Yes Phe Asp Thr Gly Ser Ser Val Asp Thr Gly Thr Ser 

Beta-secretase Human Yes Asp Thr Gly Ser Ser Val Asp Gly Thr

boPAG-l Val Asp Thr Gly Thr Ser 

boPAG-2 Bovine Unknown Phe Asp Thr Gly Ser Asp Thr Gly Thr Ser 

ovPAG-l Ovine Probably no Phe Asp Thr Gly Ser Ser Val Thr Gly Thr Ser 

poPAG-l

poPAG-2 Porcine Unknown Phe Asp Thr Gly Ser Ser Val Asp Thr Gly Thr Ser 

eqPAG-l Equine Unknown Phe Asp Thr Gly Ser Val Asp Thr Gly Thr Ser 

Bovine Probably no Phe Asp Thr Ser Ser 

Porcine Probably no Phe Asp Thr Ser Ser 

Figure 1. Alignment at the active site residues found in a variety of aspartic proteinases. 
The open boxes denote amino acid substitutions. Data for aspartic proteinase sequences 
are obtained in the GenBank database.
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Catalytic activity of aspartic proteinases is dependent upon two conserved aspartic acid 
residues (Asp) that are in close contiguity in the center of the substrate-binding cleft, 
even if they are localized in opposite lobes of the molecule. Each of these residues is 
preceded by a hydrophobic amino acid (usually phenylalanine - Phe) and followed by 
invariant threonine (Thr) and glycine (Gly) (Davies, 1990). A twofold symmetry, with a 
second conserved region centering around each aspartic acid is also required to 
polarize the bound water molecule which hydrolyses the scissile bond of the substrate 
(James and Sielecki, 1986). 

As demonstrated by Xie et al. (1991), the apparent lack of proteolytic activity of 
boPAG-1 is due to the presence of an alanine (Ala-76) in place of a normally invariant 
glycine (Gly-76) residue in the Phe-Asp-Thr- -Ser-Ser sequence (N-terminal lobe).
This mutation has as consequence a subtle change in the placement of the catalytic 
water molecule from its normal symmetric position (Davies, 1990), rendering this 
protein catalytically inactive. 

3.1.1.1.1.1 PAG and PSPB radioimmunoassays. In practice, antisera raised in rabbits
against pregnancy-associated (specific) proteins have allowed the development of 
specific radioimmunoassays for bovine PAG and PSP-B (Sasser et al., 1986; Humblot 
et al., 1988a,b; Sasser et al., 1989; Zoli et al., 1992b). Higher PAG concentrations are 
observed in maternal than in fetal serum, suggesting that this glycoprotein is delivered 
preferentially in the maternal system (Zoli et al., 1992b).

PAG can be detected in maternal circulation at around the time when the trophoblast 
forms definitive attachment to the uterine walls. In early and mid gestation, 
concentrations increase slowly and gradually (Figure 2). Around parturition 
concentrations increase rapidly to reach peak values of 1 to 5 µg/ml only few days 
before delivery (Figure 3) (Zoli et al. al., 1992b; Patel et al., 1997). Concentrations 
decrease steadily in the postpartum period reaching undetectable levels only by day 
100 postpartum (Zoli et al., 1992b). Detectable levels of boPAG-1 have also been 
found in about 20% of unbred heifers and non-pregnant cows and 15% of bull sera 
(Zoli et al., 1992b). The relatively long time needed for boPAG-1 to be cleared from 
maternal circulation can be explained by the very high concentrations present in 
maternal blood at parturition and by a long half-life of this glycoprotein, estimated to be 
7.4 to 9 days (Kiracofe et al., 1993; Ali et al., 1997).
PAG detection in serum or plasma samples is currently used as a serological method for 
pregnancy diagnosis in cattle from days 28 (Szenci et al., 1998a,b) to 30 (Sasser et al.,
1986; Humblot et al., 1988a) after breeding. 

Investigations realized in peripartum clearly demonstrated the positive influence of 
both maternal environment and fetal genotype (sex and race) on peripheral blood 
concentrations of boPAG-1. In fact, PAG concentrations were found to be more 
elevated in maternal circulation of the intra-species crossbreeds than in inter-species
ones (Guilbault et al., 1991). Moreover, Ectors and coworkers (1996) showed that
in nuclear transfer programs, even if the majority of calves are of normal size, some of
them can present morphological abnormalities like edema of the umbilical cord with 
placental hypertrophy, responsible for higher concentrations of PAG in maternal blood. 
In the same way, abnormally high PAG concentrations in maternal circulation can 
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indicate the presence of a abnormal amount of trophoblast tissues, as observed in 
hydatiform molar pregnancy (Figures 4A and 4B) (Ectors et al., 1996b).

Figure 2. PAG profiles (mean ± S.E.M) during early pregnancy in heifers embryo 
transferred with either single (- -) or multiple (- - -) gestations. Adapted from 
Ectors et al. (1996a).

Figure 3. PAG profiles (mean ± S. E.M) in heifers embryo transferred with either single 
(- - -) or multiple (- - -) gestations during the last 11 weeks before parturition. 
Adaptedfrom Ectors et al. (1996a).

After IVF or cloning, the PAG follow-up in plasma samples collected weekly was able 
to monitor embryonic and fetal deaths (Ectors et al., 1996a). However, due to the large 
variations of PAG concentrations in maternal blood, only a marked decrease (or
disappearance) in plasma concentrations of this protein can be a no controversial 
predictive sign of embryonic or fetal death (Szenci et al., 1999).

3.1.1.1.2. boPAG-2. In 1994, Xie et al. identified the poorly characterized bovine
chorionic gonadotropin isolated by Beckers et al. (1988a) as a new member of the 
aspartic proteinase family: the boPAG-2 (Beckers et al., 1994).
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(A) (B)

Week before parturition

Figure 4. A) Hydatijorm molar pregnancy; B) Abnormally high PAG concentrations 

observed in hydatiform molar pregnancy (-

-

-) versus normal gestations (- X-X-).
Adaptedfrom Ectors et al., 1996(a).

The classification of the LH-like factor of the bovine placenta as a proteinase was 
surprising but not the first observation on similarities between placental hormones and 
proteinases. In fact, previous studies developed by Willey and Leindenberger (1 989) 
had already demonstrated a high analogy between primary sequences of human 
chorionic gonadotropin (hCG) and the serine proteinase chymotrypsin. In that study it 
was also observed that proteinaceous proteinase inhibitors like soy bean trypsin (SBI) 
are capable to neutralize the agonistic activity of hCG and to reduce the binding of hCG
to its receptor and to its specific antisera. 

The boPAG-2 was characterized by Xie et al. (1994) as a polypeptide of 372 amino 
acids long, structurally related to boPAG-1, ovPAG-1 and pepsin (58%, 58% and 51% 
amino acid sequence identity, respectively). Unlike boPAG- 1, boPAG-2 has a catalytic 
center with the amino acid consensus sequence of other active aspartic proteinases. 
However, it remains unclear whether boPAG-2 has a proteolytic activity. 

Expression of boPAG-2 mRNA is detected as early as 17-19 days of pregnancy, 
coinciding with the beginning of implantation. Its mRNA is expressed in fetal placenta 
but not in other fetal organs, and is localized in both mononucleate and binucleate cells. 
Interestingly, boPAG-2 is synthesized by placental explants as a 70 000 molecular 
weight isoform that is processed to smaller molecules (Xie et al., 1996).

3.1.1.2. The Ovine PAG Family. The identification of antigen(s) immunologically
related to boPAG-1 (bPSP-B) in the peripheral circulation of pregnant ewes (Ruder et
al., 1988) has led to the isolation and partial purification of pregnancy-associated
glycoproteins in ewes (Zoli et al., 1990a; Zoli et al., 1995; Willard et al., 1995).
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3. 1. 1.2. 1 ov PAG-I. The ovine PAC, later designated ovPAG-1, was initially identified 
as a molecule close to the boPAG-1, containing 382 amino acids (Xie et al., 1991).
Parallel to the cDNA characterization, several attempts were developed in order to 
purify the ovine PAC starting from fetal cotyledons. In comparison to bovine PAG, the 
ovine PAG was more difficult to purify and only semi-purified preparations were made 
available (Zoli et al., 1990a, Zoli et al., 1995; Willard et al., 1995). The ovPAG-1
showed multiple molecular weight isoforms (43 000-67 000) with different pI ranging 
from 4.06 to 4.65 (Willard et al., 1995).

Molecular cloning studies have shown that the ovPAG- 1, like boPAG- 1, belongs to 
the aspartic proteinase family showing 73% amino acid sequence identity with this 
protein (Xie et al., 1991).

As observed for boPAG-1, it seems that ovPAG-1 is a catalytically inactive form of 
aspartic proteinase secreted by binucleate cells of the trophoblast (Xie et al., 1991). In 
this case, the lack of enzymatic activity results from the mutation of the catalytically 
essential aspartic acid within the C-terminal lobe (Asp-257) to one glycine (Gly-257)
(Xie et al., 1991). A comparable change in pepsin, where the active site Asp-32 of the 
first lobe is replaced by alanine (a Asp-32-Ala mutation) abolishes all activity, even 
though the molecule is still capable of binding pepstatin A (a potent inhibitor of aspartic 
proteinases) with high affinity (Lin et al., 1989).

Time-course studies of placental explants recently showed that ovPAG-1 is first 
detectable as a precursor with high molecular weight (67 000-70 000), which is 
gradually processed to smaller products (Xie et al., 1996). The basis of the variety of
molecular weight forms remains to be elucidated, but the differences seem likely to be 
due to some unusual form of posttranslational modification introduced in the binucleate 
cells (Xie et al., 1996; Green et al., 1998a).

Weeks

Figure 5. 
(Adapted from Gajewski et al., 1999). 

PAG profiles during gesfafion and postpartum periods in Berrichon ewes 

3.1.1.2.1.1. PAG and PSPB Radioimmunoassays. The development of heterologous 
radioimmunoassays for ovPAG-1 and oPSP-B has allowed its detection in maternal 
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blood 3 weeks (Willard et al., 1995) to 4 weeks (Ranilla et al., 1994) after breeding. 
The PAG-RIA is based on the utilization of boPAG-1 as tracer and standard, and 
antisera raised in rabbits immunized against a preparation of ovine PAGs (Zoli et al.,
1995; Willard et al., 1995).

PAG profiles in pregnant ewes (Figure 5 ) (Ranilla et al., 1994; Ranilla et al., 1997a;
Gajewski et al., 1999) appeared to be quite different those obtained in cattle (Zoli et al., 
1992b). In Churra and Merino ewes, for example, after a first period of high 
concentrations around day 60, the concentrations decrease until day 90 and increase 
again to remain elevated and stable until parturition (Ranilla et al., 1994).
After parturition, the rate of decline in PAG concentrations is faster in ewes (4 weeks) 
than in cows (about 14 weeks), with no correlation being observed between this rate 
and the interval to first ovulation (Ranilla et al., 1997b).

3.1.1.2.2. Other ovPAGs. An additional member of PAG family (ovPAG-2) was
isolated from a cDNA library prepared from day 13 whole conceptuses (Nagel et al.,
1993; Guruprasad et al., 1996). This protein is expressed in both mononucleate and 
binucleate cells of the placenta (Nagel et al., 1993).

Several other different PAGs have been recently purified from ovine placental 
conditioned media by using a series of chromatography procedures (Xie, et al., 1997a).
Amino-terminal sequencing of four of the purified products revealed that three of them 
were novel and that each of them had been processed by removal of the pro-peptide
within what appeared to be a consensus sequence between the pro-peptide and the 
mature molecule. None of these purified molecules demonstrated any enzymatic 
activity in a standard proteinase assay with denatured haemoglobin (Xie et al., 1997a).

Another subset of PAGs was identified in extracts of sheep placenta by Atkinson et
al. (1993) who used the monoclonal antibody against SBU-3 developed by Gogolin-
Ewens et al. (1986). The three proteins affinity-purified with the SBU-3 antibody had 
molecular weights of 57 000, 62 000 and 69 000, showing partial amino acid sequence 
homology to the ovPAG- 1, boPAG-1 and rabbit pepsinogen F (Atkinson et al., 1993).

3.1.1.3. The Caprine PAG Family. Three different PAGs were isolated and partially 
characterized from goat placenta (Garbayo et al., 1998). These proteins differed in 
amino acid sequence and apparent molecular weight (55 000, 59 000 and 62 000) 
showing several isoforms with different pI: caPAG55 (pI: 5.3, 5.1, 4.9), caPAG59 (pi:
6.2, 5.9, 5.6) and caPAG,, (pl: 5.1,4.8).

Caprine PAGs showed high sequence homology to each other (60% to 73% residues
identical) and a high sequence identity (from 30% to 81% between the first 27 amino 
acids sequenced) with proteins of the aspartic proteinase family like boPAG-1, ovPAG-
1 , boPAG-2, SBU-3 and rabbit pepsinogen F (Garbayo et al., 1998).

3.1, 1. 3. 1. PAG and PSPB Radioimmunoassays. The use of two semi-purified
preparations (one containing the caPAG55 and caPAG59 forms, and the other containing 
the caPAG55 and caPAG62) allowed the development of an accurate system for 
pregnancy diagnosis in goats (González et al., 1999). PAG concentrations are 
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significantly higher in pregnant than in non-pregnant females as early as 21 days after 
artificial insemination (González et al., 1999).
During gestation, PAG concentrations reach maximal levels in week 8, decrease 
between weeks 12 and 14 and remain relatively constant until parturition (Figure 6) 
(Folch et al., 1993; Gonzalez et al., 2000a). After parturition, concentrations decrease 
rapidly reaching lower levels at the 4th week postpartum (Sousa et al., 1999).

Weeks

Figure 6. PAG profiles (mean ± S.E.M) during gestation and postpartum periods in 
Blanca-Celtiberica goats with either single (- or multiple gestations. 
Adapted from Folch et al., 1993. 

As observed in cattle (Guilbault et al., 1991; Patel et al., 1997), both number and 
genotype of fetus can influence PAG concentrations over gestation. From days 21-24
and throughout gestation, twin bearing goats have higher PAG (or PSP-B)
concentrations than goats bearing one fetus (Humblot et al., 1990; Sousa et al., 1999;
González et al., 2000a,b). PAG levels in maternal circulation of inter-specific
pregnancies (Spanish ibex embryos transferred to domestic goats) are also higher (about 
ten times) when compared to that found in normal intra-specific gestations (Fernández- 
Arias et al., 1999).
Sequential measurement of PAG in goats also allows for the determination of the onset 
of the disturbance of trophoblastic activity associated with the death of a fetus (Zarrouk 
et al., 1999a,b). As demonstrated by Zarrouk et al. (1999a), in goats carrying a single
fetus, PAG levels fall under the positive pregnancy threshold when the trophoblast died, 
while in goats carrying 2 or 3 fetuses, analysis of the profiles clearly shows marked 
drops in concentration that could indicate placental distress at different times. 
Therefore, systematic application of this test in herds with a high rate of pregnancy 
failure could help to pinpoint phenomena which might be implicated in triggering these 
events.

3.1.2. Molecular Studies of New PAG Related Molecules 

By cloning expressed genes from ovine and bovine placental cDNA libraries, by 
Southern genomic blotting, by screening genomic libraries, and by using PCR to 
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amplify portions of PAG genes from genomic DNA, it was recently estimated that 
cattle, sheep and most probably all ruminant Artiodactyla possess many, possibly 100 
or more, PAG genes, many of them being placentally expressed (Xie et al., 1997b;
Green et al., 1998a; Garbayo et al., 1999; Green et al., in press). New members of the 
PAG gene family have also been found to be expressed in the porcine (Baumbach et al.,
1988; Baumbach et al., 1990a; Szafranska et al., 1995; Doré et al., 1996), equine
(Green, et al., 1998b; Green et al. , 1999), carnivora (Gan et al., 1997) and zebra (Green 
et al., 1994; Green et al., 1999) placentas, showing that PAGs are not restricted to 
ruminant species. 

The equine PAG (eqPAG-1) is expressed in the placenta of the horse and zebra and 
secreted from cultured placental tissues as both a processed (mature) and unprocessed 
(zymogen) form (Green et al., 1999). The processed form is an active proteinase and 
may, therefore, be the horse homolog of pepsinogen F (Xie et al., 1997b).

In porcine species, two different PAG cDNAs have been found: the poPAG-1 and
poPAG-2. They share 64% homology sequence to each other, and about 50% amino 
acid sequence identity with the PAGs of ruminants. Interestingly, poPAG-1 has amino 
acid substitutions within its catalytic center that together were likely to render it 
enzymatically inactive, whereas poPAG-1 retained sequences identical to pepsin in 
these regions (Szafranska et al., 1995). They seem occupy an intermediate position 
between the enzymatically functional aspartic proteinases and the PAGs from cattle and 
sheep (Xie et al., 1997b).

3. 1. 3. Identification of Pregnancy-Associated (Specific) Proteins in Wild Ruminants 

Serologically similar antigens to PAG or PSP-B (Table 1) have been found in maternal 
circulation of wild ruminants like mule deer (Wood de et al., 1986), white-tailed deer 
(Wood et al., 1986; Osborn et al., 1996), mountain goats (Houston et al., 1986), red
deer (Haigh et al., 1988), musk-oxen (Rowell et al., 1989), bison (Haigh et al., 1991),
moose (Haigh et al., 1993), sika deer (Willard et al., 1994a; Willard et al., 1996), elk
(Willard et al., 1994b), fallow deer (Willard et al., 1994c; Willard et al., 1998; Willard 
et al., 1999) and reindeer (Russel et al., 1998; Ropstat et al., 1999).

The recent isolation and characterization of new forms of pregnancy-associated
(specific) proteins from elk and moose placenta (Huang et al., 1999) allowed the 
development of a more specific radioimmunoassay to quantify this protein in maternal 
serum of wild species (Huang et al., 2000).

3.2. THE PLACENTAL LACTOGENS 

Placental lactogens (PL), also known as chorionic somatomammotropins (CS), are 
proteinaceous hormones of placental origin that share structural and functional 
homology to growth hormone (GH) and prolactin (PRL). 

The function of PL varies according to the species. In general it has been suggested 
that PL influences mammogenesis and lactogenesis (Forsyth, 1986), ovarian (Glaser et
a l , 1984; Telleria et al., 1998) and placental steroidogenesis (Deayton et al., 1993),
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fetal growth (Chene et al., 1988) and that it alters the maternal metabolism to 
accommodate the growth and development of the fetus (Freemark et al., 1992).

3.2.1. Human Placental Lactogen (hPL) or Human Chorionic somatomammotropins 
(hCS) (see Martal and Cédart, 1993 for review) 

The human placental lactogen (hPL), later called human chorionic somatomammotropin 
(hCS), is a non glycosylated single chain protein that contains 191 amino acids and two 
intra disulfide bonds. Its molecular weight is about 22 300, but polymeric forms with 
higher molecular weights have also been described. hPL is secreted by the 
syncytiotrophoblast cells of the placenta, however the mechanisms by which this 
hormone is released in the maternal circulation have not been totally elucidated. 

Quantitatively, hPL is one of the most important soluble proteins of the human 
placenta, corresponding to approximately 10% of the total proteins. Its production rate 
is very high varying between 0.3 and 1 g/day at term. Human PL is detected in the 
placenta 5 to 10 days after implantation and in peripheral blood 3 to 4 weeks later. The 
level increases in the maternal serum as pregnancy progresses and the rate of secretion 
is related to the placental weight. As the half-life of hPL is very short (10-30 min), its 
assay gives an estimation of the placental activity at the time of collection. 

Human PL is a regulator of lipids, carbohydrates and proteins metabolism. It 
increases the general metabolism of the adipose tissue provoking either lipolysis or 
lipogenesis depending on the circumstances. In pregnant women, it acts as an insulin 
antagonist and may be responsible for the diabetic acidosis observed during pregnancy. 

3.2.2. Bovine Placental Lactogen (bPL) or Bovine Chorionic Somatomammotropin 

Studies on placental lactogen hormones preceded those of PAG in domestic ruminants. 
In bovine species, for example, the lactogenic activity of cotyledons was first 
demonstrated by Buttle and Forsyth in 1976 by use of a 5 day co-culture of mouse 
mammary tissue and cow cotyledonary tissue at different stages of pregnancy. These 
authors obtained a lactogenic substance with about 300 ng of equivalent bovine PRL 
(bPRL). In parallel studies, starting from bovine placenta, several research groups 
(Bolander and Fellows, 1976; Beckers et al., 1980) identified and purified a protein 
with a somatomammotropic activity. 

The purified bPL exists in multiple isoforms (Mr 32 000 to 34 000) with at least five 
isoeletric variants ranging from 4 to 6 (Murthy et al., 1982). Bovine PL shares 48 to 
50% sequence homology with PRL and 26 to 28% with GH. However, by use of 
radioimmunoassay (Beckers, 1983) it was demonstrated that there is no cross reaction 
between bPL, PRL or GH. 

Bovine PL is produced by chorionic binucleate cells (Duello et al., 1985;
Milosavljenic et al., 1989; Kappes et al; 1992) which seem to deliver their product to 
the maternal circulation by migrating to and fusing with endometrial epithelium. It co-
localizes in the same cells with other proteins like SBU-3 antigen and boPAG-1
(Wooding, 1992). In contrast to other placental lactogens, bPL is a glycoprotein 
containing both N-linked and O-linked oligosaccharides (Shimomura and Bremel, 
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1988; Byatt et al., 1990). This glycoproteic composition characteristic of placental
proteins like bPL, boPAG-1 and SBU-3 can result of a highly developed
posttranslational mechanism expressed in bovine giant trophoblastic cells (Gogolin-
Ewens et al., 1986).

Bovine PL is detectable in maternal circulation by the 4th month of gestation, but its
concentration remains lower than 1-2 ng/ml through gestation. In the peripheral
circulation of the fetus, bPL concentrations are higher (about 5 to 25 ng/ml) and shows
a decline with advancing gestational age (Beckers et al., 1982; Byatt et al., 1987).
These ratios of fetal and maternal bPL concentrations are quite different from those
observed for boPAG- 1, despite the co-localization of both placental proteins in the
same cells.

In cattle, the mammary growth seems to be, at least partially, controlled by
hormones of placental origin like bPL. Both calf birth weight and placental mass are 
positively correlated with milk production during subsequent lactation (Erb et al., 1980;
Collier et al., 1982).

Table 1.
aspartic proteinases family. 

Pregnancy-associaled glycoproteins and related molecules belonging to the
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Table 1. 
aspartic proteinases family. 

Pregnancy-associated glycoproteins and related molecules belonging to the 

Interestingly, endometrium, corpus luteum as well as maternal and fetal liver contain 
mRNA encoding the bGH and bPRL receptors (bGHR and bPRLR) (Scott et al., 1992).
Specific binding sites for bPL, with little affinity for bGH and bPRL, have also been 
identified in endometrium (Galosy et al., 1991; Kessler et al., 1991).
Recent evidence (Scott et al., 1992) indicates that bPL competes with equal affinity 
with bPRL for a recombinant bPRLR (rbPRLR). Diversely, bPL seems to bind the 
bGHR in a 1: 1 stoichiometry rather than 1:2 stoichiometry reported for bGH (Staten et
al., 1993).
It is possible that, in some adult tissues (e.g. liver and corpus luteum), bPL may exert its 
actions through either the bGH or bPRL receptors. This action was supposed to be 
exerted either by a heterodimer of bPRLR and bGHR monomers, or through a 
heterodimer of either one monomer of the bPRLR of bGHR and a unique receptor 
monomer (Anthony et al., 1995).

3.2.3. Ovine Placental Lactogen (oPL) or Ovine Chorionic Somatomammotropin (oCS)

Ovine placental lactogen (oPL) was studied and purified by Handwerger et al. (1 974),
Martal and Djiane (1975) and Chan et al. (1976). However, due to the fact that the 
amino terminal residue of oPL was blocked, the full sequence of ovine PL was not 
elucidated until quite recently (Colosi et al., 1989; Warren et al. 1990). Although the 
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primary structure of oPL and bPL are similar in 67%, oPL has a molecular weight of 22 
000 and no potential N-linked glycosylation sites (Chan et al., 1976). The degree of 
amino acid sequence homology between of oPL and PRL is higher than that to GH 
(49% and 28%, respectively). So, it is not surprising to observe that oPL can
demonstrate a higher lactogenic than somatogenic activity. 

Binding sites for oPL have been identified in fetal ovine liver approximately at day 
70 of gestation and increase in number through pregnancy to reach a peak 3 to 7 days 
before parturition (Freemark et al., 1986). These sites are also found in maternal liver 
during gestation as well as in neonatal liver for more than 1 week postpartum. Freemark 
and coworkers (1990) demonstrated a decreased binding of oPL to fetal liver during 
maternal fasting, and later (Freemark et al., 1992) they suggested that oPL receptor may 
be either a variant or a shortened form of somatotropin receptor. 

In trophoblastic tissue oPL is detectable at day 16-17 of gestation (Reddy and 
Watkins, 1978). In maternal blood, oPL can be detected at day 40 to 50 of gestation and 
peaks during the last trimester of pregnancy (Chan et al., 1978). These values are 
positively correlated to fetal number, milk yield and placental mass. Ovine PL fetal 
concentrations decline from mid gestation until 1 to 2 weeks before parturition. 
Although fetal sera concentration and total fetal weight were not correlated (Kappes et
al., 1992), the entry rate of oPL into fetal vasculature increases with advancing 
gestation age (Schoknecht et al., 1992).
Biological activities of oPL have been observed in ovarian steroidogenesis, maternal 
intermediary metabolism, mammary and fetal growth. Anthony et al. (1995) suggest 
that oPL acts through a structurally distinct receptor within fetus, influencing the fetal 
production of one or more insulin growth factors (IGFs) and playing an important role 
in fetal growth regulation. 

The factors that regulate secretion of oPL are still poorly understood but it is clear 
that oPL is not regulated by the same way in the fetal and maternal compartments, and 
nutritional factors seem to be involved (Byatt et al., 1992). A better knowledge about 
PL hormones probably will help to understand the metabolic way of dysfunctions 
occurring in late pregnancy, in postnatal development and milk production. 

3.2.4. Caprine Placental Lactogen (cPL) or Caprine Chorionic Somatomammotropin 

Caprine placental lactogen (cPL) was the first placental lactogen described in ruminants 
(Buttle et al., 1972). Several studies described the presence of prolactin-like and growth 
hormone-like activities in the blood of pregnant goats and several research groups 
(Becka et al., 1977; Nugent and Hayden, 1987) tried to purify this protein. Early 
nineties, cPL has been purified to homogeneity (Currie et al., 1990).

Caprine PL has a molecular weight of 22 000 and an isoeletric point of 8.35. 
Despite its purification, the primary amino acid sequence of cPL was not determined. 
Based on the close phylogenic relationship between caprine and ovine species, it is 
likely that oPL and cPL have a high percentage of amino acid sequence similarity to 
each other. Also by similarity, it seems that cPL, like oPL, is a non-glycosylated form 
of placental lactogen (Byatt et al., 1992).

(cCS)
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Caprine PL is detected from day 44 of pregnancy in jugular plasma (Currie et al., 1990)
and can be used as a late pregnancy diagnosis from the day 60 (Sardjana et al., 1988).
The level of cPL increases during pregnancy. Maximal concentrations are observed 
from mid to late pregnancy, followed by a gradual decline through the last week of 
gestation (Card et al., 1988). Caprine PL concentrations are undetectable as early as 18 
h postpartum (Currie et al., 1990). As observed for PAG, cPL concentrations are higher 
in multiple than in single gestations (Currie et al., 1990) and are directly related with 
the total weight of placentomes and with the total fetal weight. 

Placental lactogen seems to have a significant role in the control of normal 
mammary development and function in goats. Milk yield is related with the weekly 
mean of PL between week 11 and term (Hayden et al., 1979). The increase in secretion 
of PL coincides with the onset of rapid lobule alveolar development of the mammary 
gland.

3.3. PROTEINS ASSOCIATED WITH THE EMBRYONIC SIGNAL 

In some species, even before implantation, the embryo produces some “signals” which 
are recognized by the mother and induce an inhibition of luteolysis and the 
transformation of a cyclic corpus luteum into a pregnancy corpus luteum. Among these 
signals, it can be mentioned the chorionic gonadotropin (CG), a luteotropic factor 
produced by the human and equine placentas, and the interferon tau (IFN t ), the 
antiluteolytic factor responsible for the rescue of the corpus luteum in ruminant species, 
and probably, at least partially in porcine and equine species. 

3.3.1. The Chorionic Gonadotropins (CG) (see Leymarie and Martal (1993) and 
Derivaux et al. (1988) for review) 

Human and equine species have long been known to display a placental gonadotropic 
activity. As early as 1927, Aschheim reported the presence of a gonadotropic factor in 
the urine of pregnant woman and during the following year they based their famous 
method for the early diagnosis of pregnancy on this finding (Aschheim and Zondek, 
1928a,b). Due to its properties, this gonadotropic factor was later called human 
chorionic gonadotropin (hCG). Three years later, Cole and Hart (1930) showed the 
existence of a gonadotropic activity in the serum of pregnant mares. This pregnant mare 
serum gonadotropin (PMSG), after a better characterization, was called equine 
chorionic gonadotropin (eCG).

3.3. 1. 1. Human Chorionic Gonadotropin (hCG). The human chorionic gonadotropin 
(hCG) is a glycoprotein with a molecular weight of 38 400 and isoeletric points varying 
from 3.8 to 5.1. In early gestation, the synthesis of hCG increased in parallel with the 
trophoblastic activity. 

hCG is secreted by the trophoblast as soon as the blastocyst leaves its zona 
pellucida. It is first found in the maternal blood from day 8-12 after fertilization, to 
achieve maximal concentrations during the first trimester of pregnancy. Afterwards, the 
levels decrease, but are still detectable till parturition. 
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Structurally, the hCG is composed by two subunits: alpha and beta. The alpha subunit 
comprises a peptide chain of 92 amino acids with 2 oligosaccharide chains attached at 
residues 52 and 78 (Asn-52 and Asn-78). This alpha subunit is similar to the alpha 
subunits of human, ovine and porcine LH. The beta hCG subunit is very similar to the 
beta subunit of human LH. It comprises 145 amino acids, of those, 115 identical to the 
beta subunit of LH, with an additional fragment (30 amino acids) in the carboxy 
terminal side. The beta subunit contains several additional carbohydrate chains linked to 
the serines (Ser-118 or Ser-119 and Ser-131) and to the asparagines (Asn-13 and Asn-
30). Due to its high content in sialic acid, the half life of hCG (about 8 hours) is much 
longer then that of LH, estimated to be only 12 to 50 min. The biological activity of 
hCG is rapidly abolished by hydrolysis with trypsin or chymotrypsin. 

Human CG produces an effect on luteal cells of LH type which involves the same 
receptors as the hypophyseal gonadotropin. However, its action is more sustained since 
the hCG receptor complex is internalized 50 times more slowly than the LH receptor 
complex.

3.3.1.2. Equine Chorionic Gonadotropin (eCG). The equine chorionic gonadotropin 
(eCG), also known as PMSG, is specific to the mare. It represents the main luteotropic 
factor responsible for progesterone ovarian secretion until the placenta becomes able to 
carry out this progestagens secretion. 

The eCG is synthesized by the endometrial cups which are composed by typical 
trophoblastic cells with one or two nuclei. These cells release the eCG only during the 
first trimester of pregnancy (between 45 and 130 days of gestation). Initial eCG
secretion coincides with the formation of the secondary corpus luteum in the ovaries. 

Equine CG is a glycoprotein with an apparent molecular weight between 45 000 and 
64 000. Like hCG, eCG is composed by subunits alpha and beta. Its plasmatic half-life
(about 6 days) is due to its high sialic acid content (10 to 13.5%) and to the length of its 
carbohydrate chains. Contrary to the hCG, eCG was detected in urine of pregnant 
females.

The activity of this hormone presents analogies with that of the hypophyseal 
gonadotropin FSH. It can be therefore used in hormonal control programs when a FSH-
like activity is required (see chapter on superovulation). 

3.3.2. Interferon tau (IFN )

In domestic ruminants, ovarian production of progesterone is required for about 55 days
in ewes, for at least 165-180 days in cattle (Estergreen et al., 1967) and till the end of 
pregnancy in goats. In these species, rescue of the corpus luteum occurs before 
implantation (around day 15 to 22 after fertilization) and appears to be initiated by the 
release of a proteinaceous factor present in the pre-implantation conceptus. This factor, 
initially called trophoblastin (Martal et al., 1979) or ovine trophoblast protein-1
(Godkin et al., 1984), was recently officially designated as a distinct subclass of the 
interferon alpha (IFN ) family: the IFN tau (IFN ) (Charpigny et al., 1988).

The first studies that demonstrated the presence of an antiluteolytic factor produced 
by the conceptus were realized by Moor and Rowson (1966), who transferred 14-16
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days old ovine embryos to ewes during the estrus cycle, before the 12th day, and 
observed the maintenance of the corpus luteum and the interruption of the cycle. The 
following year, the same authors homogenized 14-16 day ovine embryos and injected 
the homogenate into the uterus before the 12th day of the cycle. The same results were 
obtained: maintenance of the corpus luteum and interruption of the estrous cycle. This 
phenomenon was not observed if the homogenates were obtained from 21-23 day 
embryos.

Northey and French (1980) and Humblot and Dalla Porta (1984) carried out similar 
experiments in the cow. They transferred 15- 17 days old embryos or their homogenates 
to recipients during the first 16 days of the estrous cycle obtaining the maintenance of 
the corpus luteum. 

3.3.2.1. Bovine Interferon Tau (boIFN ). The bolFN is a glycoprotein with 
approximately 172 amino acids, produced by mononucleate cells of the trophectoderm 
(Morgan et al., 1993). It is the major secretory product produced by day 16-25 cow 
conceptus. When analyzed by two-dimensional gel electrophoresis, the boIFN fell into 
two major molecular weight classes (22 000 and 24 000) with isoeletric points between 
6.5 and 6.7 (Helmer et al., 1987). The 24 000 molecular weight form is complex in 
nature whereas the 22 000 form is a single high-mannose type glycoprotein, indicating 
that these products undergo differential posttranslational glycosylations (Helmer et al.,
1988). The entire cDNA sequence of the boIFN shared 79% identity with bovine 
interferon alpha II (IFNα II) (Imakawa et al., 1989).

IFNt is produced by the trophectoderm during the phase of trophoblast elongation. 
It alters uterine release of PGF2α which results in rescue of the corpus luteum and
continued release of progesterone. The mechanism of action of IFN includes inhibition 
of oestradiol receptors, consequent reduction in oxytocin receptors, activation of a 
cyclooxygenase inhibitor, and a shift in the prostaglandins to favour PGE2 over PGF2

which also induces several endometrial proteins that may be critical for surviving of the 
developing embryo (Hansen et al., 1999).

3.3.2.2. Ovine Interferon Tau (ovIFN ). In ewes, ovIFN is produced transiently and 
when introduced into the non-pregnant female uterus, extends corpus luteum life only 
for a short period of a few days in most ewes, although a functional corpus luteum can 
persist much longer in others (Martal et al., 1979; Godkin et al., 1982).
Martal et al. (1979) were the first to suggest that the antiluteolytic factor produced by 
the ovine conceptus was a termolabile protein of trophoblastic origin. This protein 
contains 172 amino acids (Imakawa et al., 1987; Roberts et al., 1991) and presents a 
molecular weight of 20 000 (Godkin et al., 1982). Its mRNA is expressed during a 
relatively short period (11 to 22 days) (Charlier et al. , 1989) that corresponds closely to
the time at which the embryo acts to extend luteal lifespan. The highest level of mRNA
expression was observed on the 22 days of pregnancy (Hansen et al., 1988). There is a 
greater structural identity between ovine and bovine IFN (85%) than between this 
protein and the closest homologous IFN omega (70%) (Charlier et al., 1991).
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Like boIFN the ovIFN binds receptors on the uterine endometrium (Bazer, 1989) and 
seems to suppress transcription of the estrogen and oxytocin receptor genes to block 
pulsatile release of PGF2 (Godkin et al., 1997).

3.3.2.3. Caprine Interferon Tau (caIFN ). IFN molecules have also been identified in 
caprine species (Gnatek et al., 1989). Two classes of proteins (17 000 and 22 000-24
000) (Guillomot et al., 1998), each with different isoeletric points, were identified from 
goat conceptus culture medium (Baumbach et al., 1990b). The goat IFN is present in 
the trophoblastic cells as early as day 14 and until day 17. However, by day 18, as 
implantation proceeded, goat IFNτ is no longer detected suggesting that, in this species,
other factors need to be present by day 18 to take over a role in the maintenance of 
luteal function (Guillomot et al., 1998).

3.3.3. Early Pregnancy Factor (EPF) 

Early-pregnancy factor was first discovered in the early stages of gestation by use of the
rosette inhibition test (Morton et al., 1979). Despite several attemps, the use of this 
assay is not yet reliable as a current pregnancy diagnosis test in animal species (Takagi 
et al., 1998).
Recently, it was observed that approximately 70% of the amino acid sequence of EPF 
are identical to that of rat chaperonin 10, a member of the highly conserved heat-shock
family. Investigations with the latter confirmed that chaperonin 10 is the moiety in 
pregnancy serum which initiates response in the EPF bioassay (Cavanagh and Morton, 
1994). As well as being a monitor of the presence of a viable embryo (Shu-Xin and 
Zhen-Qun, 1993), it is necessary for embryonic survival. In this capacity it acts as both 
an immunosuppresant and growth factor (Morton et al., 1992; Morton, 1998). 
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Abstract

The embryo transfer (ET) is a technique of increasing both commercial production and 
genetic potential in livestock. The ET provides a rapid rate of improvement of the
genetic quality offering access to the highest-quality genetics at a lower cost than
purchasing a live animal. Techniques inducing superovulation are used in conjunction
with ET to expedite the propagation of animals with genetic merit for desirable traits. 
The considerable variation in superovulatory response as well as the fact that the 
percentage of the superovulated donors do not produce transferable embryos, are the 
major limiting factors to the routine application of ET techniques. This review discusses 
the most commonly used protocols for induction of superovulation in domestic
ruminants and focuses on the current understanding of factors affecting the 
superovulatory response and on the new approaches to reduce the variability in the
superovulatory response. 

1.Introduction

The main purpose of embryo transfer (ET) in domestic ruminants is to spread the 
genetic quality of livestock production for desirable traits. Although the basic
procedures employed in ET are now well established, there is considerable scope for 
improvement of ET technology in various areas. 

Superovulation plays an important role in the ET programs. It aims at inducing a 
high number of ovulations and a high yield of embryos of good quality. One of the
more problematic aspects of the ET procedure is the variable response by the donor to 
superovulatory treatment and the percentage of embryos available for transfer from
each donor. Despite much attention, little progress has been made during the last years,

209

R. Renaville and A. Burny (eds.), Biotechnology in Animal Husbandry, 209-223.
© 2001 Kluwer Academic Publishers. Printed in the Netherlands.



González F., Calero P. and Beckers J.F 

and the injection of exogenous gonadotrophins is still the only practical means of 
producing multiple ovulations from donor (Armstrong, 1993). 

2. Superovulation in Cattle 

The principle of superovulation in cattle is basically simple: to induce more ovulations 
than normal rate by giving a gonadotrophin stimulus (at critical moments of follicular 
development), followed by control of luteolysis, synchronous ovulation, high 
fertilisation and early embryonic development rates. The majority of donor cows will 
give the best superovulatory response if superovulation treatment is established between 
days 8 and 14 of the cycle. Therefore, the donor cow must always be examined prior to 
treatment to detect any abnormality and to establish the presence of a normal, functional 
corpus luteum (Mapletoft, 1986). 

Although used widely in standardised protocols, superovulation is still not a well-
controlled technique. The superovulation treatments usually yield an average of 6 
transferable embryos, but this technique continues to be associated with variable and 
unpredictable responses in ovulation rates and recovery of transferable embryos 
(Armstrong, 1993). Normally, no transferable embryos are recovered from about 20 
percent of donors and only 1 to 3 transferable embryos are obtained from another 20 
percent. An ideal response of 5 to 12 good quality embryos is obtained from about one-
third of the donors (Seidel & Seidel, 199 1; Greve et al., 1995; Callesen & Greve, 1996). 

The preparations to induce superovulation include: equine chorionic gonadotrophin 
(eCG) derived from the serum of pregnant mares (usually called pregnant mare’s serum 
gonadotrophin, PMSG); extracts of domestic animal pituitaries, particularly those of the 
pig, of various degrees of purity and FSH to LH ratios; recombinant FSH; and 
gonadotrophins of pituitary origin extracted from human post-menopausal urine 
(human menopausal gonadotrophin, hMG) (McGowan et al., 1985).

2.1. PMSG

The pregnant mare’s serum gonadotrophin (PMSG) is a glycoprotein that produces both 
FSH and LH biological effects. Due to its high content of carbohydrate side chains and 
sialic acid, PMSG has a very long half-life of about 5 days (Schams et al., 1978).
Traditionally, a single dose of 1500 to 3000 IU of PMSG during the mid-luteal phase of 
the estrous cycle has been used to superovulate cows. A luteolytic dose of prostaglandin 
F2 or an analogue is administered 2 to 3 days later. The donor is expected to show heat 
signs 2 days after prostaglandin injection. The result is an interval of about 4 days
between starting PMSG treatment and the onset of oestrus. 
The advantage of using PMSG for superovulation is its availability in large quantities 
for a low cost and that it can be used in countries where the import of certain porcine 
products is banned. PMSG can be also administered, as a single dose compared with the 
multiple injections normally required when using pituitary preparations (Alfuraiji et al.,
1993).
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Both the long half-life of PMSG and its LH activity might produce adverse effects on 
superovulatory response, particularly on the quality of embryos. The long half-life of 
PMSG often induces extrafollicular growth during the first follicular wave post-
ovulation, with a resultant increased estradiol secretion that persists during the post-
ovulatory period. This may have a deleterious effect on early embryonic development. 
To minimise the adverse effect of PMSG on fertilisation and embryonic development, 
the injection of an antiserum against PMSG has been proposed (Bouters et al., 1983).
The PMSG-antiPMSG treatment resulted in better superovulatory responses, including 
higher ovulation rate, decreased number of unruptured follicles and decreased number 
of cysts. Recent data suggest that the time of administration of the PMSG antibodies in 
relation to the time of occurrence of the LH surge is of crucial importance (Vos et al.,
1994). Neutralisation of PMSG at any time before the LH surge, worthy interferes with 
the normal stimulation of follicles. The administration of the anti-PMSG serum shortly 
(6 to 8 hours) after the preovulatory LH surge, decreases the excessive follicular 
development subsequent to PMSG injection, and therefore results in an increase in the 
ovulation rate and the number of normal embryos recovered (Dieleman et al., 1993).

2.2. FSH 

There is evidence supporting that a higher and more consistent response can be 
obtained with FSH preparations than with PMSG. The most widely used procedures 
consists of administrating two daily injections of FSH at approximately 12-hours
intervals over a 4-day period, more frequently in decreasing doses. The half-life of FSH 
is believed to be approximately 5 hours (Demoustier et al., 198S), which justifies the 
multiple injection protocols. Over the last years, the most common protocol for 
superovulation with FSH was 5, 5, 4, 4, 3, 3, 2 and 2 mg with prostaglandin F2 or an 
analogue. The latter is given simultaneously to the 5th or 6th injection of FSH to induce 
the lysis of the donor's corpus luteum (Mapletoft, 1986). 

One of the main factors influencing the effectiveness of superovulation is the quality 
of the gonadotrophin preparation used. Especially the proportion of FSH/LH plays an 
important role, since it controls the growth of the ovarian follicles. The activity ratio of 
LH to FSH preparation used affects the response, with the higher LH content of the 
gonadotrophin preparation generally resulting in a lower superovulatory response 
(Kelly et al., 1997). According to Murphy et al., (1984), the LH must be present in 
preparations used for superovulation with a FHS:LH ratio of approximately 5: 1 .

The recombinant bovine FSH (rbFSH) has been shown to posses high biological 
activity. Wilson et al., (1993) concluded that the embryo production with rbFSH
appears to be comparable with data in the literature for other superovulatory 
compounds, but embryo quality seems to be increased using rbFSH when compared 
with data from superovulation with pituitary FSH. 

Although reducing the number of injections of FSH results in decreased 
superovulatory responses, superstimulation with a single subcutaneous injection of FSH 
has been reported with encouraging results.Probably the FSH dissolved in 
polyvinylpyrrolidone is capable of achieving a similar profile to that obtained with 
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conventional multiple-injection procedure (Yamamoto et al., 1993; Takedomi et al, 
1995; Satoh et al., 1996).

2.3. OTHER HORMONES 

The availability of recombinant bovine somatotrophin (rbST) led to its use in 
combination with FSH treatment, being a co-gonadotrophin. Herrler et al., (1994)
found that the co-treatment with rbST enhances the superovulatory response and 
embryo yield, when Gray et al. (1993) did not confirm these data. 
The hMG is a protein purified from urine collected from menopausal women; at 
presents both FSH and LH activities. Sugano et al. (1995) showed that 600 IU of hMG
administered twice daily over a 3-day period produced a recovery rate of high quality 
embryos higher than that obtained following treatment with 20 mg of FSH. More 
recently, it was described that superovulation can be adequately induced using only one 
injection of 450 to 600 IU of HMG in polyvinylpyrrolidone (Sugano and Shinogi, 
1999)

Treatment with a horse anterior pituitary extract (HAP) was found to be an 
acceptable alternative to FSH, but there is no reduction in the variability of the 
superovulatory response (Staigmiller et al., 1992).

2.4. FACTORS AFFECTING SUPEROVULATORY RESPONSE 

2.4.1. Follicular Status 

Evidence exists that the large variation in superovulatory response may be due in part to 
the differences in the developmental stage of follicles present in the ovary at the 
beginning of treatment (Monniaux et al., 1983; Bungartz and Niemann, 1994). 
Consequently, considerable attention has been given over the last several years to 
controlling follicular development so that it can be appropriately synchronised with 
ovarian superstimulation protocol (Bo et al., 1993). According to Lussier et al. (1995),
the presence of a dominant follicle when gonadotrophin treatment is initiated reduces 
the superovulatory response. Therefore, the time at which the superovulatory treatment 
provides the best results, is at days 9 to 13 of the estrous cycle, when the dominant 
follicle has reached its maximum size and the next dominant follicle has appeared 
(Gordon, 1996). 

Likewise, the presence of a large follicle does not indicate functional dominance and 
it may or not influence the ovarian response to superstimulation. Furthermore, any 
effect of a dominant follicle may be influenced by its relation with other factors yet 
undefined (Staigmiller et al., 1995). Anyway, it seems clear that the synchronization of 
the follicular wave development may be useful in improving the effectiveness of 
superovulatory treatments. This synchronisation can be reached by GnRH injection 
(Kohram et al., 1996) or by combination of progestagen and estradiol treatment (Bo et
al., 1995; Duffy et al., 1995).
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2.4 2. Age and Breed of Donors 

According to Hasler (1992), age was not considered to be a determinant factor in the 
superovulatory response nor in the viability of the embryos produced in cattle. 
However, Lerner et al. (I 986) indicated that the maximal superovulatory response 
occurs at 5-6 years, followed by a decrease in superovulatory response related to a 
reduction in the number of follicles sensitive to gonadotrophin stimulus in older cattle. 
The cause of minor superovulatory response in aged cows could also be related to 
different reproductive disorders (Desaulniers et al., 1995). In relation to differences 
among breeds, animals with a higher natural ovulation rate normally show a greater 
superovulatory response (Synder, 1986). According to Breuel et al. (1991), there are 
cattle breeds such as Simmental that might be more sensitive to gonadotrophin 
stimulation than other breeds such as Angus, Charolais and Hereford. 

2.4.3. Extrinsic Factors 

In the matter of seasonal effects on the superovulatory response, evidence has been 
conflicting. While several authors found that season had a significant effect on 
ovulation rate and embryo yield (Hasler et al., 1983; Agarwal et al., 1993), others did 
not find a consistent effect of season on ovarian response (Massey and Oden, 1984; 
Shea et al., 1984). The existence of many factors involved in the superovulatory 
response and the variation of the weather pattern among years and regions, makes 
difficult an accurate evaluation of the effect of season on the superovulatory response. 
However, it is well known that the stress of cows during a superovulation programme 
results in a significant decrease in ovulation rate and early embryo survival (Dobson 
and Smith, 1995; Freytag et al., 1995). Consequently, the thermal stress associated with 
elevated ambient temperature has been associated with the recovery of a higher number 
of abnormal and retarded embryos as compared to the number recovered from animals 
maintained in a thermoneutral environment.

Inadequate nutrition impairs reproductive performance in cattle, and its adverse 
effects may be due to hormonal disturbance (Schillo, 1992). Normally, selected donors 
will have an adequate level of feeding, but the possible nutritional influences on 
superovulation are poorly understood. Several reports did not find a significant 
relationship between feed regime and the number of embryos recovered after 
superovulatory treatment (Delacharlerie et al., 1995; McEvoy et al., 1996). Similarly, a 
negative effect of excessive subcutaneous fat depots has been noted in donors 
(Bielansky and Yadav, 1990), and an excessive feeding has been associated with a 
reduction in the yield and quality of embryos (Blanchard et al., 1990). A recent study 
indicates that excessive concentrate intake reduced the superovulatory response and had 
a negative influence on the quality of embryos following superovulation, probably 
through changes in the number of available follicles or the sensitivity of follicles to 
FSH (Yaakub et al., 1999).
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3. Superovulation in Sheep and Goats 

Although ET has been used more frequently in sheep than in goats, the procedures that 
have been employed are essentially similar. The induction of superovulation follows 
much the same lines as those employed in cattle. The donor female goats receive a 
gonadotrophic preparation either near the end of the luteal phase of the cycle or around 
two days before the end of a progestagen treatment which is employed to control 
oestrus.
The two most widely used gonadotrophin preparations in current use for superovulation 
are pregnant mare serum gonadotrophin (PMSG) and follicle stimulating hormone 
(FSH), but other hormones such as horse anterior pituitary (HAP) extracts and human 
menopausal gonadotrophin (HMG) have been also used for superovulation treatments. 

3.1. PMSG 

The PMSG molecule is able to induce follicle growth, oestrogen production, ovulation, 
luteinization and progesterone synthesis (Bindon and Piper, 1982). Greater 
effectiveness of PMSG in terms of FSH activity is due to its longer biological half-life,
which leads to require only one application. PMSG is administered as a single 
subcutaneous or intramuscular injection given 1 or 2 days prior the last synchronisation 
treatment at a dose of 750 to 2000 IU (Armstrong et al., 1983).

Treatments based on PMSG administration provide a high superovulatory response 
but the number of good quality embryos obtained following superovulation is too low
to be acceptable for commercial embryo transfer (Pendleton et al., 1992; Kiessling et
al., 1986). Several factors could explain the lack in the embryo's quality. Results 
obtained by Moor et al. (1985) in sheep and Kumar et al. (1990) in goats confirm that 
PMSG causes excessive follicular steroid secretion (predominantly estrogens) which 
can alter the endogenous endocrine environment, thereby disrupting sperm and gamete 
transport, oocyte maturation and early preimplantation embryo development. Moreover, 
the ovarian stimulation with PMSG in sheep ad goats decreases when females are 
repeatedly treated, and this is related to the presence of anti-PMSG antibodies (Roy et
al., 1999). Despite the now well-recognised failures in using PMSG in superovulation, 
reports continue on its use in the goat, probably for reasons related to cost and 
availability.

The adverse effects of PMSG (prolonged action, which may result in a second 
postovulatory wave of follicle growth and high levels of oestrogen production by 
follicles), can be minimised if oestrogen concentrations are reduced by neutralising
PMSG after initial follicle stimulation. This can be achieved as in cattle by injection of 
anti-PMSG, to improve ovarian response and the yield of transferable embryos (Jabbour 
and Evans, 1991; Martemucci et al., 1995).
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3.2. FSH 

The FSH is the gonadotrophin most frequently used, providing the best results in small 
ruminants. Both in sheep and in goat, FSH treatment results in high ovulation rate and 
better quality embryos per donor than treatment with PMSG. 
Currently, FSH is administered at 12-hours intervals in decreased or constant doses for 
3-4 days starting two days before sponge withdrawal or implant removal, and around 
the time at which prostaglandin F2 is administered. The dose of total FSH administered 
varies from 16 to 20 mg Amour depending on type of FSH preparation and genetic 
features of the sheep and goats donors (Baril et al., 1993).

Commercial pituitary FSH preparations became available for use in ET 
programmes. In the last years it was demonstrated that porcine FSH could exhibit a 
wide range in the ratio of FSH to LH activity and that a high LH content adversely 
affected the ovarian response, fertilisation rate and embryo quality in sheep and cattle 
(Chupin et al., 1987). Recently, highly purified ovine and porcine FSH were made 
available. However, it appears to be clear justifications for administering an ovulating 
hormone as part of a superovulation regimen as this increases the ovulation rate and the 
number of embryos. Several experiments carried out with sheep during the non-
breeding season suggested that a decreasing ratio FSH to LH during the last injections 
seems to improve superovulatory response (D’Alessandro et al., 1996; Cognie, 1999). 
In goats, Nowshari et al. (1995) suggested that supplementation of FSH with 
approximately 40 percent of LH seems to be close to the optimum in ovulation rate and 
number of transferable embryos. 

It was attempted to reduce multiple FSH injections to a single administration of the 
gonadotrophin being dissolved in polyvinylpyrrolidone (PVP), a long acting vehicle, to 
save time and labour with the FSH (Dattena et al., 1994) or by a single normal injection 
of FSH (Meinecke-Tillmann et al., 1993; Peebles and Kidd, 1994). A similar 
superovulatory response was found with these alternatives when compared to that with 
multiple injections of FSH. 

Many comparisons have been made between PMSG and FSH in the superovulatory 
response in sheep and goat. Several authors observed that mean ovulation rate and 
number of transferable embryo were slightly higher in FSH than PMSG treated females. 
Furthermore, there is a higher percentage of large follicles which failed to ovulate and 
incidence of premature luteal regression in the PMSG-treated than in FSH-treated goats 
(Mahmood et al., 1991; Pendlenton et al., 1992; Rosnina et al., 1992).

3.3. FSH PLUS PMSG 

An alternative approach to induce superovulation is the administration of a single dose 
of FSH together with a low dose of PMSG. Thus, the use of PMSG associated with FSH 
can allow reduction in dose and number of injection of FSH (Maxwell and Wilson, 
1989). The administration of a moderate dose of PMSG (400-800 UI) did markedly not 
increase the oestrogen production, but produced a prolonged gonadotrophic ovarian 
stimulation (Baril et al., 1993).
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In sheep, it was reported that a higher proportion of donors showed a higher 
superovulatory response when PMSG was used in conjunction with porcine FSH 
(Jabbour and Evans, 1991; Ryan et al. 1991). In goats, the protocols based on a single 
injection of FSH combined with PMSG may give results similar to protocols based on 
multiple doses of FSH (Batt et al., 1993). On the contrary, others did not find benefit in 
a combined gonadotrophin treatment. Cseh and Seregi (1993) compared the efficiency
of PMSG alone and PMSG plus FSH and did not found significant differences, either in 
ovulation rate or in transferable quality embryos. Similarly, Boland et al. (1993) did not
record advantage in using a combined PMSG plus FSH treatment when compared with 
FSH alone. 

Finally, Peebles and Kidd (1994) induced the superovulatory response in Cashmere
goats by a single injection of FSH with or without PMSG: not all the goats showed an 
ovarian stimulatory effect, the authors found no difference between these treatments. 

3.4. OTHER HORMONES 

Horse anterior pituitary extract (HAP) has been used for ovarian stimulation in sheep 
and goats, giving similar results to those obtained with conventional protocols. In 
Angora goats HAP was as effective as PMSG in inducing superovulation, when 
administered as three subcutaneous injections on consecutive days starting one day 
before ending the synchronising treatment. In goats, the rates of recovery of embryos 
and of fertilisation following PMSG treatment were lower than with HAP (Moore and 
Eppleston, 1979). 

Human menopausal gonadotrophin (hMG) was demonstrated to provide a 
superovulatory response as well as a rate of transferable embryos comparable to FSH 
(Schiewe et al., 1990; Baldasarre et al., 1992). Even, it has been reported that hMG
induced a significantly higher ovulation rate as well as better embryo quality than did 
FSH (Stefani et al., 1991).

In order to improve the synchronisation of the ovulation of the follicles stimulated 
by treatment with FSH or PMSG, several workers administered GnRH after 
progestagen sponge removal. Walker et al. (1989) noted in ewes that use of GnRH in 
embryo collection programs appears to be justified and is likely to improve embryo 
yields owing to improved rates of fertilisation. The timing of GnRH 24 hours after 
progestagen treatment was the preferred time in ewes treated with PMSG while 36 
hours was preferred in ewes treated with FSH. Krisher et al. (1994) found a 
significantly higher ovulation rate in goats treated with GnRH administered 24 hours 
after implant removal than in untreated goats. Akinlosotu and Wilder (1993) observed 
in non cyclic goats treated with the FSH and GnRH treatment regimen, an increased 
follicular development, ovulation rate and higher blood progesterone levels. Moreover, 
GnRH treatment improves embryo quality. Parallel, some authors have established 
evidence of increased embryo production in superovulated ewes pre-treated for two 
weeks with a GnRH agonist (50 µg per day, Buserelin). This pretreatment reduces the 
ovarian activity before the initiation of gonadotrophin treatment (Briois et al., 1992).
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3.5. FACTORS AFFECTING SUPEROVULATORY RESPONSE 

3.5.1. Premature Regression of CL

One of the limitations of these superovulatory treatments is the early regression of 
corpora lutea in 10-35 percent of the treated females, about 6-8 days after estrus. The 
main causes of this premature luteal regression still remains unknown (Chemineau et
al., 1999). This phenomenon affects a varying number of females, from which no 
embryos or non-viable embryos showing clear degenerative features are collected. 
Embryo recovery rates are often reduced, and this is thought to be associated with 
abnormal tubal transport of embryos (Pintado et al., 1996).

It has been shown how endogenous secretion of prostaglandins is involved in 
premature regression of CL, but other factors such as high progesterone and estradiol 
levels at the onset of estrus might also contribute (Ishwar and Memon, 1996). Low body 
condition score, could be one of the reasons of such luteal regression (Chemineau et al.,
1999).

In sheep, it has been suggested that exogenous prostaglandin administration during 
superovulation treatments could also be a cause of this disorder (Schiewe et al., 1990).
However, Pintado et al. (1996) concluded that in the superovulated Murciano goats, the
administration of prostaglandin F2 did not increase the number of animals showing 
premature luteal regression. 

3.5.2. Age and Breed of Donor 

Some workers have examined the influence of age in donor sheep and goats. Dingwall
et al. (1993) reported that embryo quality and survival were lower in the younger sheep. 
Wolf and Mylne (1994) found no differences in ovulations and embryo recovery for 
aged Texel ewes and yearling sheep, but embryo quality and survival tended to be 
lower in the younger donors. Mahmood et al. (1991) demonstrated that the 
superovulatory response (number of corpora lutea) and the embryo recovery rate was 
better in the higher age groups (4 to 6 years) than younger goats (1.5 to 3 years). 

It is known that some breeds are more responsive to gonadotrophins than others. 
Differences among sheep breed are reported, with very higher rate superovulatory 
response in Romanov-Prealpes, Merino and Ile de France ewes than in Prealpes and 
Romney Marsh ewes (Armstrong and Evans, 1983; Torres and Cognie, 1984; Cognie et
al., 1986). In 1987, Nuti et al. superovulating Alpine and Nubian donor goats showed 
that the percentage of females responding to superovulatory treatment was higher in 
Nubian than in Alpine goats. On the contrary, Kiessling et al. (1986) found no breed
differences for FSH and PMSG superovulated Saanen, Alpine, Nubian, and La Mancha 
goats.

3.5.3. Season and Nutrition 

López et al. (1990), working in Spain with Manchega ewes recorded that a dose of 16
mg FSH in decreasing doses yielded a mean of 4.2 viable embryos, regardless of time 
of year when the ewes were treated. 
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In a study with five breeds of sheep that were either superovulated in the breeding 
season or during the anoestrous, ovulation rate was found to be significantly higher in 
the non-breeding than in the breeding season (Greaney et al., 1991).

Rosnina et al. (1992) working in Malaysia reported that a tropical breed could be
superovulated throughout the year with a decreased response during the dry months. 
However, this seasonality seems to be more related with feeding level and body 
condition; those factors might have contributed to the better superovulatory response 
during the rainy months of the year. 

In goats, Baril and Vallet (1990) used Alpine goats synchronised with vaginal 
sponges of FGA and superovulated with porcine FSH during and out of the breeding 
season. They found a similar ovulation rate. However, in the 20 % of the goats treated 
in anoestrus all the CL were regressing. Senn and Richardson (1992) observed that a 
significantly higher number of viable embryos could be obtained from Nubian does 
when treated for estrus synchronisation and superovulation early in the breeding season 
than late in the season. 

A study carried out by McEvoy et al. (1995) showed that the flushing of the 
superovulated ewe before mating did not increase ovulation rate; on the contrary, by 
adversely affecting preovulatory progesterone levels, high plane feeding potentially 
incurs serious failures in terms of embryos development and survival. Despite 
controversial effects were reported, it appeared that the body condition score has a 
significant effect on ovulatory response and embryo yield (Boland et al., 1993).

Jabbour et al. (1991) demonstrated a beneficial effect of supplementary lupin grain
feeding in reducing the incidence of premature luteal regression in superovulated 
Merino ewes. Therefore, a poor feeding regime during superovulation can lead to the 
premature regression of corpora lutea. 

4. Conclusions 

In embryo transfer, success depends on knowledge, practice and constant attention to 
detail. By the way to optimize and improve the general reproductive physiology and 
management, researchers may bring one hope to reduce the incidence of donors that do 
not produce transferable embryos (Greve et al., 1995). Future research to reduce the 
variability in the superovulatory response should focus on the effects of gonadotrophin 
treatments on oocyte maturation and follicular development as well as the use of 
alternative protocols for superovulation (Cognie, 1999). Since controlling the follicular 
growth could minimize the variability of the ovulatory response, new methods to 
synchronize ovarian follicular development may offer the possibility to develop 
superovulatory programs at random stages of the estrous cycle and under optimal 
conditions for embryo production (Guilbault et al., 1996). Methods for oocyte 
collection in unstimulated donors by ultrasound-guided aspiration, in vitro maturation 
of oocytes, and in vitro fertilisation (TVF) with subsequent laboratory embryo 
production, have been proposed. If these procedures prove widely applicable for 
embryo yield under field conditions, they could have a major impact on the future 
practice of ET, including the decrease of the dependence on superovulation (Armstrong, 

218



Induction of superovulation in domestic ruminants 

1993). During the next decade, the practionners and researchers will be able to compare 
the different techniques (multiple ovulations and ovum pick up combined with in vitro 
fertilisation) in animal production and genetic studies. 
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Abstract

Since a long time, sex preselection has been a goal of the dairy and meat industry to 
increase the rate of response to selection, to reduce the cost of progeny testing for elite 
males and to produce desired specialized and genetically superior offsprings. Over the 
past 10 years, the technology has been further developed and proven effective for sex 
preselection based on the fact that thousands of animals have been born. New 
biotechnology methods authorize sexing of preimplantion embryos using Y-
chromosome-specific primers and PCR amplification. More recently, the successful 
separation into predominant X and Y sperm populations by the high-speed flow 
cytometric method opened a new window in the control of mammalian reproduction. If 
it has yet to optimize some aspects of sorted spermatozoa (capacitation, the acrosome 
reaction) compared with unsexed sperm, this technology can be used by the livestock 
industry to achieve sex selected progeny to fit a particular market application. 

1.Introduction

Two general mechanisms of sex determination have been identified among 
gonochoristic vertebrates: environmental sex determination where offspring become 
male or female in response to an environmental factor(s) during development (for 
example, some fishes and reptiles); and genetic sex determination where sex is 
determined by genotype at conception (as in birds and mammals). 

Over the past century, scientists have learned to manipulate that cardinal 
characteristics of life, reproduction, with powerful techniques like artificial 
insemination, contraception, embryo transfer, cryopreservation and cloning by nuclear 
transfer. Interest in this area, probably starting with semen storage technology was 
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revolutionized approximately 50 years ago by the discovery that glycerol could act as a 
cryoprotectant. This important observation enabled spermatozoa to be frozen, stored for 
prolonged periods, and then used successfully for artificial insemination. 

However, in animal husbandry, pre-selection of sex prior to conception will 
dramatically impact a farmer’s productivity and income because in each of the chosen 
target industries there is a strong preference for one sex over the other. For example, the 
dairy industry must have females to produce milk whereas the beef industry prefers 
males for their higher feed efficiency and muscle mass. For pork production, females 
are preferred for their higher quality and lower cost of production. There are other 
advantages that result in faster improvement of the genetic quality of breeding herds 
which, in turn, results in greater productivity and better quality. 

Sex preselection is one of the most sought after biotechnology of all times. The hunt 
has been on for several decades to find the scientific breakthrough that will allow one to 
use spermatozoa which will produce offspring of the desired sex (commonly called 
sexed semen). Several reviews have been written on this subject (Kiddy and Hafs, 1971 ;
Gamer et al., 1983; Bradley, 1989; Amann, 1999). Methods for sexing preimplantation 
embryos range from karyotyping to identification of Y-chromosome-specific DNA 
using the polymerase chain reaction. However, using this approach, sex is not selected, 
unless one uses the inefficient route of selective abortion. 

Through the past years, the Beltsville Sperm Sexing Technology (Johnson, 1997) 
has consistenly shown that offspring of the predicted sex can be produced when it is 
applied to rabbits (Johnson et al., 1989), swine (Rath et al., 1999), cattle (Cran et al.,
1995) or human (Sills et al., 1998). The results have shown an average of 90% of the 
predicted sex. Flow cytometric sperm sorting for sex preselection is now a tool that can 
be used by the livestock industry to achieve sex selected progeny to fit a particular 
market application. In this mini review, some of these aspects will be developed. 

2. Factors Affecting Sex Ratio

Considerable folklore particularly in humans has arisen regarding preconception 
methods to manipulate animal sex ratio including suggestions that the ingestion of 
sweet foods will increase the chances of having a female, whereas the ingestion of sour 
foods will produce males. For exemple, in pigs, Toriumi et al. (1993) reported on the 
effect of a Ca/P-enriched diet (2.15% Ca and 1.28% P) on the sex ratio; the male:female
ratio for sows receiving a standard and enriched diet was 0.89 and 1.32, respectively. 
However, in theory, since the testes produce an equal number of X- and Y-bearing
sperm, there should be an exactly equal number of males and females born in mammals. 
In fact, this is not observed due to a variety of environmental or physiological factors 
(such as litter size, maternal age, nutrition, timing of insemination, stress, date of birth, 
and maternal parity of the previous breeding season) influencing the sex ratio of 
mammals in order to help assure survival of the species. 

Sex steroid hormones were found to have potent effects on sex determination and 
sexual differentiation in various fishes and, to a lesser extent birds (Crews, 1994). 
However, there was no evidence that these chemicals could influence gonadal 
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differentiation in mammals, although they were recognized to mediate differentiation of 
accessory and secondary sex characteristics. Indeed, conventional wisdom holds that 
steroid hormones play no role in sex determination in mammals, and it is only 
following gonadal differentiation that steroid hormones produced by the ovaries or 
testes sculpt the characters that distinguish males from females. However, in birds and 
fishes, a naturally occurring sex reversal such as seen in experimentally induced sex 
reversal by administration of steroids can be observed (Bogart, 1987).

Distorted sex ratio, attributable to a temperature manipulation during embryonic 
development, was observed in different species including fish (Conover and Heins,
1987; Craig et al., 1996) and chicken (Romanov et al., 1994). For example, Conover 
and Heins (1 987) show that in a fish with temperature-dependent sex determination, 
populations at different latitudes compensate for differences in thermal environment 

For a number of years, the time of insemination or mating during the estrus was 
believed to influence the sex ratio of offspring. Possible mechanisms of altering the sex 
ratio include facilitating or inhibiting the transport of either X- or Y-chromosome
bearing sperm through the reproductive tract, preferential selection of sperm at 
fertilization, or sex-specific death of embryos after fertilization. In deer and sheep, 
evidence exists that early insemination results in more females and late insemination in 
more males (Ericsson and Ericsson, 1999; Rorie, 1999). In bovine, conflicting reports 
on the effect of time of insemination on sex ratio make the premise less clear and 
evidence that treatments used for synchronization of oestrus or ovulation may influence 
the sex ratio (Rorie, 1999). Dominko and First (1997) noted that, in bovine, 
maturational state of oocytes at the time of insemination affected the male:female ratio
(0.71 for immediately after and 2.52 for 8 hours after polar body extrusion, respectively 
(P0.05)). These results have been confirmed recently by Gutierez et al. (1999). In an 
experiment to evaluate the reproductive performance of heifers after estrus 
synchronization with a combination of progesterone, estradiol benzoate, and PGF2alpha

and fixed-time artificial insemination (50 h to 54 h), Xu and Burton (1999) noted that 
synchronized heifers gave birth to more female calves (53.8%) than did control heifers 
(45.7%). The time of artificial insemination also appeared to affect gender of calf: cows 
bred at 0 and 32 h having a higher percentage of female offspring (Pursley et al., 1998).
However, Rorie et al. (1999) indicate that inseminating beef cattle at approximately 20 
or 10 h before an expected ovulation does not alter the gender ratio of the resultant 
calves. This observation was also confirmed by Lonergan et al. (1 999) who reported no 
effect of the time of insemination in embryo transfer on sex ratio and by Soede et al.
(2000) who noted that sex ratio was not influenced by litter size (P>0.05), and its 
distribution was normally dispersed (i.e., as expected under a binomial distribution) in 
different intervals between insemination and ovulation (P>0.05)

3. Sexing of Preimplantation Embryos 

Available techniques for the collection and direct transplantation of embryos in 
different species are simple and efficient and could be used for the expansion of new 
lines, for increasing selection pressure in nucleus herds and for extracting healthy stock 
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from a diseased source. The efficiency of breeding schemes could be improved by the 
sexing of embryos and the possibility to identify gene markers associated with animal 
performances (figure 1) 

AB AB AA AA BB BB 

Figure 1. 
test (see Parmentier et al. (2000) for more informations on Pit-1 gene marker). 

Sexing and identification of Pit-1 gene marker by a DNA unique amplification 

The sex determination of embryos routinely used on a commercial scale is to biopsy 
embryo (a small number of cells are removed from a seven day old embryo) and to test 
for the presence of the Y-chromosome using a DNA amplification process and primers 
which are designed to allow amplification of sex specific gene i.e. like Y-chromosome
SRY (Rao and Totey, 1992; Le Bourhis et al., 1998; Kawarasaki et al., 2000),
amelogenin (Chen et al., 1999) or UcdO43 random amplified polymorphic DNA 
marker (Gutierrez-Adan et al., 1997).

This procedure is now successfully applicable in various species including bovine 
(Cotinot et al., 1991), buffalo (Rao et al. , 1993; Rao and Totey, 1993, 1999), sheep and 
goat (Rao and Totey, 1992) and porcine (Kawarasaki et al., 2000). An accuracy of 
about 95% can be reached (Bredbacka, 1998; Seidel, 1999). The pregnancy rate from
fresh sexed embryos runs approximately 5 % less than with non-sexed fresh embryos 
(50-70%) while a pregnancy rate of 50% can be achieved with frozen biopsied 
embryos (Bredbacka, 1998). 

However, this procedure is an invasive procedure that requires opening the 
protective covering of the embryo and removing a few embryonic cells to obtain the 
DNA. The embryo may not grow well after some of its cells have been removed, and 
breakage in the covering may lead to infection. Moreover, the PCR sex approach 
traditionally utilizes electrophoresis which involves the risk of DNA contamination of 
subsequent assays and misdiagnosis (Bredbacka, 1998). 
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4. Immunological Sexing 

An attractive alternative to DNA embryo sexing would be to identify an immunological 
marker confined to one sperm type and therefore, significant scientific effort has been 
devoted in examining antibodies that appear to recognize approximately 50% of
spermatozoa in an ejaculate. 

Many methods have been devised on the basis of supposed differences in various 
sperm characteristics (Windsor et al., 1993; Hendriksen, 1999). Also, numerous
schemes have been promoted on the identification of plasma-membrane protein specific 
for either X and Y sperm. In 1989, Bradley reported that male-specific antigen is 
located on both the postacrosomal region of the head and the midpiece of the flagellum. 
Using high resolution two-dimensional SDS-PAGE, Howes et al. (1 997) isolated sex 
specific proteins (SSPs) and more particularly X-specific proteins which unfortunatelly 
are not associated with the surface membrane and unlikely profitable for sexing. 

H-Y antigen is the first plasma membrane or cell surface sex-specific protein to 
which a specific organogenesis function has been assigned. Studies designed to answer 
the question wheteher or not H-Y antigen is preferentially expressed on Y chromosome
bearing sperm have resulted in conflicting results. This is probably due to the absence 
of reliable methods for estimating the percentage of X and Y chromosome bearing 
sperm in fractions, enriched or depleted for H-Y antigen positive sperm. However, 
using seven different monoclonal antibodies against H-Y, Hendriksen et al. (1993)
tested the ability of these anti-H-Y antibodies to bind to fractions enriched for X and Y 
chromosome bearing sperm by using a flow cytometer cell sorter. They concluded that 
their experiments do not yield evidence that H-Y antigen is preferentially expressed in 
Y chromosome-bearing sperm. In various experiments, Blecher et al. (1999) obtained
around 90% of male embryos with sperm sexing using antibodies against SSPs.

Finally, using a similar immunological approach, Veerhuis et al. (1994) calculated 
the accuracy of sexing bovine embryos ranged from 58% to 71% which is insufficient 
for its application in farm practise. 

The inability to detect sex-specific antigens at sperm surface suggests that further 
work on this immunological approach to semen sexing is unlikely to be profitable. 

5. High-speed Flow Cytometric Sorting of X and Y Sperm 

Intact, viable X and Y chromosome-bearing sperm populations of various species 
according to DNA content are separated with a flow cytometer/cell sorter (Morrell et
al., 1988; Hammano et al., 1999). Indeed, the most critical differences in sorting 
procedures relative to species are the differences in DNA between X and Y sperm 
within a species. Mammalian sperm are inherently different in that the X sperm carries 
from 2.8 to 7.5% more DNA than the Y sperm (rabbit (3.0%), pig (3.6%), bull (3.8%),
horse (3.7%) and sheep (4.2 %)). The narrower the DNA difference, the more care is 
required in setting the sort windows. 

In flow cytometry and cell sorting technology, the process utilizes the fluorochrome 
Hoechst 33342 to bind to the DNA. The relative DNA is measured by passing the living 
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sperm through a laser beam and collecting the light energy from the individual sperm. 
Data is acquired and used to select the particular sperm for deflection into collection 
tubes. The proportions of sorted X and Y sperm in each tube can be validated by 
reanalyzing an aliquot for DNA content (figure 2). This value is then used to predict the 
outcome of fertilization and subsequent gestation. 

Numerous improvements have been made in the sexing technology since it was first 
reported in 80s (Rens et al., 1998; Stap et al., 1998). Three aspects of instrumentation 
are especially critical to sort sperm efficiently for use in various semen-delivery
situations: the first of these is the need for a forward-fluorescence detector to replace 
the normative-light-scatter detector present on most cell sorters; a second instrumental 
factor is the nozzle through which one can control the presentation of individual sperm 
to the laser beam ; the third instrumental factor that has boosted sorting efficiency is the 
adaptation of the orienting nozzle to high-speed cell sorters. A production rate of 6 
million per h of each X- and Y- sperm fractions is achieved for routine conditions with 
the expectation of 90% or greater of one sex or the other being born (Johnson & Welch,
1999). Increasing the speed of the sexing process to make the application of the 
technology available to a larger segment of the livestock industry is paramount, even 
with insemination technology designed for small numbers of spermatozoa. In addition, 
the recent advent of ultrasound guided insemination in cattle may provide and 
opportunity to use this technology for much lower numbers of sperm per insemination 
than previously thought possible 

Figure 2. Schematic diagram of basic cell sorter modified for sperm. 

Because of the inability to obtain large numbers of sorted sperm in a short amount of 
time, the technologies use for regular artificial insemination would not be practical in 
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most domestic species. This sexing technology however is very applicable where IVF, 
intrauterine or intratubal insemination are convenient means for producing offspring. 

Artificial insemination or in vitro fertilisation using isolated populations of X- and
Y- chromosome bearing spermatozoa is now applied in rabbits (Johnson et al., 1989),
swine (Rath et al., 1999), cattle (Cran et al., 1995) or human (Sills et al., 1998). In these 
cases, sex ratios are shifted from the normal 50:50 to 85 to 90% of one sex or the other. 
Fertility rates will likely be 12 to 25% lower that with conventional semen however, all 
progeny produced have exhibited completely normal morphological appearance and 
normal reproductive function. Likewise, cattle, swine and rabbit offspring have been 
reproduced through the second generation with normal morphology and reproductive 
function (Johnson, 1997). 

Efficiency of sperm sexing could be also improved by optimization of artificial 
insemination techniques to be used with the small numbers of flow cytometrically 
separated X or Y sperm populations. Finally, no one is sure of the price, but it will 
most likely cost an extra $ 50 to $ 60 dollars per straw over and above the retail price of 
the semen. 

6. Conclusion

Economics dictate that livestock producers are under increasing pressure to produce a 
given number of progeny of the desired sex. Two techniques are presently available 
with some advantages and disadvantages. 

Using the DNA of embryos to determine their sex has been successfully 
accomplished, but it's an invasive procedure that requires opening the protective 
covering of the embryo and removing a few embryonic cells to obtain the DNA. The 
embryo may not grow well after some of its cells have been removed, and breakage in 
the covering may lead to infection. 

Currently, the only successful method for separating X and Y chromosomes-bearing
spermatozoa is fluorescence activated cell sorting. Although effective, this technique is 
of limited usefulness to the animal breeding industry as it can not produce the large 
volumes of sexed spermatozoa needed for artificial insemination. 
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Abstract

This article reviews the current state of generating genetically identical animals (clones) 
in the bovine species through nuclear transfer. In this process, the nucleus of a donor 
cell is transferred to a recipient oocyte in which the genetic material has been removed 
(cytoplast). First success have been achieved using totipotent embryonic cells as a 
source of nuclei for cloning. The different steps of the technique for embryo cloning are 
described , such as the enucleation of recipient oocytes, processing of the donor cells, 
reconstitution by micromanipulation and fusion and in vitro culture up to the blastocyst 
stage. The importance of the nucleo-cytoplasmic interactions is underlined and the 
conditions for chromatin remodelling greatly affect the development potential of the 
reconstituted embryo. The actual efficiency of embryo cloning is limited by the low 
number of nuclei available in a donor morula stage embryo. Recent research on the use 
of differentiated cells for nuclear transfer has completely reactivated the impact of 
cloning . In bovine, somatic cloning has been proven to be feasible from several types 
of cells taken on a live valuable cow or bull.This opens new possibilities for application 
in breeding schemes . Calculations indicate that the use of somatic cloning instead of 
embryo cloning from elite cows could improve by 20% the annual genetic gain in dairy 
cattle. For endangered breeds, somatic cloning could be a useful tool to maintain or 
even multiply the existing phenotypes. Furthermore sets of cloned calves can be used as 
animal models for experiments on pathology studies, reproduction or nutrition. 
However the main application of somatic cloning in cattle will be its utilisation for
improved transgenesis efficiency . Gene targetting in cultured somatic cells through 
homologous recombination becomes possible in domestic species. Using such 
genetically modified somatic cells as a source of nuclei for cloning will enable to 
produce a first generation of identical offspring which are all transgenic without 
mosaicism. Potential applications in biomedecine to produce a variety of 
pharmaceuticals in milk, or in animal production to generate cattle in which undesirable 
genes would be knocked out, are discussed. 

235

R. Renaville and A. Burny (eds.), Biotechnology in Animal Husbandry, 235–259.
© 2001 Kluwer Academic Publishers. Printed in the Netherlands. 



Heyman Y. 

1. Introduction

A clone can be defined as a set of two or more individuals with identical genetic make 
up derived by asexual reproduction from a single common parent. Such animals would 
be very useful in animal selection for the determination of the genetic component of 
zootechnical traits (Smith, 1989) or in research to reduce the number of experimental 
animals (Kubota et al., 2000). A first possibility of producing identical animals was 
achieved by splitting early embryos into two parts, but this approach is limited to 
producing 2 or exceptionally 4 identical individuals. Another strategy is provided by 
nuclear transplantation. This concept was first proposed by Speeman in 1938 in 
amphibians, he assumed that all the nuclei within an early embryo are genetically 
identical and each of them could be grafted to an enucleated recipient oocyte. This 
would result in the possibility of a large number of identical single cell embryos. In this 
process, the nucleus of a donor cell (karyoplast) is transferred to a recipient cell 
(cytoplast) from which the genetic material has been removed. Pioneer work has 
demonstrated in amphibians (Gurdon et al., 1975) that adult frogs can be obtained by 
the introduction of nucleus from cells of tadpoles into the cytoplasm of an oocyte. 
Successful cloned mammals were obtained by nuclear transfer of donor nuclei from 
early stages embryos into enucleated mature oocytes. The first farm animal to be cloned 
by nuclear transfer was the sheep in 1986 by Willadsen, followed by cattle (Robl et al., 
1987), pig (Prather et al., 1989), rabbit (Heyman et al., 1990) and goat (Yong et al.,
1991). Since a decade, embryo cloning has been developed by many groups throughout 
the world especially in the bovine species (see review Yang (1991)). 

Recent research on the use of cultured embryonic cells and then differentiated cells 
as a possible source of nuclei for cloning has completely reactivated the impact of 
cloning. The report in sheep on the birth of three viable offspring from nuclei of 
embryo-derived epithelial cells in 1996 (Campbell et al., 1996) has generated new 
insights into cloning and was followed one year later by the announcement of Dolly’s 
birth (Wilmut et al., 1997). This was really the start of the new area of somatic cloning 
in domestic mammals.This article relates the current status of the cloning technology in 
the bovine species with special emphasis on some of its potential applications for 
animal production and transgenesis. 

2. Nuclear Transfer from Embryonic Cells 

2. I. TECHNIQUE OF BOVINE NUCLEAR TRANSFER

2.1.1. Preparation of Recipient Cytoplasms 

The mature oocyte at the metaphase II stage has been proven to provide a favourable 
cytoplasmic environment for nuclear reprogramming in cattle compared to zygotic 
cytoplasm (Barnes et al., 1993; Bondioli et al., 1990). However, large numbers of 
bovine mature oocytes were difficult to obtain in vivo. Since the progress achieved in 
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the in vitro maturation (IVM) of germinal vesicle stage oocytes (Leibfried-Rutledge et
al., 1987), one of the most prominent changes in bovine embryo cloning, has been the 
possibility of using in vitro matured oocytes to prepare large numbers of recipient 
cytoplasms (Barnes et al., 1993; Yang et al., 1993). The standard procedures now 
commonly used in IVM allow use of batches of metaphase II oocytes from 
slaugtherhouse ovaries at relatively low cost. Therefore, cattle ovaries are collected at 
the slaughterhouse and transported to the laboratory in sterile buffer. Antral follicles 2 
to 8 mm in diameter are aspirated and cumulus-oocytes complexes (COCs) at the 
germinal vesicle stage are isolated. Intact COCs with several dense cumulus layer are 
selected and cultured in vitro for 22 to 24h in a maturation medium (M 199) 
supplemented with fetal calf serum, FSH, LH and estradiol-17B. Normally more than 
80% of the cultured oocytes achieve their maturation in vitro and reach the metaphase II
stage as attested by the presence of the first polar body. Immature oocytes can also be 
recovered in vivo repeatedly on the same animal using ultrasonic guided aspiration or 
Ovum Pick Up technique (OPU)(Pieterse et al., 1989).

To prepare the recipient cytoplasm, the genetic material from the mature oocyte i.e
at this stage the chromosomes of the metaphase plate and the first polar body have to 
be removed. This can be done by micromanipulation but two technical difficulties have 
to be overcome with bovine oocytes. First of all, the introduction of an enucleation 
micropipette would normally induce the rupture of the plasma membrane and lysis of 
the cell but using pretreatment of the oocyte by a drug which blocks polymerization of 
microfilaments can circumvent this problem. In the presence of cytochalasin, the 
plasmic membrane of the oocyte becomes smooth enough to allow aspiration of the 
chromosomes and collapsing without its rupture. 

The second difficulty concerning oocytes from cattle and other ruminants is the 
darkness of the oocyte cytoplasm due to its high lipid concentration. This makes the 
visualisation of the metaphase plate through the microscope very difficult. The control 
of the enucleation can be achieved by labelling the chromosomes with a specific marker 
of DNA (Hoechst dye 33342) and visualized by epifluorescence under UV light. 
However, excessive stain concentrations and/or prolonged exposure to UV light during 
observation by microscope may inhibit further development. Techniques using a very 
low concentration of Hoechst dye (0.5 mg/ml) together with a very sensitive low level 
light camera have been used so that it is possible to directly control the efficiency of the 
enucleation process by visualizing the genetic material of the oocyte in the enucleation 
pipette (Chesné et al., 1993). Recently, Dominko et al. (1999) used other vital 
fluorochromes aimed to label the tubulin spindle or DNA, and which do not require UV 
light irradiation. 

After pretreatment with cytochalasin, each oocyte freed from its cumulus cells, is 
placed on an inverted microscope equipped with micromanipulators and maintained by 
a holding pipette. With a sharp enucleation pipette, the zona pellucida is perforated and 
the first polar body plus a small adjacent volume of cytoplasm containing the 
metaphase II plate are aspirated. The enucleated oocyte can then be used as the recipient 
cytoplasm for nuclear transfer in this stage or after an activation treatment. 
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2.1.2. Processing of Donor Cells 

For embryo cloning, donor cells are generally isolated from a pre-or compacted morula 
produced in vivo or in vitro. At this stage, the embryo contains between 30 and 60 
totipotent cells which are not yet differentiated but have already junctions between 
polarised cells. Just before the nuclear transfer procedure, the zona pellucida is removed 
by pronase treatment and the morula is incubated in a calcium free medium for 15 min
to ease separation of the cells. If the dispersion of the embryonic cells is not sufficient, 
it is possible to separate them mechanically with a fine bore polished pipette. 

For somatic cloning, the donor cells are generally cultured in vitro over several 
passages during a few weeks and are of small size compared to embryonic blastomeres. 
Before nuclear transfer procedure, the monolayer of confluent cells has to be 
trypsinised in order to isolate them. This step is of importance and has to be carefully 
handled in order to maintain intact the membrane of the somatic cell for further cell 
fusion to the recipient cytoplasm. 

2.1.3. Reconstitution

Donor blastomeres or somatic cells are aspirated singly into the micropipette and 
transferred under the zona pellucida of each enucleated oocyte, in the perivitellin space.
When transfer of cells is completed, couplets oocyte-cell have to be fused to allow the 
blastomere nucleus to enter the recipient oocyte cytoplasm. This is generally achieved 
by electrofusion techniques (Zimmerman and Vienken, 1982). Therefore, couplets are 
transferred into the cell fusion solution. Generally, the fusion medium is a non-
conductive solution of mannitol 0.3 M containing calcium and magnesium. 
Furthermore, sucrose or glucose can be substituted for mannitol. The fusion chamber 
consists of two stainless steel wire electrodes mounted 0.2 to 1 mm apart on a glass 
microscope slide and connected to an electric stimulator. Alignment of the cells (oocyte 
and donor cell) such that the membranes to be fused are parallele to the electrodes is 
necessary to achieve high rates of fusion. Alignment can be done either manually with a 
pipette or using an AC field. Electro-fusion itself is achieved by DC pulses. Concerning 
field strenght and pulse duration, 1kV/cm during 50ps twice give good fusion rate when 
using embryonic blastomeres. 

An alternative to cell fusion could be direct microinjection of the donor nucleus into 
the recipient oocyte cytoplasm. The donor cell is aspirated in a narrow injection pipette 
in order to provoke the rupture of its plasmic membrane. With the same pipette, the 
oocyte cytoplasm is sucked into the pipette and the nucleus is then injected into the 
oocyte cytoplasm. Reconstitution by microinjection has successfully been achieved in 
cattle (Collas and Barnes, 1994) and in the mouse (Wakayama et al., 1998). The main 
condition is that the size of karyoplast should be very small, which is the case for 
somatic cells rather than embryonic cells. 

The main requirements for efficient nuclear transfer technique are of course specific 
equipment such as a good microforge to prepare the microtools, an inverted microscope 
equipped with epifluorescence, two micromanipulators: one for securing oocytes with 
the holding pipette and one for aspiration and cell transfer, and two aspiration syringes: 
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one for the holding pipette and the second for enucleation. A reliable electro-stimulator
system is also necessary to achieve fusion. 

The quality of the microtools, i e : cleanliness, appropriate size, diameter, 
sharpness... of the micropipettes which are commonly made from borosilicate glass 
capillary, is an important factor for nuclear transfer. Success in nuclear transfer 
experiments is of course largely dependent upon the people involved in the program. 
The micromanipulation itself requires well trained technicians with solid experience in 
embryo handling. They should be very precise and able to focus their attention for 
several consecutive hours behind the microscope. It is also important to have a good 
coordination within the team so that every step is ready on time and synchronous 
(preparation of recipient oocytes, enucleation , fusion, in vitro culture) as the final result 
greatly depends upon the cumulative efficiency of each of the techniques involved. 

2.1.4. In vitro Culture of Reconstituted Eggs

The progress in in vitro culture methods for IVF embryos during the past years has also 
benefitted the development of nuclear transfer embryos which are successfully 
developed in vitro up to the blastocyst stage in different culture systems such as SOF or 
CRl medium (Thompson, 2000) or coculture system with Vero cells. Bovine nuclear 
transfer blastocysts developed entirely in vitro have been assessed in our laboratory by 
nuclei counting and morphological evaluation using electron microscopy; they did not 
differ from control IVF embryos in terms of kinetics of development, cell number or 
degree of differentiation (Heyman et al., 1995).

2.2. NUCLEO-CYTOPLASMIC INTERACTIONS 

One of the main progress in embryo cloning by nuclear transfer concerns the recipient 
cytoplasm with the use of in vitro matured oocytes in cattle. The influence of the 
recipient oocyte cell cycle stage on DNA synthesis, nuclear envelope breakdown and 
chromatin behavior has been intensively studied (Barnes et al., 1993; Chan, 1999) 
indicating that DNA synthesis is regulated differently if the recipient cytoplasm is in 
MII or S phase at the time of fusion. 

The introduction of blastomere nuclei into enucleated young metaphase II oocytes 
results in poor development, probably due to damage induced by premature 
chromosome condensation (PCC) caused by high levels of maturation promoting factor 
activity (MPF) in such cytoplasts (Szollosis et al., 1988; Collas and Robl, 1991). 
Several authors have shown that preactivation of the recipient cytoplast before fusion 
with the blastomere resulted in the absence of chromatin condensation and a higher rate 
of in vitro development in cattle (Kono et al., 1994; Stice et al., 1994).

So, the decay in maturation promoting factor activity (MPF) in recipient cytoplasm 
was found to be favourable for nuclear remodelling of most of the embryonic donor 
nuclei which are in a high proportion interphasic in a given parent embryo. It is now 
clearly established that when the donor blastomere is fused after MPF decline in the 
recipient oocyte, the nuclear membrane is maintained and premature chromosome 
condensation does not occur and thus DNA synthesis proceeds without interruption 
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(Barnes et al., 1993). Under those conditions, nuclear swelling occurs and this 
remodelling is the result of protein exchanges between the nucleus and the recipient 
cytoplasm (Prather et al., 1990). The proportion of normal chromosome constitution of
one or two cell nuclear transfer embryos derived from preactivated oocyte cytoplasms is 
much higher than that derived from early MII oocytes (Barnes et al., 1993) and this 
could explain the higher rates of development when S-phase nuclei (which is the case 
for 80% of the nuclei in a morula stage donor embryo) are transferred to early S-phase
oocyte cytoplasms. 

For bovine oocytes several preactivation treatments have been developed in order to 
provide cytoplasms with low level of MPF at time of fusion. We have defined 
conditions in which the preparation of the oocyte cytoplasm includes enucleation of 
IVM oocytes, in vitro aging and exposure to reduced low temperature (10OC) before 
fusion (Chesné et al., 1993). Under these conditions, the development of nuclear 
transfer embryos to blastocysts did not differ from that obtained with control IVM-IVF
embryos (Heyman et al., 1994). Such oocyte cytoplasms have been characterized at the 
biochemical level in terms of phosphorylation patterns and HI kinase activities (Gall et
al., 1996). These recipient cytoplasms have initiated an interphase like stage as revealed 
by the disappearance of an 80 kD phosphoprotein and the shift of a 42 and a 34 kD
phosphoprotein to a 38 and a 32 kD phosphoprotein respectively. Such patterns are 
similar to that of activated oocytes, furthermore in these recipient cytoplasms the HI 
kinase activity has dropped to basal levels while MAPK (Mitogen Activated Protein 
Kinase) activity remained elevated. This indicates an interphase like stage of the 
recipient cytoplasm with low MPF activity before the time of fusion with the foreign 
nucleus; this is confirmed by the existence of an interphasic microtubule network which 
is clearly observed by immunochemistry on material fixed at the time of fusion (Adenot 
et al., 1997)). The disappearance of MPF activity has been described to occur in bovine 
in vitro matured oocytes about 3h after activation and preceeds pronuclear formation
(Campbell et al., 1993). Oocyte pre-activation may also be induced by electric stimulus 
(Kono et al., 1989), or chemical treatments such as ethanol/cycloheximide (Presicce
and Yang, 1994) or ionophore followed by 6-DMAP incubation (Loi et al., 1998). The 
use of a preactivated recipient cytoplasm at the time of nucleus introduction resulted in 
improved development of the nuclear transfer embryos into blastocysts in vitro [Kono
et al., 1994; Stice et al., 1994; Du et al., 1995).

2.3 EFFICIENCY OF EMBRYO CLONTNG IN CATTLE 

2.3.1. In vitro Development

Using fresh donor morulae as the source of nuclei for cloning results in blastocysts rate 
which are similar to that obtained after In vitro fertilisation (IVF). In a previous study 
(Heyman et al., 1994, 1995), we have cultured nuclear transfer embryos under the same 
conditions as control IVF embryos derived from the same batches of in vitro matured
oocytes, 30.2% of the reconstituted eggs developed into blastocysts (150/497) which
was not different from control IVF blastocyst rate 33.8% (222/657). This suggests that 
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the recipient cytoplasm plays a major role in cloning efficiency and that any progress 
in the control of in vitro maturation would benefit to the in vitro development of cloned 
embryos. Different culture systems and media are being used for the in vitro production
of blastocysts after nuclear transfer, from sophisticated coculture methods to more 
simple defined media such as SOF. Nuclei from late compacted morulae support the 
development of nuclear transfer embryos as well as that of younger morulae or early 
cleavage stages (Zakhartchenko et al., 1996). However, the percentage of blastocysts 
per donor embryo is significantly higher when using nuclei from late compacted 
morulae (15.7 ± 4.1) rather than nuclei from early morulae (9.8 ± 5.5). Furthermore at 
the time of nuclear transfer, the sex of the donor embryo can efficiently be assessed on 
a single blastomere in order to produce clones of blastocysts of the desired sex (Le 
Bourhis et al., 1998). No effect of sex of the donor nuclei on in vitro development was 
observed.

2.3.2 In vivo Development 

In vivo development of NT blastocysts after transfer to recipient uteri is still limited and 
somewhat lower than that reported for IVF embryos [34]. Increased embryonic or fetal 
mortality have been reported (Bondioli et al., 1990; Heyman et al., 1995). A survey of 
at least 200 transfers of cloned embryos in the experimental farm of our institute 
indicates a decrease of the confirmed pregnancy rate from 49.5% by day 35 of 
pregnancy to a calving rate of 31.4%. Then 80% of the calves born survived over 2
weeks after calving (Heyman et al., 1997). lt is also noteworthy that some neonatal 
anomalies such as "big calf syndrome" have been observed (Gary et al., 1994;
Behboodi et al., 1995) with different incidence according to the different laboratories 
and culture conditions (Kruip and den Daas, 1997). 

2.3.3. Overall Efficiency 

The number of calves born from nuclear transfer world-wide during the past years was 
estimated in the year 1995 to be between 1000 and 2000 in 1995 (Seidel, 1985) but has 
increased since that time. Almost all have been produced at private companies in North 
America, however, the size of the clones obtained is very limited and only 
exceptionally exceeds 5 identical animals from one donor embryo. The biggest clone 
that was obtained from embryo cloning in cattle was 11 calves using serial cloning 
(cited by Bondioli (1993)). The poor overall efficiency of the procedure is mainly due
to low pregnancy rates and to the variability encountered in the ability of nuclei from 
different donor embryos to reprogramming after nuclear transplantation. Meanwhile the 
blastocysts rate obtained in vitro is satisfactory and similar to that of IVF, the potential 
for development of such nuclear transfer blastocysts into live calves is only about 20-
30% (Westhusin et al., 1991; Heyman et al., 1994; Stice et al., 1994) which is nearly 
half of that obtained with in vitro produced embryos through IVF (Hasler et al., 1995).
From compiled data of the literature, it can be estimated that the overall efficiency of 
embryo cloning in cattle is about 10% . That means we can expect the birth of 10 live 
calves from 100 blastomere nuclei fused to recipient cytoplasms. 
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2.3.4. Limiting Factors 

Using embryo cloning, the potential number of offspring is restricted by the limited 
number of donor nuclei available in an early stage parent embryo. One way to increase 
the number of blastocysts available from one parent embryo is to recycle first 
generation nuclear transfer embryos as the nuclear donors for a second and third 
generation transfer (recloning). Experiments by Stice and Keefer (1 993) 
reported as many as 54 genetically identical bovine embryos derived from one parent 
donor morula through recloning. Birth of calves have been reported for second and 
third generation NT embryos [Bondioli, 1993; Ectors et al., 1995; Le Bourhis et al., 
1996) but pregnancy rates seem to be dramatically reduced for third generation NT 
embryos (Stice and Keefer, 1993) and to our knowledge, no term calves have yet been 
reported for bovine embryos cloned past the fourth generation. Takano et al. in 1996 
reported that NT blastocysts of fith generation were able to initiate pregnancy when 
transferred to recipients but resulted in abortion and it is suggested that the incidence of 
chromosomal abnormalities may have increased with repeated nuclear transfer and 
extension of the culture period. 

Recloning experiments however indicate a high variability between different parent 
embryos to support development by cloning, a maximum of 43 cloned blastocysts was 
produced from one morula while other donor morula yielded only 5 blastocysts after 
repeated nuclear transfer (Tanako et al., 1996). Experiments in Australia (Lewis et al., 
1998; Peura et al., 1998) combined multigenerational nuclear transfer and freezing by 
vitrification according to the open pulled straws (OPS) method (Kruip and den Daas, 
1997) and reported the production of over fifty identical embryo clones in 3 rounds of 
nuclear transfer. However, limited number of calves have been born after transfer of 
vitrified multigenerational cloned embryos to conclude on its efficiency. 

Due to the the great variability in full term development according to the parent 
embryo, it remains quite impossible to predict the number of offspring that could be 
produced from one specific donor morula, therefore the application of cloning in 
genetic programmes will greatly depend upon the improvement of efficiency of this 
technology. With the recent possibilities offerred by somatic cloning, the limitation due 
to the low number of nuclei in a morulae will no more exist as differentiated tissues will 
provide large number of donor cells. 

nuclear

3. Somatic Cloning in Cattle 

3.1. STRATEGIES FOR SOMATIC NUCLEAR TRANSFER AND CELL CYCLE 

Somatic cells, used as the source of nuclei, can be situated in four different stages of 
the cell cycle indicated as G1, S, G2 and M. The recipient cytoplasm of the enucleated
oocyte can be used either in the MII-phase (before activation of oocyte) or in the S-
phase of the cell cycle (after activation of oocyte) as described for embryo cloning. At 
the time of nuclear transfer, the donor nucleus can be in a different stage of the cell 
cycle than that of the the recipient cytoplasm, with possible consequences on the ploidy 
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of the reconstructed embryos (Campbell et al., 1996). The transfer of nuclei in S or G,
phase to non-activated cytoplasts, where a high concentration of maturation promoting 
factor is present, leads to nuclear envelope breakdown (NEBD) and premature 
chromosome condensation (PCC), resulting in damaged chromatin or tetraploidy 
respectively. At the opposite, in the strategy of fusion in an activated oocyte 
(interphase), all phases of the cell cycle of the donor cell are theoretically compatible 
with a successful nuclear transfer because neither nuclear envelope breakdown nor PCC 
occurs before the first division of the reconstituted embryos (see review by Renard 
(1998)).

3. 1. 1. Synchronisation of the Donor Cells 

To improve the matching of the donor cell cycle with that of the recipient cytoplast, the 
somatic cells can be synchronized during in vitro culture. Donor cells can be induced to 
enter the G0 phase or quiescence, by serum starvation during a short period of time 
before fusion with a MII cytoplast. Induction of quiescence in somatic donor cells is 
considered as a pre-requisite for successful1 somatic nuclear transfer in sheep (Wilmut 
et al., 1997). In cattle, Zakhartchenko et al. (1999b) could significantly improve the 
cloning efficiency by using the serum starvation of the donor cell and numerous other 
studies claim the use of G0 cells for the embryo reconstruction (Katot et al., 1998;
Baguisi et al., 1999; Wells et al., 1999). At the opposite, in other studies, no difference 
was found in the rate of blastocysts obtained either with serum starved cells or non-
serum starved cells (Hill et al., 2000; Kubota et al., 2000; Vignon et al., 2000) with 
adult cells (Table 1). For unclear reasons, it seems that the serum starvation increased 
the potential of development to the blastocyst stage only in the case of fetal cells 
(Zakhartchenko et al., 1999b; Hill et al., 2000), whereas no benefit was recorded in the 
case of adult cells (Zakhartchenko et al., 1999b; Hill et al., 2000; Vignon et al., 2000).
However, it must be mentionned that, in the majority of the cultured somatic cells used 
as donor for the nuclear transfer, less than half of the population is really in an actively 
dividing state and 60 to 80% are in the G0+G1 phases of the cell cycle. According to the 
rate of blastocysts generally obtained in cloning with somatic cells, it remains possible 
that it is just the nuclei which are issued 6om those cells that give the reconstructed 
embryos with the potential to further develop. 

New insights are given by recent experiments of mouse cloning with embryonic 
stem (ES) cells. Nuclei from ES cells taken from actively dividing culture were 
efficiently able to direct developement to term after nuclear transfer by microinjection 
in enucleated oocytes (Wakayama et al., 1999). Meanwhile it has frequently been 
emphasized that the success of cloning is dependent on nucleus donors being in the G0-
phase of the cell cycle, it seems reasonable to conclude that this hypothesis is unlikely 
to be universally true. All the groups using different methods of somatic cloning in 
cattle have reported the full term development of at least some nuclear transfer embryos 
(Table 2) and the question of whether the small proportion of cells developing into live 
animals were really in G0 remains open. 
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Table 1. 
from either non-starved or starved bovine fibroblasts.

In vitro development of bovine somatic nuclear transfer embryos derived

ReferenceCell culture Origin of Recipient cytoplast No. of Blastocysts
type cells at fusion fused embryos (%)

Interphase 116 10 (8.6) Vignon et al , 1999
Non- Fetal MII 67 8 (12) Hill et al , 2000

starved MII 174 35 (20) Zakhartchenko et a l ,
1999b

fibroblasts
Interphase 391 12 (3.1) Vignon et al., 2000

MII I02 28 (28) Kubota et al., 2000
MII 152 49 (32) Vignon et al., 2000

Interphase 275 23 (8.4) Vignon et al., 1999

Starved MII 205 80 (39) Zakhartchenko et al..

Adult MII 102 28(28) Hill et al., 2000

Fetal MII 73 31(43) Hill et al., 2000

1999b
fibroblasts

Interphase 343 12 (3.5) Vignon et al., 1999

MII 114 24 (21) Kubota et al,, 2000
MII 124 44 (35) Vignon et al., 2000

Adult MII 88 25(28) Hill et al., 2000

3.1.2 Different Somatic Cells Used 

In the bovine, successful cloning of adult animals has been achieved by using various 
type of cells issued from postnatal tissues such as skin, muscle, ovary, or even blood 
(Table 3). Due to the relatively limited number of live offspring obtained to date, the 
relationship between cloning success or failure and the origin of the donor cells cannot 
yet be established. The results suggest that in most of the tissues, at least some cells can 
be multiplied in vitro culture and can be fully reprogrammed after cloning. Since most 
of the tissues, even in old animals, contain progenitor cells which are able to divide in 
culture and which are not in a fully differentiated state, it is not yet possible to certify 
that a viable offspring obtained after nuclear transfer has been derived from a terminally 
differentiated cell rather than a stem cell or a partially differentiated cell. Thus the 
complete molecular reprogramming of mammalian differentiated cell nuclei is still a 
challenge. On the other hand, the somatic cells population might demonstrate a high 
potential for nuclear reprogramming if those progenitors (stem cells) which are present 
in immature tissues could be isolated and cultivated as ES-like cells. A number of 
tissues would then be good candidates to provide these stem cells: bone marrow, liver, 
lung, skin, intestine, but they will not be necessarily easy to collect from the donor 
animal. It should be kept in mind that the accessibility and non-invasiveness of the 
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tissue biopsy is an important condition for further application of somatic cloning from 
adult animals. 

Table 2.
derived from non-starved (proliferating) or starved (quiescent) bovine fibroblasts 

Comparative data on the full term developmental potential of embryos

Cell culture Source of Blastocysts Fetus on Offspring Reference
type cells transferred day 30 (% of

(%) blastocysts)

16 3 (18.7) 2 (12.5) Vignon et al, 1999
Non- Fetal 2 0 Hill et al., 2000

starved 7 2 (28.6) 2 (28.6) Zakhartchenko et al., 1999b
fibroblasts

18 1(5.5) 1(5.5) Vignon et al, 1999

15 0 Kubota et al, 2000

Vignon et al.. 2000

43 5(11.6) 2 (4.6) Vignon et al. , 1999

Adult 12 2 (16.7) 0 Hill et al., 2000

148 34 (22.3) 7 (4.7)

Fetal 30 5 (16.7) 0 Hill et al., 2000
Starved 16 9 0 Zakhartchenko et al., 1999b

fibroblasts
11 1 (9.0) 0 Vignon et al., 2000

15 3 (20.0) 0 Kubota et al, 2000
24 9 (37.5) 1 (4.2)

Vignon et al., 2000

Adult 14 4 (28.6) 1(7.1) Hill et al., 2000

3.1.3. Storage of Cell Lines 

A variety of differentiated cell types have now been used for nuclear transfer 
experiments, most of them have been cultured in vitro over several passages and then 
frozen before use as a source of nuclei. Meanwhile the overall efficiency of adult 
somatic cloning is still low, when there is the need to conserve domestic endangered 
breeds, it is not possible to wait a decade for the cloning technology to be developed, 
without implying a decade of further animal genetic resources erosion. In this context it 
may be urgent to sample and store cells from somatic tissues for further use as a source 
of nuclei for cloning. 

The most practical tissue to collect and store is probably skin tissue. It can be 
obtained easily and rapidly from a simple skin biopsy which is non invasive and can be 
done with very minimal health risk to the donor animal. There is now increasing 
experience available concerning the collection, culture and cryo-preservation of the 
cells. It is especially the case for fibroblast cells which are grown in vitro from skin 
biopsies taken on a live cow (Vignon et al., 2000). Generally we proceed as follows: 
after shaving a 5 by 5 cm patch of skin at the ear level and disinfection, a minimal 
biopsy of about 5 mm is cut and immediately plunged in a sterile isotonic saline and 
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kept cool (+4°C).  The sample is transported to the laboratory for the cell multiplication 
step. A primary culture is developed for about 6-8 days and then subcultures are 
performed by passage every 3 days. At subconfluence of fibroblasts, the cells are 
trypsinized for dissociation and pelleted in order to get a concentration of 10.106
cells/ml. The cell suspension is equilibrated in serum containing 10% dimethylsulfoxide 
as cryoprotectant and aliquoted in cryovials or straws before freezing and storage. Long 
term storage has to be cryopreservation in liquid nitrogen (-196°C) as no other
technology is currently available to provide the storage temperature that ensures total 
cessation of biological activity at the molecular level, i.e. lower than - 150°C. Of course 
the cryopreservation process must be totally reversible and the cells must be able to 
grow again in vitro after thawing. A better freezing efficiency is obtained when the cells 
are homogeneous and not over-diluted. In such conditions frozen somatic cell 
suspensions can be stored for years without any loss of potential which is very 
important for projects aimed at the conservation of genetic resources. 

Table 3. Developmental potential of nuclear transfer embryos reconstituted with
different sources of adult cells in cattle. 

Type of No. of Calves born Reference 
cells (tissue) reconstructed

No of blastocysts
 (%)

embryos (%) Total (%) Transferred 
Cumulus

(ovary)

Granulosa

47 (47) 18 (49) 6 5 (83) Kato et al., 1996

552 (77) 152 (27) 100 10 (10) Wells et al., 1999
(ovary)

Epithelial
(oviduct) 94 (63) 20 (23) 4 3 (75) Kato et al., 1996

Epithelial 140 (63) 25 (18) 4 1 (25) Zakhartchenko et al., 1999a

Fibroblasts Heyman et al., 2000
Vignon et al., 2000

(mammary gland) 

(skin)
Leukocytes

(blood)

840 (70) 159(19) 133 9(6.8)

698 (79) 124 (18) 50 1 (2.0) Galli et al., 1999

3.2. ACTUAL EFFICIENCY OF BOVINE SOMATIC CLONING

3.2.1 In vitro Development

Increasing rate of development are reported after nuclear transfer of bovine somatic 
cells. This is mainly due to progress in oocyte preparation, improved in vitro culture
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methods as well for somatic cells or for nuclear transfer embryos. In vitro development 
rates of reconstituted embryos into blastocysts range from 510% to up to 50 %
according to the cell line and the tprotocole used (Tables 1, 3). In somatic cloning, the 
possible influence of the age of the donor animal on efficiency is still a matter of 
debate. Compilation of recent data from the litterature does not reveal an influence of 
age at least for in vitro development potential. If we consider fibroblasts originating 
from skin biopsies as the source of cells, the proportion of NTE developed into 
blastocysts in vitro is in the same range whatever the cells are of fetal or adult origin 
(Table 1 ) and successfull cloning has been achieved from somatic cells taken on old 
animals such as a 21 years old Brahman bull (Hill et al., 2000) and a 17 years old 
Japanese Black beef bull (Kubota et al., 2000).

3.2.2. Prenatal Development 

Data obtained in the bovine species indicate that, whatever the method used for the 
reconstitution of the embryos, only about 10% of the blastocysts transplanted in 
recipient heifers result in a full term development. This is four times less than the rate 
obtained in the same species with embryos issued from IVF technique (Heyman et al., 
1999). However after transfer of blastocysts derived from somatic cloning the initiated 
pregnancy rate as assessed by ultrasonic scanning as early as one month after transfer, 
is acceptable and close to 50% but then many embryonic and fetal loss occur at 
different periods of gestation (Heyman et al., 1999). High rate of abortion have been 
reported (Cibelli et al., 1998; Vignon et al., 1998). These late abortions are frequently 
related to the presence of hydroallantois, or to an abnormal development of the 
placenta, (Heyman et al., 1999; Hill et al., 1999). The origin of the high rate of abortion 
and frequent perinatal death in somatic clones is not clearly identified, it may relate to 
one or a combination of such parameters as nuclear reprogramming, cultured donor 
cells, in vitro culture systems or nuclear transfer manipulation itself. An incomplete 
nuclear reprogramming of donor cell nuclei after transfer is often suspected because if 
some imprinted genes which are involved in the regulation of placentation escape 
complete reprogramming, then they can be aberrantly expressed during placental 
development, leading to incomplete communication between the placenta and the 
embryo. Some of the genes responsible for fetal growth and development are imprinted 
genes which are involved in the regulation of growth factors, and recent findings 
indicated that the concentration of factor IGF-I was lower in the blood of cloned calves 
as compared to aged-matched control calves (Chavatte-Palmer et al., 2000). Such 
observations suggest that epigenetic events can affect the correct reprogramming of 
gene activity in somatic nuclear transfer embryo. 

3.2.3. Viability of Offspring 

The total number of calves born from somatic cloning to date over the world is still 
limited and can be estimated to be around 200 animals mainly in North America, Japan, 
Europe, Australia and New Zealand. These animals were born since 1998, so that the 
oldest ones are just becoming adults ones. Therefore, there is very few information 
available on the long term viability of cattle produced through somatic nuclear transfer. 
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Data from sheep and especially from the pioneer cloned animal Dolly indicate that this 
female developed normally and was proven to be fertile. In cattle, a limited number of 
male cloned offspring have now reached puberty and these young bulls are able to 
produce semen (Heyman, unpublished data). However, some pathologies can affect part 
of the somatic cloned calves even after birth. The Large Offspring Syndrome (LOS)
already reported after the transfer of in vitro cultured embryos in sheep and cattle, also 
occurs also after somatic cloning. Pathologies may affectIt appears also that only one 
function of the organism such ascan be apparently affected : the respiratory function, 
the circulatory system (Hill et al., 1999) or even the immune system as attested by the 
occurrence of one case of thymic hypoplasia (Renard et al., 1999). Possible long term 
effects are difficult to study on a species such as cattle who has a long generation 
interval, but recent success of somatic cloning in the mouse model (Wakayama et al.,
1998) will provide a useful tool to study eventual consequences of somatic cloning over 
several generations of animals. 

4. Applications of Bovine Cloning 

4.1. POTENTIAL USE IN BREEDING SCHEMES 

In cattle, most of the genetic improvement is achieved through Artificial Insemination 
(AI) from selected bulls and embryo transfer from selected bull dams to generate the 
next generation of AI bulls. However the diffusion potential from highly valuable bulls 
can be impaired by accidental death of the progenitor. Somatic cloning allows to secure 
this risk by generating a genocopy of the bull once it has been proved to be superior. 
Recent work in Italy has shown that a live offspring could be obtained from an aged 
AI bull (Galli et al., 1999) using lymphoid blood cells as a source of nuclei. 

Female cloning could also be a very useful tool to improve annual genetic gain in 
conventional dairy breeding schemes that are already using intensive embryo transfer 
(Colleau, 1992). Cloning of female embryos recovered from elite cows mated to a 
selected bull would give birth to genetically identical heifers among which the future 
donors for the genetic programme could be chosen. If we consider milk production trait 
(heritability H2= 0.25), calculations indicate that the precision for genetic evaluation of 
a clone of 5 females is as high as that of a bull evaluated from the lactations of at least 
25 daughters. Furthermore, the precision of evaluation is increased by the fact that the 
performances of one given genotype are evaluated through several copies of this 
genotype that are placed in different environmental conditions. Calculations by Colleau 
et al. (1998) indicate that the use of somatic cloning instead of embryo cloning from 
elite cows could improve by 20% the annual genetic gain provided that sets of 3 to 5 
cloned heifers could be obtained from each selected donor. In this situation, adult 
somatic cloning would result in a higher annual genetic progress because the first 
lactation of the bull dam donor of somatic cells is already known (Table 4). 

Cloning could also be used for diffusion of some elite genotypes that are well 
characterized and have interesting genes such as those involved in longevity or disease 
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resistance. A good example of such application is provided by the work of Wells et al.
in New Zealand (1999). They established a primary cell line from mural granulosa cells 
collected by aspirating the ovarian follicles from a Friesan dairy cow of high genetic 
merit, using ultrasound-guided Ovum Pick Upvaginal probe (OPU) and demonstrated 
that it was possible to obtain at least 10 cloned calves genetically identical to the adult
elite donor cow.

Table 4. Possible impact of cloning on annual genetic gain in dairy cattle. 

Embryos

Fetal fibroblasts

Adult fibroblasts

4 years

4 years

2 years

Origin of donor cells Age of female donors Nb of calves per clone Annual genetic gain*

3 +5%
5 +10% 

3 -3%
5 +1% 

3 +21 % 
5 +27% 

* comparison with standard breeding scheme involving embryo transfer from 2 years old females.
Adapted from Colleau et al. (1998).

In beef breeds, potential applications for cloning do exist (Smith, 1989), breeding
schemes have to consider criteria of meat quality. Such measurements could be made
directly on the carcass of clones of a selected bull and not on his offspring. This would
also save time in the selection programme by allowing to multiply very valuable 
phenotypes. That is the case in Japan where there is a shortage of top quality meat with
specific infiltration of fat in the muscle. As it is known that in the same breed, the
carcass quality is a highly variable trait, adult cloning from the best phenotypes of this
breed could contribute to standardize top quality meat. Therefore, different groups are 
actively developing nuclear transfer in cattle in order to fit this objective.

4.2. CLONING FOR ENDANGERED BREEDS

If used on a very large scale, somatic cloning could lead to a potential risk of decreasing
genetic diversity. This could happen if thousands of copies of the same animal were
diffused in livestock which is far from being is not the case. On the opposite, somatic 
cloning could be a valuable tool for maintaining and developing endangered breeds of
cows or other species. Provided semen from different bulls is stored, a very limited 
number of females can be multiplied by cloning and then further inseminated by the
stored semen in order to re-create different families and re-establish a minimum of
genetic diversity. In New Zealand, somatic cloning was used to preserve the last 
surviving cow of the Enderby island cattle breed and at least 4 calves were generated 
from this single surviving female (Wells et al., 1998). This application of cloning has to 
be considered right now as it is already possible to store the genetic material from
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endangered breeds after a very small skin biopsy of the live animal, multiplication of 
the cells in vitro and freezing of the cells in liquid nitrogen for a further use when 
nuclear transfer efficiency has improved. 

4.3. BOVINE CLONES AS ANIMAL MODELS 

The generation of geFnetically identical offspring from the same parent animal can 
provide a valuable tool for agronomical research. In cattle, sets of cloned calves can be 
used as animal models for experiments on pathology studies, nutrition behaviour or 
reproduction evaluation. In France, at INRA, we have developed such an approach to 
minimize Tthe number of cattle that are required for an experimental project can be 
minimized (Lambertson, 1994). For example, feeding behavior as assessed by quantity 
of food intake, number of daily meals or rumination time, indicate that the coefficient 
of variation for these criteria is significantly reduced between cloned animals compared 
to control non cloned animals (Baumont et al., 1995). For reproduction studies, the 
developmental oocyte competence can be studied through repeated ovum pick up and 
IVF on a limited number of cloned heifers. 

At the laboratory level, in vitro development of nuclear transfer embryos derived 
from differentiated cells fused to enucleated oocytes provides a valuable tool to 
investigate nuclear reprogramming. The interactions between the oocyte cytoplasm 
components and the nucleus can be studied in relation to their respective cell cycle 
stage, in order to define the optimal conditions for development up to the blastocyst 
stage. The most important point is to avoid any DNA damage and to maintain a correct 
ploidy in the reconstituded embryo by adequate matching of the donor and recipient cell 
cycles. Furthermore the recent work on interspecific nuclear transfer using cattle 
oocytes as recipients for a variety of donor nuclei from other species (Dominko et al.,
1999) opens the way to better understand the species-specificities in early development. 
Trans-species nuclear transfer would have potential clinical application for human 
medicine by allowing the generation of human embryonic stem cells from a somatic 
cell of a patient. The use of bovine oocytes would bypass some of the ethical issues 
associated with the use of human IVF embryos to generate human therapeutic cell lines. 

4.3.1. Are Clones Identical ? 

Genetically identical animals obtained by nuclear transfer have the same nuclear 
genome but may present some phenotypical differences due to epigenetic phenomena. 
The most visible of these differences concern the coat color. For example a clone of 
Hholstein breed calves may show black and white spotting differences. The black color 
is due to the presence of a pigment (melanin) contained in melanocytes. These 
melanocytes are derived from stem cells, melanoblasts located in the neural crest. The 
migration of melanocytes towards hair follicles is determined genetically but also 
depends on fetal growth (Seidel, 1985). In cattle, cloned embryos derived from the 
same cell source are usually transferred to the uterus of different recipient females 
which provide different uterine environment for fetal growth that can partly explain 
different migration of melanocytes. 
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Furthermore, during the nuclear transfer procedure itself, the recipient cytoplasms are 
prepared from oocytes of different genetic origin. These recipient cytoplasm contain 
mitochondrial DNA and maternal transcripts. Meanwhile the mitochondrial DNA 
sequence is very limited compared to the bovine nuclear genome, it is more susceptible 
to mutation and its role is important for the energy metabolism of the cell. During 
nuclear transfer, differential mitochondrial genotype segregation can occur within the 
same clone (Smith et al., 2000) but in cattle, the factors affected by this cytoplasmic 
inheritence remain to be determined. 

5. Transgenesis and cloning 

A transgenic animal is one carrying in its genome foreign recombinant DNA molecules 
that were introduced by manipulation in the laboratory instead of by conventional 
genetic selection and animal breeding. The transgene is a recombinant DNA molecule 
that includes at least 2 parts : a regulatory element or promoter which confers tissue 
specificity, modulation of expression, and a structural part which consists of DNA 
sequence that encodes the genetic information necessary to synthetise the desired 
protein.

5.1. GENERATION OF TRANSGENIC ANIMALS THROUGH SOMATIC 
CLONING

5.1.1. Limits of Transgenes is Through Micro Injection 

During the past decade, limited numbers of transgenic livestock animals have been 
produced in species such as pigs, sheep or cattle (for review, see Wall (1996)). These 
transgenic animals have been obtain ed by pronuclear injection of a foreign DNA 
construct. In cattle, this technology of microinjection was restricted to very few 
laboratories with enough technical and economical potential for processing thousands 
of bovine zygotes before getting a transgenic offspring. In fact, transgenesis in livestok 
through pronuclear injection suffers several serious limitations. The most important 
limitation is that the DNA can only be added but not deleted or modified in situ. 
Microinjection of the construct into the pronucleus results in random integration of the 
foreign DNA which can lead to erratic expression due to effects at site of incorporation. 

The second point is that microinjection is of very low efficiency, most of the 
animals derived from pronuclear injectoion do not express the transgene or are mosaic. 
Finally, the proportion of injected zygotes that result in transgenic offspring able to 
transmit into its germline is very low, in the range of 1 out of 1600 according to Wall 
(1996). For all these reasons, generation of transgenic cattle through microinjection 
remains inefficient, very expensive and far from ecomomic objectives. 

5.1.2. Gene Targetting in Somatic Cells 

In contrast, with random insertion that characterizes pronuclear injection, the technique 
of homologous recombination offers several advantages as it allows the precise 
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introduction of a transgene into selected areas of the genome. Such technology not only 
permits the introduction of a new gene at the right place but also is a way to correct a 
specific mutation, replace or inactivate a specific gene. Unfortunately the frequency of 
homologous recombination events per cell modified is very low and can be as low as 1 
per 10 million. In this situation, the carrier cell line must be cultured for a long time and 
still be able to generate a live offspring after modification. This is the case for 
embryonic stem (ES) cells derived from totipotent cells of early embryos. Such cells are 
capable of unlimited proliferation in vitro but have only been obtained in the mouse 
species (Evans and Kaufman, 1981). Targetted mutagenesis of murine ES cell is widely 
used and hundreds of knockout mice strains have been generated according to the 1999 
database. In domestic species and particularly in cattle, no real ES cell lines have been 
established despite intensive research focussed on this aim (Strelchenko, 1996) and only 
ES-like cells could be obtained but their totipotency is not maintained over culture 
passages.

With the advent of somatic cloning in domestic species, it is possible to circumvent 
the need for bovine true ES cells. Ccultured somatic cells have been used to introduce 
genetic changes in the germline in sheep (Campbell et al., 1996; Schnieke et al., 1997),
and also in cattle (Cibelli et al., 1998). Clearly, both fetal and adult somatic cells can be 
used for cloning after a prolonged culture period and genetic modification during the in 
vitro culture of fibroblasts. It appears possible to consider somatic cells as carriers for 
genetic manipulation through homologous recombination. A first report indicates that 
homologous recombination has been successfully achieved in sheep by McCreath et al.
(2000). These authors describe a reproducible gene targetting in fetal fibroblasts to 
place a therapeutic transgene encoding for human a-antitrypsin, at the ovine 1 (I)
procollagen (COL1A1) locus. These modified cells have then been used as donor cells 
for nuclear transfer and have generated cloned sheep expressing human -a 1
antitrypsin in their milk. This opens the way for successful utilisation of homologous 
recombination on somatic cells of domestic mammals in associtation with cloning 
technology especially for the bovine species. Gene mapping and the utilisation of 
genetic markers will allow the identification of important new candidate genes for 
transgenesis in large animals. 

5.1.3. Examples of Genetic Modifications in Cattle 

5.1.3. I Milk Modifications. The most studied transgene systeme in livestock species is 
the modification of proteins produced in the mammary gland. The annual protein 
production from dairy cows is over 3 billion of kg of protein in the US. (USDA, 
Agriculture Fact Book, 1994). Such a protein source could provide a variety of 
pharmaceuticals for human medecine through « gene pharming », or milk with 
enhanced health value (neutraceuticals) or milk that can be easily transformed by the 
industry into cheese (caseins). 

The bovine mammary gland as a bioreactor for therapeutic agents has been 
extensively reviewed (Houdebine, 1995; Wall et al., 1997; Ziomek, 1998) but direct 
impact of biopharming in the dairy industry is low as a limited number of herds of 

,
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transgenic dairy cows would produce enough to cover the world demand. The situation 
could be very different for milk modification aimed at improvement of nutritional and 
manufacturing properties.These objectives could benefit the dairy industry in the future. 
Among the possible changes in milk composition through transgenesis, the main 
applications are:
• suppression of lactoglobulin in cow milk. This protein only present in the 

milk of ruminants is thethe main allergen of bovine milk for human. and Iits 
reduction would clearly improve human consumption by limiting allergy 
problems;
increase of ing casein content. Caseins are the major proteins in milk, they 
entrap fat and warter during cheese manufacture and have an important role in 
the cheese yield. Experiments on the mouse model have already shown that the 
presence of extra K casein in transgenic mice resulted in significant increased 
curd strength and a smaller micelle diameter (Gutierrez-Adan et al., 1996);
alteration of fat content. Fat reduction in milk through genetic selection is 
difficult because of high correlation with proteins. Modifications such as 
decrease of the acetyl CoA expression could reduce de novo fat synthesis 
(Bremel et al., 1989). It is also possible to increase the expression of stearoyl 
CoA desaturase and thus reduce the presence of saturated fatty acids in milk, 
improving its dietetical quality for direct human consumption; 
reduction of lactose. This sugar in bovine milk is responsible for digestive 

disorders in a high proportion of the human adult population. The production of 
milk with reduced lactose would not only benefit human consumption but also 
result in increased efficiency in cheese manufacturing (Hettinga, 1989). 
Transgenic mice that were deficient for lactalbumin (this protein is a 
component of lactose synthetase complex) have been produced through 
homologous recombination (Stinnakre et al., 1994). As a consequence of this 
genetic manipulation, mice produced milk with little or no lactose. Such an 
approach using targetted transgenes is appears to be feasible in the cow, 

Other qualitative changes of cow milk are aimed to resemble the composition of human 
milk. Cow milk normally contains only very little lactoferrin and lysosyme compared to 
human milk. Such proteins which have a bacteriostatic effect can be added to cow milk 
via transgenesis. In the same way, specific monoclonal antibodies and vaccinating 
antigens that are active orally could be present in cow milk and fit into the definition of 
neutraceuticals.
5.1.3.2. Knock Out of the Prion Gene. Observations that mice expressing mutant forms 
of PrP develop spontaneous scrapie-like disease, suggest that a normal PrP protein is a 
necessary link for the development of Prion-like diseases (Bueler et al., 1993). Removal 
of this prion Protein gene from cattle would result in animals resistant tp spongiform
encephalopathy (BSE). Such a goal could be achieved on bovine somatic cells through 
homologous recombination to inactivate the gene and through cloning to generate 
knockout PrP cattle.

•

•

•
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Table5. Comparison of transgenic cattle production efficiency using cloning or injection
method. Adapted from Chan (1 999). 

Methods Cloning Injection

Nb oocytes or zygotes for gene transfer 276 25 023
(Nuclear transfer) (into pronucleus of Zygote)

33 (12%)

28

5
(18%)

5
(100 %)

pCMV/ -GEO

55
5.6

1282 (5%)

978

134
(14%)

9
(7%)

Human -lactalbumin

2780
108

Nb developed to blastocysts

Embryos transferred to recipient animals

Nb of calves born alive
(% of embryos transferred)

Nb transgenic
(% of calves born)

Transgenes

Overall efficiency:
Nb ofoocytes used /transgenic calf
Nb of recipients used /transgenic calf

5.2. SOMATIC CLONING FOR IMPROVED TRANSGENESIS EFFICIENCY 

Most of the somatic cells can be cultured in vitro over many passages and result in live 
offspring after nuclear transfer. Calves have been produced using adult fibroblasts 
cultured over 15 passages before nuclear transfer (50). Such a culture period allows 
already to insert a new gene into the nuclei of the somatic cells by transfection, and 
select the modified cell line. Recently, gene targetting by homologous recombination 
has been proven to be feasible in sheep somatic cells (57), similarly to what has been 
achieved in murine ES cells. Homologous recombination will allow a gene of interest to 
be inserted at a specific chromosome site of the bovine genome in order to facilitate 
high expression, in the mammary gland for example, and produce therapeutic or 
nutritional proteins directly in milk. It would also be possible to replace bovine serum 
albumin with the human form in order to have a cost effective production of human 
serum albumin in the milk of cows. Using such modified somatic cells as a source of 
nuclei for cloning will enable to produce a first generation of identical offspring which 
are all transgenic without mosaicism. In the longer term, the combination of this 
technology with the information on the bovine genome mapping may allow the 
targetting of DNA segments coding for specific production traits such as those coding 
for disease resistance, meat quality or growth. The marriage of nuclear transfer and 
transgenesis will allow to save time and money in generating transgenic cattle. The 
minimum interval for producing a generation of transgenic bulls able to transmit their 
characters in the germline could be about 2 years when using modified cells in nuclear 
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transfer compared to at least 4 years by the way of microinjection and chimeras. 
Furthermore, the nuclear transfer approach to generate transgenic calves can be 50 
times more efficient than microinjection in terms of number of cattle oocytes necessary 
to get one transgenic calf Table 5). 

Provided targetted transgenesis is achieved on the somatic cell line, then we can 
expect that 100% of the calves born from nuclear transfer using this cell line are 
effectively transgenic without any mosaicism.That is not the case after pronuclear 
injection were mosaicism rates over 80% are reported (Chan et al., 1999).

6. Conclusions 

Generating clones through nuclear transfer has met with a considerable evolution 
during the few past years with the possibilities offered by somatic cloning. At the same 
time, progress with the tools of molecular biology and homologous recombination 
opens a new era in transgenic biotechnology. In livestock, the combination of cloning 
and genetic modification of somatic cells opens the way for inducible knockin and
knockout and other targetted integrations. However, meanwhile recent progress in cattle 
or sheep, this technology is still in its active research phase and far from the standard 
methodology used in the mouse model. Somatic cloning is at its very beginning and 
needs a huge amount of basic research for better understanding of the mechanisms of 
correct nucleus reprogramming and improvement of efficiency. Besides the technical 
aspects, the possible use of transgenic cattle for biomedical purpose or for food 
production will require very high standards for safety and genetic security. Introduction 
of genes into livestock meets also the barrier of societal concerns and public acceptance 
of the use of transgenic animals. It is also clear the all the possible applications of these 
biotechnologies must consider animal welfare and ethical concerns. 
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Abstract

Domestic fish production through transgenic techniques offers many potential 
economics advantages for commercial aquaculture production, including introduction 
of new or novel traits and increased response to selection for faster growth. The 
traditional method of producing transgenic fish is still microinjection, however, 
advancements have been made using pseudotyped retroviral vectors and 
electroporation. Some success has also been shown using particle bombardment, but 
other methods such as sperm-mediated gene transfer, liposome-mediated DNA uptake, 
MPG peptide vector-oligonucleotide complex-mediated transfer, and nuclear transfer 
have had limited success in aquaculture. Several factors influence success of 
integration and expression, these include: the initial amount of DNA used in the 
injection (or electroporation), form of the DNA used (linear versus supercoiled), site of 
integration, copy number, and orientation of multiple transgene copies and matrix 
attachment regions (MARS). The species of origin and insertion of the transgene has 
also been shown to be important. Most promoters used in aquaculture are either 
constitutive or inducible, and except for being able to turn on or off the expression with 
inducible promoters, the level of expression remains uncontrolled. Progress has been 
made toward tissue specific promotion. The escape or introduction of transgenic fish 
into natural communities is a major ecological concern. Risk assessment can be 
addressed using the Net Fitness Approach (NFA) whereby critical fitness parameters 
are estimated on transgenic fish relative to wild type and incorporated into a model to 
predict risk. The net fitness parameters include viability to sexual maturity, age at 
sexual maturity, mating success, fecundity, fertility, and longevity. In this way, it is 
possible for regulators to develop a set of unambiguous tests to assess risk. Although it 
is impossible to measure these parameters under a totally natural setting, one can 
conclude if these parameters show no risk under a relatively favorable laboratory 
setting, they are even less likely to be a risk in nature’s more rigorous conditions. On 
the other hand, if the model predicts risk, it is not possible to conclude that this will 
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translate into a real risk in nature, but adequate protection measures should be taken to 
prevent a de novo test of the hypothesis.

1 . Introduction

Generation of transgenic fish for enhanced production has many advantages over 
conventional breeding. The major advantage is the introduction of novel genes for 
traits which may be lacking in the species. Another advantage is the ability to increase 
the rate of genetic gain for desirable traits. The goal of traditional selective breeding is 
to increase frequencies of alleles with small effects that cumulatively have a large 
effect. These so called “polygenes” have been of critical importance in domesticating 
all species reared for human consumption. However, improvement by selective 
breeding occurs in a series of small steps. These small steps can take tens, or even 
hundreds of generations to accomplish what is possible with transgene technology in a 
few generations. As such, transgenic technology has attracted commercial interest in 
aquaculture, particularly for growth hormone, because fast-growing fish have several 
economic advantages (Lakra and Das, 1998; Dunham, 1999). Developing countries are 
also interested in this technology as a way of increasing food production (Dunham, 
1999).

The escape or introduction of transgenic fish into natural communities, however, is 
a major ecological concern. Exotic species sometimes adversely affect biotic 
communities in many ways including eliminating populations of other species (Drake 
and Mooney, 1986; Lodge, 1993; Bright, 1996). For species that can thrive in the wild, 
release of transgenic organisms into natural environments could pose additional 
ecological risks, because these transgenic individuals retain most of the characteristics 
of their wild type counterparts while possessing some novel advantage. As a 
consequence, transgenic organisms might threaten the survival of wild type conspecifics 
as well as other species in a community (Devlin and Donaldson, 1992; Hallerman and 
Kapuscinski, 1990; Kapuscinski and Hallerman, 1990; Muir and Howard, 2000; Tiedje
et al., 1989).

The objective of this chapter is to review methods of producing transgenic fish, 
issues related to construct design, insertion and expression, and finally examine 
methods for risk assessment of transgenic fish. 

2. Methods of Production 

Different methods of gene transfer have been attempted with varying success. 
Although relatively successful in mice, methods such as liposome-mediated DNA 
uptake (Schaefer-Ridder et al., 1982; Bachiller et al., 1991), MPG peptide vector-
oligonucleotide complex-mediated transfer (Morris et al., 1997), and nuclear transfer as 
in bovine (Prather et al.. 1987; Sims and First, 1993; Krisher et al., 1995) have had 
limited success in aquaculture. Khoo et al. (1992) showed low-level integration and 
transmission of the reporter plasmid pUSVCAT through the use of sperm-mediated
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gene transfer in zebrafish, although there were no signs of expression. Some success 
has also been shown using particle bombardment in rainbow trout, loach, and zebrafish 
(Zelenin et al., 1997). The primary methods used to produce transgenic fish are 
pseudotyped retroviral vectors, microinjection, and electroporation 

2.1. PSEUDOTYPED RETROVIRAL VECTORS 

There has been some success with pseudotyped retroviral vectors. Retroviral 
pseudotypes are made by encapsulating the genome of one virus with the envelope 
protein of a second virus (Bums et al., 1993). Pseudotyped retroviral vectors have the 
transgene of interest integrated into their genome such that when the retroviruses infect 
cells of interest, the transgene becomes integrated into the genome. 

Lin et al. (1994) developed a pseudotyped retroviral vector LZRNL(G), in which 
the Moloney murine leukemia virus long terminal repeat drives the expression of the 
hepatitis B surface antigen and the Rous sarcoma virus long terminal repeat drives the 
expression of the neomycin resistance gene, and were able to achieve integration and 
germ-line transmission in zebrafish. Microinjection has also been used to aid infection 
of the embryos. Linney et al. (1999) attempted microinjection into four different 
regions near the base of 500- to 1000-cell stage embryos with a retroviral vector which 
contained an enhanced green fluorescent protein (eGFP). While all embryos injected 
showed GFP expression; only 10% demonstrated germ-line transmission. 

2.2. MICROINJECTION 

To date, the most common technique used for DNA transfer is microinjection, where a 
construct is injected into the cytoplasm of embryos at the one or two cell stage using 
ultra fine glass needles (Winkler and Schartl, 1997). Many of the microinjection 
techniques used have been derived from techniques used in mammalian microinjection. 
However, significant differences in egg physiology of fish require that various details of 
the technique be modified. The majority of a teleost fish egg is made up of yolk and is 
protected by a thick outer membrane, the chorion or zona radiata, which is 
impermeable, except the micropyle through which sperm enters to fertilize the egg 
(Fletcher and Davies, 199 1). Upon fertilization, the contact between the fertilizing 
sperm and ooplasm causes the egg to be activated (Shears et al., 1992). This activation 
in turn causes many effects: meiosis is completed, the perivitelline space and fluid are 
formed, and there is migration of the peripheral cytoplasm (which will form the 
blastodisc) to the animal pole. The developing egg is now free to rotate within the 
chorion. In most eggs, the blastodisc remains on top and there is no longer any link 
between its location and that of the micropyle (Fletcher and Davies, 1991). 
In many species, it is at this time that the chorion becomes a hard protective shell 
(Ginsburg, 1968) and poses a problem for microinjection, although in some species the 
chorion remains relatively soft following fertilization, such as in the common carp, 
channel catfish, and loach (Fletcher and Davies, 1991). In these species the chorion can 
be easily penetrated with glass needles. In species where the chorion is impenetrable, it 
is possible to circumvent the problem by injecting through the micropyle (Fletcher et
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al., 1992). The fertilizing sperm nucleus remains in the ooplasm until the union of the 
male and female pronuclei. Because this union appears to be activated by water, 
microinjection through the micropyle in fertilized, but non-activated, eggs puts the 
DNA in close proximity to the pronuclei (Fletcher and Davies, 1991). In some strains of 
coho and chinook salmon, incubating fertilized eggs in fish saline solution enhances 
localization of the micropyle (Devlin, 1997). 

Attempts have been made to keep the chorion soft with glutathione (Devlin, 1997),
or drilling small holes into the hardened chorion (Chourrout et al., 1986). In medaka 
one solution has been to stagger the mating times such that small quantities of eggs are 
collected at a time and can be injected before hardening occurs (Inoue et al., 1990).
Rahman and Maclean (1992) kept tilapia eggs at 21°C to slow development until they 
were ready to be injected. Another method of solving the penetration problem is to 
dechorinate the eggs. Incubation of medaka eggs in 3-cyclohexylaminopropanesulfonic
acid (CAPS) buffer (pH 10.0) containing 2 mM glutathione has been used successfully 
to dechorinate the eggs (Iwamatsu, 1983). Ozato et al. (1986) mechanically 
dechorinated medaka eggs in Dulbecco's phosphate-buffered saline with fine forceps. 
Zebrafish eggs have been mechanically dechorinated (Stuart et al., 1990; Culp et al.,
1991), as well as chemically dechorinated, in embryo medium and modified Hanks 
saline (Bayer and Campos-Ortega, 1992). 

Because of the opaqueness of the chorion and inability to discern the nucleus, it is 
not possible to directly inject DNA into the nucleus. Therefore, microinjection is 
usually into the cytoplasm. The thin layer of ooplasm just under the blastodisc is the 
main target of cytoplasmic injections in fish eggs (Ozato et al., 1989; Fletcher and 
Davies, 1991). Because the DNA cannot be precisely injected into the nucleus, some 
time is required for the DNA to migrate to the nucleus before it can be incorporated and 
integrated. Prior to incorporation, cell development and division continues and is 
thought to result in transgene mosaicism (Wall and Burdon, 1997). Mosaicism results 
when not all cells have at least one complete copy of the transgene, and thus only 
certain tissues test positive for the transgene. 

2.3. ELECTROPORATION 

Although microinjection is an efficient and successful method, it is time consuming, 
requires specialized skills and training, and requires that each egg be handled 
individually. Electroporation is an alternative that alleviates some of these problems 
and makes gene transfer more efficient. Techniques for electroporation have not been 
standardized and considerable variation exists among methods. The general procedure 
was derived from cell culture studies in which an electric current was used to stimulate 
the uptake of DNA by permeabilizing the cell membrane (Neumann et al., 1982;
Shigekawa and Dower, 1988). 
Inoue et al. (1990) were the first to create transgenic fish using electroporation. They
used multiple square electronic pulses, in which the pulse remained at a constant 
voltage for a set duration, to introduce a construct containing rainbow trout growth 
hormone cDNA fused to the mouse metallothionein I promoter into medaka fish. 
Although the success rate was low (4% of hatching fish), they were able to demonstrate 
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germ-line transmission of the transgene. Inoue and Yamashita (1997) found several 
factors that affected the success of electroporation in fish embryos, including voltage, 
resistance, and capacitance. Sheela et al. (1998) reported that optimal conditions for 
hatchability in zebrafish were 0.07 KV, 25 µF, 1-3 pulses (one second apart), and 
infinite resistance to give a survival of 53-81%, as compared to 85% for the control 
group. However, optimal conditions in the Indian catfish were reported as 0.100 KV, 
100 µF, infinite resistance, and 2 pulses to give a survival of 56% as compared to 70%
for the control group (Sheela et al., 1999). The state of the chorion can also affect the 
efficiency of transfer, but efficiency also depends upon the species type whether 
removal of the chorion is required. Muller et al. (1993) successfully transferred a 
transgene into dechorionated African catfish eggs, but were unable to duplicate their 
results with chorionated eggs. In contrast, medaka and zebrafish embryos were 
successfully made transgenic using this technique without removing the chorion (Inoue 
et al., 1990; Buono and Linser, 199 1;Murakami et al., 1994).

Electroporation in conjunction with pseudotyped retroviral vectors has also been 
successful. Lu et al. (1996, 1997) showed that retroviral vectors could be used along 
with electroporation techniques to obtain germ-line transmission in dwarf surfclams and 
medaka fish. Electroporation of 5000-50,000 surfclam eggs (1 hr post-fertilization) in 
250 µ1 of either sea water, Dulbecco’s minimal essential medium (DMEM) with high 
glucose, and 10% fetal calf serum or sea water and virus medium with approximately 1
x 104 colony-forming units (ch) of the LZRNL-(VSV-G) vector was carried out at 
700V using the Baekon model 2000 electroporator. With this technique, 13.6% of the 
pooled gamete samples were positive for the transgene (Lu et al., 1996). Dechorinated 
and non-dechorinated fertilized medaka eggs were electroporated in groups of 50 in 250 
µl of modified Yamamoto saline with approximately 4 x 104 cfu of the MoMLV
retroviral vector and 4 µg/ml of polybrene. Electroporation voltage in the range of 2.5 
– 5.0 KV resulted in 29% and 61% positive transgenics for dechorinated and non-
dechorinated embryos respectively (Lu et al., 1997).

More recently, pulses of DC-shifted oscillating electric fields in the radio-frequency
range have been examined to induce cell poration. This method was first proposed by 
Chang (1989) based on dynamics of the lipid bilayer which is responsible for the 
opening and closing of the outer cell membrane. Chang and Reese (1 990) observed that 
electropores (discrete pore-like structures within the cell membrane) expanded after 
electroporation, and after a few seconds of electric pulse, these electropores would have 
openings large enough for supercoiled DNA to enter. By applying an oscillating pulse, 
it was hypothesized that these electropores remain open long enough for DNA to enter, 
while not so long that the outer membrane is destroyed. The Gene Pulser II RF module 
(Bio-Rad, Hercules, CA) was designed based on this hypothesis. Recent experiments in 
our laboratory using this electroporator have been successful, with a 20% efficiency 
rate of gene transfer in hatching medaka fish and require ten times less DNA than the 
earlier experiments involving microinjection of medaka fish. 
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3. Factors Determining Success of Integration

Besides the technique used, there are many factors that appear to determine success of 
transgene integration. For example, the initial amount of DNA used in the injection (or 
electroporation) effects survival as well as integration of the transgene. Because there is 
a relatively low probability of the injected DNA reaching the nucleus, many researches 
have injected large quantities of DNA; however, there is a maximum tolerance level for 
each species (for review see Fletcher and Davies, 1991).

Another factor that influences success is the form of the DNA used. Use of linear 
versus supercoiled DNA has been debated. Studies have shown success using both 
linearized and supercoiled DNA. There have been several studies that found that vector-
free linear DNA produced more positive fish than supercoiled DNA (Chourrout et al.,
1986; Penman et al., 1990). There are also studies that show that the form of DNA 
does not affect the efficiency of transgene transfer (Chong and Vielkind, 1989). Stuart 
et al. (1990, 1988) demonstrated a higher percentage of transgenics from supercoiled
DNA than from linearized DNA. However, since there are more factors involved in
these studies than just the DNA form, the issue remains a controversy. 

Variation in expression may also be due to site of integration, copy number, and 
orientation of multiple transgene copies (Clark, 1997), and even matrix attachment 
regions (MARS). Studies show that foreign DNA fragments rapidly form large 
concatemers (tandem arrays), which replicate after microinjection regardless of the 
actual sequence, (Houdebine and Chourrout, 1991). In fish, the concatemers tend to 
form head to tail arrangements when supercoiled DNA is used and random 
arrangements when linear DNA is used (for review, Vielkind, 1992). This result may 
be due to the storage of required proteins (such as DNA polymerases and ligases) in the 
cytoplasm of the egg prior to fertilization (Iyengar et al., 1996). These concatemers are 
then replicated during early development of the embryo. The initial amount of DNA 
injected, as well as the form of the DNA, may determine the length and number of these 
concatemers formed. In turn, the length and number of concatemers formed may 
influence the copy number and site of integration. 

4. Constructs

A construct is composed of a promoter, the gene itself, and a termination sequence. 
The promoter sequence functions to regulate gene expression and may be comprised of 
only the minimal sequence needed to start transcription and may also contain enhancer 
or repressor elements which control the amount of transcription. The termination 
sequence serves as a stopping point for the end of transcription. The construct may also 
contain leader sequences to protect against methylation and site specific effects. 
Constructs are generally of two types: reporter and functional. Those containing 
reporter genes are designed to examine efficiency of alternative promoters, methods of 
producing transgenic fish, or determine tissue of expression. Those containing 
functional genes are designed to have potential economic impact. 
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4.1. REPORTER GENES 

There are many assays to determine gene expression in transgenic animals. Reporter 
genes are used to help quantify expression and to rapidly determine success of gene 
transfer techniques. Reporter genes by definition need to have quick and efficient 
assays, either by use of immunohistochemistry, chemoluminescence, or 
autoradiography. The most common reporter genes are chloramphenicol acetyl 
transferase (CAT), -galactosidase ( -gal), luciferase, and green fluorescent protein 
(GFP). Each reporter has advantages and disadvantages, some require that the fish be 
sacrificed to perform the test while others can be detected in live animals. 

This CAT reporter gene has been used to show gene expression in zebrafish (Stuart 
et al., 1990), medaka (Kinoshita et al., 1996). and rainbow trout (Iyengar and Maclean, 
1995). There are several techniques used to observe the expression of CAT; however, 
all techniques commonly used require a radiolabelled substrate. One such method 
involves autoradiography following separation of products by thin layer 
chromatography (Stuart et al., 1990). Quantification of the amount of expression can 
be accomplished by dot blot or scintillation counting (Gong et al., 1991). Additionally, 
antibodies specific for the CAT protein can be used to determine the location of the 
expression through immunohistochemistry. 

Tests for expression of -gal can be accomplished by simple staining of specific 
tissues or the entire organism. Another technique for -gal detection involves the use
of a commercially available antibody for immunochemical localization. This reporter 
has proven useful in zebrafish (Culp et al., 1991; Bayer and Campos-Ortega, 1992; Lin 
et al., 1994). However, non-specific staining of the gut in control embryos has been a 
problem (Iyengar et al., 1996; H. H. unpublished). To address this problem, Nam et al.
(1998) devised a reliable method for visualizing the -gal activity without background
interference.

Although not widely used, the luciferase assay has some advantages. Specifically 
the assay does not require post-transcriptional modifications for assay, there is no 
staining or probing required, and background interference for viewing is negligible (for 
review see Iyengar et al., 1996). Patil et al. (1994) used the luciferase gene in order to 
study the fate of transgenes in zebrafish. Unfortunately, the luciferase assay is not 
simple. Gibbs et al. (1994) required the use of a sensitive scintillation counter assay to 
show expression of the luciferase gene. 

More recently, Aequorea victoria green fluorescent protein (GFP) assays have 
become popular. There also exist several different GFP mutations which allow for 
spectra excitation and emission at different wave lengths. One of the major benefits of 
GFP assays over others is the ability to detect expression in living organisms. Most 
GFP assays require only a fluorescent microscope fitted with a filter of a particular 
wavelength; this wavelength is dependent upon which mutant GFP is being used 
(Muldoon et al., 1997). Such studies have been reported in medaka (Takagi et al.,
1994; Hamada et al., 1998) and zebrafish (Amsterdam et al., 1995) embryos. 
Nevertheless, we have observed problems with autofluorescnence in several fish species 
(including medaka and zebrafish) when observed with a fluorescent microscope. 
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4.2. FUNCTIONAL GENES 

The primary objective of making transgenic fish is to modify the phenotype for traits of 
economic importance. Although most previous transgenic fish research was aimed 
toward either low temperature resistance, enhanced growth rate, or developmental gene 
expression (Ozato et al., 1989), research is now extending to genes which impact other 
traits of economic importance, such as glucose transporters and hexokinases to increase 
carbohydrate utilization. As new genes are discovered and cloned in other species, the 
number of functional genes used to transform fish will increase dramatically. From a 
commercial perspective, the primary areas where transgenics are needed are for 
improved disease resistance, feed efficiency, rate of growth, stress resistance, and 
behavior modification. 

The antifreeze protein (AFP) gene was the first functional gene used in fish 
transgenics. Antifreeze proteins, and glycoproteins, evolved in certain marine teleosts 
in response to cold seawater at high latitudes (Davies et al., 1988). The high 
concentration of solutes in seawater, which is much greater than that of the teleost 
plasma, causes the freezing point of the sea to be lower than the freezing point of the 
plasma. In species that produce AFPs, the freezing temperature of the serum is lowered 
without changing the osmotic balance. A winter flounder antifreeze protein gene has 
been successfully transferred, expressed, and passed on to offspring in Atlantic salmon 
(Shears et al., 1991). However, the amounts of protein were too low to provide useful 
freeze resistance (Fletcher et al., 1992). Tests have also been conducted on the 
functional expression of promoter regions of AFP genes (Gong et al., 1991).

More recently, studies have looked at the possibility of improving the L-ascorbic
acid biosynthesis and carbohydrate utilization in salmonid fish. Due to the low rate of 
sugar transport across plasma membranes, and subsequent phosphorylation, sugars are 
poorly utilized in fish (Krasnov et al., 1999b). Glucose transporters (GLUT) and 
hexokinases (HK) catalyze this process. Tse and Young (1990) reported that rainbow 
trout do not have a facilitative glucose transporter in their red blood cells. Walton and 
Cowey (1982) found that the HK activity in salmonid fish was the lowest of the 
glycolytic enzymes. In order to compensate for this problem, transgenic studies have 
involved the addition of both a glucose transporter and a hexokinase. Several studies 
have used such methods to attempt to aid the utilization of sugars in fish, but only 
minimal changes have been noted (Pitkanen et al., 1999a; Krasnov et al., 1999a,
1999b).

There have been numerous studies utilizing growth hormone genes in a variety of 
fish species. Most of these experiments were based on results obtained from studies of 
growth hormone transfer into mice (Palmiter et al., 1983; Brinster et al., 1985). In 
1986, human growth hormone cDNA was injected into fertilized rainbow trout eggs, 
although stable integration was not proven (Chourrout et al., 1986). Dunham et al.
(1987) had limited success in transferring a metallothionein-human growth hormone 
fusion gene (MT-hGH) into channel catfish. Several others have been able to transfer 
the human growth hormone gene into tilapia (Brem et al., 1988), loach (Xie et al.,
1993), and medaka (Muir, 1995; Muir et al., submitted).
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The amount of gene expression seems to vary depending on the fish species of interest
and on the gene constructs used (Sin, 1997). This phenomenon has been shown with 
the insertion of GH genes from a variety of species. The low expression of human GH 
constructs in fish led to the use of “all fish” constructs. Du et al. (1992) developed an 
“all fish” chimeric growth hormone gene construct. In this construct, an ocean pout 
antifreeze protein gene (AFP) promoter was linked to a chinook salmon GH cDNA. 
With this construct, they were able to produce transgenic Atlantic salmon that were 2 to
6 fold larger than non-transgenic controls. Devlin et al. (1994a,b) used an “all-salmon’’
construct in which the sockeye salmon metallothionein B promoter was linked to the 
sockeye salmon growth hormone gene (OnMTGHl) to produce salmon that were, on 
average, 11-fold heavier than non-transgenic controls and one individual 37 times 
larger than controls. Devlin et al. (1994a,b, 1995a,b) and Devlin (1996) have produced
transgenic salmonids: coho salmon (O. kisutch), rainbow trout (O. mykiss), cutthroat
trout (O. clarki), and chinook salmon (O. tshawytscha) which are, on average, ten to 
fifteen times larger than non-transgenic controls. Using the same or similar construct, 
Arctic charr have been produced which are 14-fold larger than controls (Pitkanen et al.,
1999b). Tilapia have also been produced with a similar construct which are 3-fold
larger than controls (Rahman and Maclean, 1999). Several other species have also been 
transformed with GH, but with growth enhancements less than 100% that of wild-type
fish (reviewed by Chen et al., 1995; Devlin, 1996, 1997; Fletcher and Davies, 1991; 
Hew et al., 1995; Houdebine and Chourrout, 199I ; Iyengar et al., 1996; Maclean, 1998; 
Pandian and Marian, 1994; Pitkanen et al., 1999; Sin, 1997; Sin et al., 1997).

4.3. PROMOTERS 

Promoters are the regulators of gene expression. The promoter determines the tissue 
and strength of expression. A promoter may be constitutive or inducible. Constitutive 
promoters are unregulated and always on. An inducible promoter, such as the 
metallothionein (Mt) promoter, can be turned on or off using heavy metals in the diet. 
A promoter can also be tissue specific or ubiquitous. A ubiquitous promoter expresses 
in all tissues. Promoters of viral origin, such as the human cytomegalovirus (CMV), 
tend to be both constitutive and ubiquitous; whereas many of the promoters isolated 
from fish for transgenic studies are tissue specific and/or inducible. A ubiquitous 
promoter would be advantageous for experiments testing for the efficiency of transgene 
integration and expression in founder fish. Whereas a tissue specific promoter may be 
better for attaining a desired effect of functional genes. 

Since the goal of transgenics is to produce a gene product in a desired tissue at an 
appropriate level in order to obtain some desired effect (Chen et al., 1995), it is 
important to understand how a given promoter or enhancer element will affect 
expression. Takagi et al. (1994) used a -galactosidase reporter gene to test for 
expression of the medaka -actin promoter in medaka embryos, whereas Hamada et al.
(1998) used a mutant GFP to determine the efficiency of the medaka -actin promoter 
in medaka. Expression was found to be localized to the epidermis of the head, trunk, 
fins, and yolk sac with the GFP construct. A zebrafish-derived GATA-I promoter 
spliced to GFP showed expression in zebrafish blood cells (Long et al., 1997). Several 
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other promoters have been tested with the GFP gene. Higashijima et al. (1997) tested 
the efficiency of the zebrafish -actin and -actin promoters in zebrafish and found 
expression in whole muscle for α-actin and throughout the whole body for -actin.

More recently, Ju et al. (1999) isolated the ck (cytokeratin), mck (muscle creatine 
kinase), and arp (acidic ribosomal phosphoprotein PO) promoter regions from genomic
zebrafish DNA. These promoters were specifically chosen for their tissue specificity 
(or lack thereof); ck for skin specificity, mck for muscle specificity, and arp for 
ubiquitous expression. Mori and Devlin (1999) have examined areas of mRNA
expression in transgenic salmon with the OnMT-GH1 transgene. They observed the 
highest level of expression in the pyloric caeca, with decreasing levels of expression in 
the kidney, spleen, and intestine respectively. 

There have also been studies to determine which promoters express most efficiently. 
Chan and Devlin (1993) used cell culture techniques to characterize the functionality of 
three promoters derived from the sockeye salmon: metallothionein B (MT), histone type 
III (H3), and protamine (PT), as well as the CMV promoter. They found that the PT 
promoter was not active in fish cell lines, but the CMV, H3, and MT promoters were, 
with CMV being the strongest. Hanley et al. (1998) compared the Atlantic salmon H3 
promoter to the viral RSV promoter in zebrafish and rainbow trout. They found the H3 
promoter was not only stronger, but its expression was ubiquitous in zebrafish embryos. 
Pitkänen et al. (1999b) tested the efficiency of the CMV, piscine MT-B, and piscine H3 
promoters for driving expression of the sockeye salmon GH against the Atlantic salmon 
GH (with its native promoter) in Arctic charr and rainbow trout. Although there was 
considerable variation in size, the group with the CMV promoter were overall larger. 

5. Other Factors Determining Transgene Expression 

Although a correlation has been observed between level of transient expression and 
copy number of an injected construct (Volckaert et al., 1994), no correlation between 
stable expression and integrated copy number has been reported (Zhang et al., 1990).
This is an area in which more experiments are needed before a conclusion can be made. 

Site of integration has often been suggested as a possible explanation for variable 
expression among transgenic founder animals (Stuart et al., 1990; Devlin et al, 1995a;
lyengar et al., 1996). Although not well characterized in fish, position effects have 
been studied in Drosophila and yeasts and are referred to as position-effect variegation 
(PEV) (Snibson and Adams, 1997). This phenomenon is thought to be due to the 
structure of the chromatin at the site of integration. If the transgene is inserted near an 
area of inactive chromatin, known as heterochromatin, the activity of the transgene 
seems to be repressed due to the spreading effects of the heterochromatin. Moreover, if 
a transgene is integrated into the genome into an area of active chromatin, known as 
euchromatin, activity may be higher than expected; especially if an enhancer element is 
in relatively close proximity. 

A method to address problems associated with chromosomal position effects is to 
design transgene constructs with sequences of DNA that prevent heterochromatin from 
spreading and which are capable of acting as independent regulatory units for 
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transcription (for review see Sippel et al., 1997). These sequences are known as 
insulators, because they insulate the transgene from genomic effects, or as domain 
border regions (DBRs), because they function to form independent domains for gene 
expression. Caldovic et al. (1999) tested both a border element from Drosophila and a 
border element from chicken in creating transgenic zebrafish with position-independent
expression. They found that the level of transgene expression was proportional to the 
number of integrated transgenes in both cases. Although detailed knowledge of these 
sequences is not available, it is generally accepted that they are universally conserved 
and A/T rich. One such family has been isolated and characterized from channel catfish 
(Liu et al., 1998). Matrix attachment regions (MARS)have also been shown to function 
as insulators for transgene expression in Drosophila (Namciu et al., 1998), rice, and 
tobacco (Vain et al., 1999).

A second method of preventing chromosomal position effects involves pre-selecting
the site of integration, rather than allowing random integration. If a reporter transgene 
is integrated into a genome and found to strongly express in the correct location, it has 
been suggested that a second transgene could be forced to integrate in close proximity 
to the first transgene by use of homologous recombination (Clark, 1997). Wallace et al. 
(2000) used a similar method using homologous recombination in embryonic stem (ES) 
cells for the introduction of single copy transgenes. 

Transgene methylation may also be responsible for position-dependent levels of 
transgene expression (Donoghue et al., 1992). As a defense mechanism, foreign 
sequences that become integrated into the genome are commonly de novo methylated,
in which a methyl group is added to the C-5 position of cytosine (for review see 
Snibson and Adams, 1997). This process allows for differentiation of self DNA from 
foreign DNA. Unfortunately, this mechanism leads to suppression of the transgene. 
There have been many reports of transgene silencing in plants because of methylation 
(Matzke et al., 1994; Matzke and Matzke, 1995; Park et al., 1996; Matzke and Matzke, 
1998). Salehi-Ashtiani et al. (1993) found the metallothionein promoter to be highly 
sensitive to methylation, and that methylation of the transgene in certain cell types 
(mice liver and kidney) was capable of repressing transcription. Another study in mice 
found the degree of methylation of the transgene to be inversely proportional to the 
level of its expression (Komatsu et al., 2000). Most of these types of studies have been 
conducted in plants or mice, there is no information on effects of methylation in 
aquaculture.

6. Risk Assessment

Risk assessment has generally followed two approaches 1) a Net Fitness Approach 
(Muir and Howard, 2000) whereby critical fitness parameters are estimated on 
transgenic fish and incorporated into a model to predict risk and 2) observation of 
behavior in transgenic fish and inference to risk. The latter approach can also be 
simulated by injection or implantation of the transgene product direct into the fish. 
Alternatively, examination of wild populations using existing variation for the trait of 
interest is useful for projecting potential impact. This approach is not possible for 
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transgenes which introduce new functionality, but for transgenes which influence such 
traits as growth, observation of natural size variation will provide important clues as to 
the potential impact of the transgene. However, inference from natural trait variation 
has limitations because the phenotype of transgenic animals may be beyond the natural 
size range. Further, the transgene may be poorly regulated or expressed in non-normal
tissue resulting in unexpected viability impacts on the fish. The only transgene which 
has been studied in detail is that for GH and will be the primary focus of this section. 

6.1. THE NET FITNESS APPROACH 

A necessary prerequisite for any ecological risk associated with the introduction of a 
transgenic organism is that the initially rare transgene can spread in a natural 
population. Some scientists have assumed that such an increase in transgene frequency 
is unlikely because transgenic organisms typically have a viability disadvantage (e.g.,
Knibb, 1997; Dunham, 1999). Muir et al. (1994, 1995, 1996) and Muir and Howard 
(1999, 2000) provided the first comprehensive experimental studies to evaluate this 
assumption in transgenic fish. The objective of our research was to determine if the fate 
of a transgenic organism introduced into a natural population can be predicted by a 
computer model based on fitness parameters of the base population of transgenic fish, 
relative to the wild-type population, measured in a secure laboratory setting. This goal 
required three stages: estimation, prediction, and testing. Specifically, we determined 
what parameters need to be estimated to predict risk and developed a mathematical 
model which incorporates those parameters to predict risk. 

Our research (Muir and Howard, 1999, 2000) clearly showed that, to assess 
ecological risk of a particular transgenic line, one needs to estimate six Net Fitness 
factors: viability to sexual maturity, fecundity, fertility, mating success, age at sexual 
maturity, and longevity. All biological factors which influence the fitness of a 
transgenic animal fall into one of these categories. Our results stressed the importance 
of measuring all factors because a disadvantage in one category can be offset by an 
advantage in another category. For example, reduced viability of transgenics could be 
offset by any one of the following size- or growth-related advantages of transgenics: 1)
a reduced generation interval which would increase reproductive rate; 2) increased
mating success of males; 3) increased egg production by females, and 4) reduced 
cannibalism on young offspring. 

To determine the extent to which any one of these fitness factors could offset a 
viability disadvantage, quantitative values of the factor for the specific transgenic line 
under investigation needs to be put into our mathematical model for prediction (Muir 
and Howard, 1999, 2000). Our model brings together all six factors, using population 
genetics theory, to predict changes in transgene frequency and population size. 
Fortunately, it is not necessary to know why a transgenic line differs from its wild type 
counterparts in some fitness factor, only that a difference exists. The underlying cause 
of the difference may be of academic interest, but may require extensive study and 
funding to determine. For example, consider some viability difference: all that the 
model requires is the relative number of transgenics and wild types that reach sexual 
maturity; no information is needed on whether observed trends result from differences 
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in disease resistance, foraging ability, escape from predation, improper gill size, or 
swimming ability, etc. 

For biological parameterization of our model to examine specific risks, we (Muir 
and Howard, 2000) used Japanese medaka, Oryzias latipes, as a study organism. 
Medaka were convenient study organisms on which to obtain data on fitness 
components and propagate multiple generations within a relatively short period of time. 
Individuals readily bred in the lab, were easily cultured, and attained sexual maturity in 
about two months. We produced a stock of transgenic medaka by using cytoplasmic 
microinjection to insert a gene construct consisting of the human growth hormone gene 
(hGH) with a salmon promoter (sGH) into just fertilized eggs. Results of several 
experiments showed that: transgenic young had a viability disadvantage (survival was 
69% of that of wild type); the transgenic line had a distinct early developmental 
advantage (peaking at 4 weeks of age with a 39% size advantage) which resulted in a 
21% increase in escape from predation; and transgenic females produced 27% more 
eggs/spawn than wild type fish (Muir and Howard, 2000). For the SGH-hGH line our 
model predicted that, for a wide range of parameter values including those we 
documented experimentally, transgenes should spread in invaded populations despite 
high viability costs whenever the transgenes also have positive effects on fecundity or 
developmental rate (Muir et al., 1996).

We also examined the risk to a natural population after a release of a few transgenic 
individuals when the transgene simultaneously increased transgenic male mating 
success and lowered transgenic offspring viability. Mating experiments using wild type 
medaka were performed to assess the degree to which large males obtained a mating 
advantage over small males. We found that large males obtained a four-fold mating 
advantage (Howard et al., 1998). Large male mating advantages have also been 
reported in several salmonid species. Our deterministic equations predict that a 
transgene introduced into a natural population by a small number of transgenic fish will 
spread rapidly as a result of enhanced mating advantage, but the reduced viability of 
transgenic offspring will cause eventual local extinction of both the wild and transgenic 
populations, we call this the Trojan Gene Hypothesis (Muir and Howard, 1999). 
Furthermore, loss of a wild type population could also have cascading negative effects 
on the rest of the ecological community. The final stage of our research involves 
testing alternative predictions of our models using alternative founder lines and 
parameters estimated in the first stage. 

6.2. RISK INFERENCE BASED ON NATURAL SIZE VARIATION 

Based on the six Net Fitness parameters we identified (Muir and Howard, 2000), the
following relationships were found using natural size variation: 1) Viability: large trout 
have reduced predator avoidance when foraging as compared to small trout (Johnsson, 
1993), but, large trout are socially dominant to small (Johnsson, 1993) giving them a 
feeding advantage and they may have a higher early survival of young because large 
females can control better nest sites (de Gaudemar, 1998). 2 ) Mating Success: large 
males have a mating advantage over small males in several species (de Gaudemar, 
1998; Fleming, 1996, 1998; Moran et al., 1996; Howard et al., 1998). 3) Age at sexual 

273



Muir W.M. and Hostetler H.A. 

maturity: Males with faster growth rates have precocious sexual maturation (de 
Gaudemar, 1998). 4) Longevity: Larger males and females have reduced longevity 
(Moran et al., 1996). larger females produce larger clutches and/or 
larger eggs (de Gaudemar, 1998; Fleming, 1996, 1998). 6) Fertility: Large 
anadromous males have high fertilization success because of more sperm/ejaculate; parr
males may fertilize 11-40% of eggs and larger parr males have size advantage in 
fertilizing eggs (de Gaudemar, 1998; Fleming, 1996, 1998; Thomaz et al., 1997).
Overall, larger fish have advantages and disadvantages for viability, but have greater 
mating success, earlier age at sexual maturity, shorter longevity, higher fecundity and 
fertility. Because there is no evidence that fish in their native habitat are becoming 
larger with time, a logical conclusion is that advantages and disadvantages of these 
traits are evenly balanced in nature. Thus, the benefit of being slightly larger than the 
current maximum size may not be offset by the costs of increased size. 

Nevertheless, transgenes represent mega-mutations that may be substantially beyond 
the natural size range of the species and thus could change many aspects of its niche. 
Such a mega-mutation could involve a switch in the current adaptive peak of an 
organism to a different adaptive peak based on Wright’s (1969, 1982) shifting balance 
theory. For example, GH could change an organism from being a prey of one species 
to being a predator of another. 

6.3. RISK INFERENCE BASED ON OBSERVATIONS OF TRANSGENIC OR GH 
FlSH

Based on the six Net Fitness parameters, the following relationships were found in 
transgenic fish (TR) for GH or fish which mimic transgenics by use of GH implant. 
Viability: early viability disadvantage for TR fish were observed by Muir and Howard 
(1999) and for predation of juveniles by Johnson et al., (1996, 1999), Abrahams and
Sutterlin (1999) and Jonsson et al. (1996). In contrast, TR fry escape cannibalism 
sooner (Muir and Howard, 2000) and TR fish digest protein more efficiently than wild 
type (WT) (Fu et al., 1998; Johnson and Björnsson, 1994) indicating they could better 
compete when food is limited or poor in quality. TR are also more competitive than 
WT (Devlin et al., 1999; Jönsson et al., 1998). Conflicting results were observed for 
swimming speed. Farrell et al. (1997) observed that TR swimming speed was half that 
of 1-yr older WT of similar size while Abrahams and Sutterlin (1 999) observed that TR 
alevins had a 3-fold speed advantage over WT. Age at Sexual Maturity: Saunders et al. 
(1998) and Devlin et al. (1994b, 199%) observed that TR salmon attain smolt status 
earlier than WT. Similarly, Muir and Howard (2000) found that TR medaka females 
mature earlier than WT females. Mating Success Actual mating success has not been 
observed in any TR species but results of Rahman et al. (1998), Rahman and Maclean 
(1999), and Martinez et al. (1996) show that TR are much larger than WT at sexual 
maturity, suggesting a possible mating advantage. The only study to 
examine fecundity of TR fish was that of Muir and Howard (2000), they found that TR 
females had larger clutches than did WT females of the same size. To date there has 
been no examination of relative fertility or longevity of TR fish. Overall the data is 

5) Fecundity:

Fecundity:
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inconclusive on viability, but TR fish appear to have a reduced age at sexual maturity, 
greater fecundity, and possible greater mating success. 

7 . Conclusion

Development of transgenic fish is still in the early stages. Methods of production are 
improving but control of transgene insertion site, copy number, regulation, and tissue 
specificity is still needed. Commercial interest has mainly been limited to enhancing 
growth. However, improvements in disease resistance, feed efficiency, nutrient 
utilization, stress resistance, and behavior modifications through transgenesis could be 
as important as increased growth. As the genomes of various species are sequenced and 
functions of those genes discovered, the array of possible types of transgenic fish is 
enormous.

As animal scientists, our goal should be to promote animal agriculture in an 
environmentally acceptable manner. Acceptance of this technology will require that we 
be able to convince environmentalists and the public that the food is wholesome and the 
fish do not pose a threat to native species or the ecosystem. Long-term persistence of a 
transgenic line seems unlikely but not impossible, and may represent the creation of a 
new species with a novel niche. The precedence for this result occurring in nature 
through mutations with large effects has been demonstrated; thus the possibility that 
such a mega mutation introduced in the laboratory having a similar impact cannot be 
ignored. The methods presented for estimation of Net Fitness parameters present a 
method whereby such risks can be determined in a secure environment before 
commercial production is initiated. Despite laboratory constraints that apply when 
studying a GH-transgenic fish in confinement, one can still test an important one-sided
hypothesis: on one extreme, if a transgenic organism exhibits superior fitness in an 
optimum laboratory environment, in terms of growth, fecundity, competitive ability 
etc., that does not necessarily mean that the organism will be a hazard in the wild due to 
nature’s less than optimal conditions and greater complexity. On the other hand, if the 
transgenic organism is shown to have a low fitness in an artificial optimum 
environment, the organism will not compete effectively or thrive in the wild where 
conditions are usually suboptimal. 
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Abstract

Although the production of transgenic mice for research is now routine, and the 
application of this technology to many livestock species has met with considerable 
success, the production of transgenic poultry has been severely hindered by biological 
obstacles that have prevented the direct application of mammalian technology to birds. 
Many of these obstacles have been overcome in recent years, resulting in success in the 
production of either chimeric or transgenic individuals by microinjection of naked DNA 
into the newly fertilized ovum, transfer of blastodermal cells or primordial germ cells 
from donor to recipient embryos, and development of replication-defective retroviral 
vectors for DNA insertion. Stable integration of foreign DNA into the poultry genome 
remains problematical, but recent research demonstrating the use of the Drosophila
element mariner to integrate foreign DNA into the chicken chromosome with a high 
frequency of germline transmission seems promising. Much basic research remains in 
order to achieve the routine production of transgenic poultry and to regulate expression 
of transgenes in tissues and amounts that are appropriate for their intended use. The 
short generation time and large number of progeny possible with poultry species should 
ensure that interest in the production of transgenic poultry for research and commercial 
purposes will increase. 

1. Introduction 

The production of transgenic animals is now an essential tool in many aspects of 
biological and biomedical research, and the technology is increasingly being applied to 
the genetic advancement of livestock and the production of pharmaceutical products. 
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The mouse has been the species of choice for transgenic research since the first reports 
20 years ago of integration of naked DNA into the mouse chromosome by 
microinjection (Gordon et al., 1980; Gordon and Ruddle, 198 1). Subsequently,
injection of naked DNA into the pronucleus or into the cytoplasm of a newly fertilized 
egg has resulted in its chromosomal integration in the rat (Zeng et al., 1994; Charreau et
al., 1996), frog (Etkin et al., 1984; Heasman et al., 1991) , sea urchin (Flytzanis et al.,
1985), fish (Iyengar et al., 1996), commercial livestock (Pursel et al., 1989; Pursel and
Rexroad, 1993; Wall et al., 1996), and chicken (Love et al., 1994). The isolation of 
mouse embryonic stem cells (Evans and Kaufman, 1981; Martin, 1981) provided a 
second, more precise method for making a transgenic animal by allowing gene targeting 
for precise genetic modifications. However, to date, this technology can only be 
applied in the mouse. An overwhelming majority of the transgenic animals produced 
for research are mice. 

The more recent reports of the production of transgenic livestock by microinjection 
have demonstrated the economic potential of transgenic animals. Fleece weight of first-
generation yearling sheep has been improved by stable expression of IGF-I in wool 
follicles, although the difference did not persist in subsequent year’s shearings or in 
second-generation lambs (Su et al., 1998). Transgenic sheep carrying the growth 
hormone gene under the control of the metallothionein promoter grew faster without 
apparent deleterious health effects previously associated with excessive GH secretion 
(Ward and Brown, 1998). Human proteins and antibodies are now being produced in 
the milk of transgenic dairy animals for therapeutic use (Pollock et al., 1999; Rudolph, 
1999; Ziomek, 1998). Nuclear transfer of genetically modified cells has recently 
provided the technology to produce human proteins in transgenic dairy animals 
(Colman, 1999). 

The use of similar techniques to produce transgenic poultry is hampered by major 
biological differences in the structure and development of mammalian and avian eggs. 
Many novel approaches are under investigation to access the poultry genome and 
introduce different types of DNA molecules in a heritable manner. Although the 
potential for gene transfer in poultry has been recognized for almost two decades
(Shuman and Shofffner, 1982; Salter et al., 1987; Lee and Shuman, 1990), few
successes of germline transmission of foreign DNA have been reported. 

The present paper will detail the obstacles to production of transgenic birds, review 
the progress achieved, and explore the strategies that are under investigation to access 
the poultry genome. 

2. Unique Aspects of Reproduction and Embryonic Development in Poultry

2.1. BIOLOGICAL OBSTACLES TO MICROINJECTION 

The technique of pronuclear microinjection that has proven successful in other species 
is not directly applicable to avian species. In the mouse, one-cell embryos are easily 
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recovered from the oviducts following fertilization, and the haploid male and female 
pronuclei are readily accessible for microinjection. In contrast, the mature avian egg 
(ovum) consists of the diploid female germ cell enclosed in the germinal vesicle. The 
germinal vesicle is situated just under the perivitelline membrane on the periphery of an 
enormous amount of yolk (the food reserves for the developing amniotic embryo). 
Approximately one hour prior to ovulation the first meiotic division proceeds in the 
ovum and the first polar body is extruded. During the first 15 minutes following 
ovulation, the fertilization process begins with several spermatozoa penetrating the 
perivitelline layer of the egg. After the sperm nuclear membranes fuse with the 
perivitelline membrane, the male pronuclei (haploid gametes prior to fusion) are 
released into the egg, and an outer perivitelline membrane forms preventing entry of 
additional spermatozoa (Bakst and Howarth, 1977). Within the next two and one-half
to three hours, the primary oocyte extrudes the second polar body and then all of the 
pronuclei enlarge. Finally, one male pronucleus moves adjacent to and fuses with the 
maternal pronucleus, completing syngamy and fertilization (Waddington et al.,
1998)(Figure 1). Despite the entry of several spermatozoa into the egg, usually only 
one male pronucleus fuses with the female pronucleus. The other remaining male 
supernumerary pronuclei divide once, the nuclei fragment and the cells disintegrate in 
the cytoplasm (Fofanova, 1964; Perry, 1987). The chicken egg spends approximately 
24 to 27 hours in the oviduct to receive albumen, membranes, and shell. Cleavage 
division begins early in this process. By the time the completed egg is laid, the embryo 
consists of 40,000 to 60,000 cells. 

Access to the newly fertilized ovum, therefore, necessitates sacrifice of the hen. Use 
of such an ovum as a target for gene transfer obligates either it’s reinsertion into an 
oviduct, or external incubation in an ex vivo culture system that would support embryo 
development to hatching. The inability to identify the pronuclei that will fuse, the lack 
of access to the early embryo for microinjection, and the presence of a large yolk, have 
presented extraordinary obstacles to adapting this mammalian technology for use in 
poultry. Extensive research has overcome many of the obstacles to the successful 
application of microinjection techniques to poultry, but documented successes have 
been very limited. 

2.2. EMBRYONIC STEM CELLS AND PRIMORDIAL GERM CELLS 

Embryonic stem cells are totipotent cells that are capable of developing into any 
embryonic cell type in an appropriate environment. Such cells have yet to be identified 
in the avian embryo. Primordial germ cells (PGCs), the precursors to the male and 
female gametes of the adult animal, are cells that are first identified in the blastoderm of 
the freshly laid avian egg. They migrate to the gonads during embryonic development, 
but have not been shown to be totipotent. Blastodermal cells from the germinal disk of 
the freshly laid egg have been successfully used to modify recipient embryos. 
However, successes in the production of germline chimeras, and in the germline 
transmission of foreign DNA transfected by retrovirus into blastodermal cells, are 
thought to have resulted from the few PGCs present in the blastoderm. Aggressive 
research has markedly improved techniques for the isolation, culture and transfection of 
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embryonic cells, particularly PGCs, and for their reintroduction into embryos that 
subsequently develop and hatch. The allure of genetic modification by homologous 
recombination demonstrated with mouse embryonic stem cell lines, coupled with 
occasional successes in production of transgenic poultry using manipulated embryonic 
cells, drives intensive efforts to identify and manipulate undifferentiated avian cells. 

Figure 1. Diagramatic representation of the female reproductive tract of the chicken,
demonstrating the location ofthe ovum at the time of fertilization, syngamy, and the start 
of embryonic cell division. (Adap ted from Johnson, 1986). 

3. Approaches to Accessing the Poultry Genome 

3.1. INFECTION WITH RETROVIRUSES 

Souza et al. (1 984) were first to demonstrate the in vivo expression of a cloned chicken 
gene (growth hormone) coupled to a replication-competent viral vector in chicks that 
had been infected as embryos (Fo, or founder, generation). Germline transmission of 
foreign DNA was first reported by injecting replication-competent retroviruses into the 
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blastoderm of freshly laid eggs (Salter et al., 1986; Salter et al., 1987). Although the 
natural insertion of viral DNA into the avian genome by retroviruses has often occurred 
with pathological results (Frisby et al., 1979), the use of wild-type (pathogenic) or 
recombinant avian leukosis virus to intentionally produce viremic founder lines and 
pass viral DNA to progeny demonstrated the feasibility of using such viruses as vectors 
to introduce foreign genes. This work led to development of replication-defective
retroviral vectors for the production of virus-free transgenic poultry. Bosselman et al. 
(1 989) demonstrated germline transmission of replication-defective viral DNA to F1

progeny, and this DNA was subsequently detected in F2 progeny (Briskin et al., 1991)
and in fibroblasts of F3 embryos (Thoraval et al., 1995). However, concerns about the 
potential risk of generating replicating recombinant retroviruses, and limitations in the 
size of the transgene that can be inserted using retroviral vectors, have focused most 
research on other methods of gene insertion. 

3.2. MICROINJECTION OF NAKED DNA INTO THE GERMINAL DISC OF THE 
NEWLY FERTILIZED OVUM

Despite the biological limitations to accessing the newly fertilized avian ovum and 
subsequently hatching offspring, exogenous DNA has been successfully introduced and 
transmitted to F1progeny using this technique (Love et al., 1994). This approach 
necessitated the development of a complete in vitro culture system to maintain the chick 
embryo from fertilization through to hatching (Rowlett, 1987; Perry, 1988; Naito et al.,
1990; Ono et al, 1994). The fertilized ovum was removed from the magnum 2.5 hours 
after oviposition of the previous egg. This is about two hours after ovulation, and is 
either prior to, or at about the time of, fusion of the male and female pronuclei. Cloned 
DNA was then injected into the center of the germinal disc, close to the putative site of 
the female pronucleus, and the egg was cultured ex vivo in surrogate eggshells until 
hatch. Initial studies injected either circular or linearized plasmids containing viral or 
chicken promoter-enhancer sequences that directed constitutive expression of reporter 
genes (Sang and Perry, 1989; Naito et al., 1991; Perry, 1991). Results all indicated 
mosaic expression in early embryonic tissues that was gradually lost. Since no 
evidence for chromosomal integration of the injected DNA was observed, the general 
conclusion from these experiments was that the plasmids existed episomally and were 
gradually lost with successive cell divisions. Extension of these earlier experiments 
resulted in the production of one cockerel that showed transmission of the exogenous 
DNA into his progeny (Love et al., 1994). Of the 128 ova injected, half of the resulting 
embryos contained plasmid DNA. Seven healthy chicks survived to sexual maturity, 
and one was identified as a somatic mosaic with approximately one copy of the 
transgene per 10 genomic equivalents. Semen from this male was used to inseminate 
laying hens and their progeny were screened by PCR for the presence of the transgene. 
The introduced DNA was transmitted to 14 out of a total of 412 (3.4%) F1 progeny
chicks tested. 

Recently, Sherman et al. (1998) reported a unique adaptation of the microinjection 
method. The Drosophila element, mariner, was demonstrated to transpose into the
chicken genome and was employed as a vector for transgenesis. Using this novel 
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approach, these investigators constructed a plasmid carrying the active mariner element
and injected it into 97 chick zygotes. Forty-four of the manipulated embryos survived 
for at least 12 days of development with 27% of these embryos containing mariner
equivalent to one copy per genome. Three chicks survived to sexual maturity, and the 
one positive cockerel was crossed with stock hens. Of the 93 first-generation hatched 
offspring, 27 were identified by PCR as transgenic for mariner. No evidence for 
instability of mariner after transposition was detected. These data were confirmed by 
the generation of additional transgenic birds. The frequency of mariner transposition
into the chicken genome was over 20% and the frequency of germline inheritance was 
just under 30%, a 10-fold higher transmission frequency than that obtained after 
introduction of standard gene constructs. 

3.3. EMBRYONIC TRANSFER OF BLASTODERMAL CELLS 

Blastodermal cells from the germinal disk of the freshly laid egg have been successfully 
used to modify recipient embryos: Early studies indicated that dispersed blastodermal 
cells from the freshly-laid egg could develop in a host blastoderm and differentiate into 
melanocytes (Marzullo, 1970; Reynaud, 1976). Petitte et al. (1990) were the first to 
demonstrate germline chimerism using donor blastodermal cells. A rooster that showed 
the pigmentation of the donor cell strain transmitted the donor genome to 0.3% of his 
progeny as revealed by both feather color and blood DNA analysis. These results 
demonstrated that primordial germ cells in the embryo blastoderm could develop in a 
recipient embryo, migrate to the host gonads, differentiate, and produce viable gametes. 

More recently, Kagami et al. (1997) determined unequivocally that the most central 
area of the area pellucida was the primary area for the localization of primordial germ 
cells in the stage X chicken blastoderm. An average of 70 percent germline chimeras 
were produced from transfer of approximately 700 cells from the center of the area 
pellucida of one blastoderm to a recipient blastoderm from which the cells from the 
central-most portion of the area pellucida had been removed. Additionally several 
germline chimeras transmitted exclusively donor-derived gametes into the offspring. 
Cells transferred from either the area opaca or from the outer rim of the area pellucida 
were unable to contribute germline chimeras. Other studies have produced interspecies 
chimeras by transfer of blastodermal cells between quail and chickens (Naito et al.,
1992; Watanabe et al., 1992) and between ducks and chickens (Li et al., 1999).

One approach to improving the efficiency of germline chimerism has been to expose 
the recipient embryos to y-irradiation, which presumably temporarily compromises the 
ability of the recipient’s germ cells to divide (Carsience et al., 1993; Etches et al.,
1997). In these experiments, 1105 irradiated embryos were injected with blastodermal 
cells, 38 hatched, and 11 of these subsequently produced progeny that were derived 
from donor cells. One of these individuals produced only donor-derived offspring, 
suggesting that only donor-derived PGCs populated the gonads during development. 

The demonstration that embryonic transfer of blastodermal cells would produce 
germline chimeras led to efforts to insert foreign DNA into the poultry genome using 
transfected PGCs of the blastoderm. Liposome-mediated transfection of a lacZ reporter 
gene, which required culture of the blastodermal cells for two to four days, resulted in 

288



The quest for transgenic poultry: birds are not mice with feathers 

incorporation of the gene into extra- and intra-embryonic tissues of the recipient 
embryo, particularly after -irradiation of the recipient embryo (Carsience et al., 1993).
Rosenblum and Chen (1 995) transfected blastodermal cells in ovo by injecting a DNA-
liposome complex into the subgerminal cavity of the freshly laid egg and demonstrated 
tissue expression of the reporter gene for up to eight days, but stable incorporation was 
not observed. Interestingly, lnada et al. (1997) reported that such in ovo transfection
did result in the subsequent appearance of transfected PGCs in embryonic blood at the 
time of PGC migration. Electroporation of blastodermal cells resulted in transient 
expression of the lacZ gene in vitro, but failed to result in expression in embryonic 
tissues (Etches et al., 1997).

3.4. EMBRYONIC TRANSFER OF CULTURED BLASTODERMAL CELLS 

Embryos from freshly-laid eggs have been cultured for 48 hours as explanted whole 
embryos, as dispersed cells from the central disc of the area pellucida, or as dispersed 
cells grown on a confluent layer of STO feeder cells (Etches et al., 1996). When 
transferred to recipient embryos compromised by -irradiation, a total of nine out of 127 
hatched recipient chicks (7%) were germline chimeras, while 28 of the 127 produced 
feather chimeras (22%), presumably from cells that were of neural crest origin. Of note 
in this experiment is the fact that six of the birds that produced germline chimeras did 
not show any feather chimerism. Although other somatic tissues were not tested, these 
data suggest that blastodermal cells maintained in culture for at least 2 days retain their 
predetermined potential to develop along their already determined pathway of 
differentiation, and to produce various somatic and some germline chimeras. The 
finding of germline chimeras without obvious somatic chimerism would indicate that 
these chimeras had probably incorporated mostly donor PGCs, along with cells from 
the hypoblast (extraembryonic tissue). The large consistent overall percentage 
difference between feather and germline chimeras in these experiments may be 
reflective of the low numbers of determined PGCs that are present in the blastoderm at 
this stage of development. These data would indicate that blastodermal cells are 
already committed to their pathway of differentiation.. In order to select a totipotent 
cell population from an avian blastoderm, comparable to the mouse embryonic stem 
cell, an earlier staged embryo may be required. The most successful murine embryonic 
stem cell line, line 129, was established from totipotent cells of the inner cell mass at 
the morula stage of development (i.e., from some 64 cells). To be used successfully for 
transgenesis, any cultured cell must retain its ability to enter the germline. 
Blastodermal cells maintained in culture for seven days were capable of producing both 
somatic and germline chimeras, although the percentage of germline chimeras was
substantially reduced compared to freshly isolated blastodermal cells (Pain et al., 1996;
Etches et al., 1997). Following several months of passage, these blastodermal cells did 
not produce germline chimeras, and gradually lost their ability to bind the EMA-
lantibody, which identifies chicken PGCs in culture (Pain et al., 1996). An 
immortalized blastodermal cell line similarly failed to express the EMA- 1 epitope (Tsai, 
1995). However, Tsai et al. (1999) have recently reported a blastodermal culture 
system that maintains cells for at least six months, and these authors have shown that 
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30% of these cultured cells expressed the EMA-I epitope. Cells cultured for two 
months and loaded with a fluorescent dye prior to transplantation into recipient 18-hour
incubated embryos were detected in gonadal tissue of embryos six days after injection 
(Tsai et al., 1999). The cells, cultured two months or longer, were also transfected with 
a plasmid vector containing green fluorescent protein (pEGFP) and injected into 
recipient 18h incubated embryos in the gonadal crescent area. Blood was obtained from 
the four week old chickens and analyzed by flow cytometry. Donor B21B21 haplotype
blood cells were detected in recipient B2B15 blood. In some chicks the percent donor 
cells was as high as 25% to 33%. In one recipient of pEGFP, green fluorescent protein 
was detectable in the blood and feather pulp tissue. Taken together, these results 
suggest that the production of germline chimeras from long-term cultured blastodermal 
cells may be possible. 

3.5. PRIMORDIAL GERM CELLS AS A ROUTE TO THE AVIAN GERMLINE

Since germline chimeras produced from blastodermal cells have likely arisen from the 
small population of PGCs present at this stage of development, the isolation of enriched 
populations of PGCs from later embryos may provide a method of increasing the 
efficiency of germline transmission. Unlike PGCs in mammals, avian PGCs migrate to 
the gonads primarily by means of the embryonic circulation (Gilbert, 1991). Stage 7 
(Hamburger and Hamilton, 1951) chicken embryos (23-26 hours of incubation) possess
from 125 to 250 PGCs in the germinal crescent as identified by periodic acid schiff 
(PAS) staining. As incubation proceeds, PGCs pass into the developing vascular 
system at Stage 12-18 (45-69 hr of incubation) and migrate to colonize the gonads, 
where they proliferate and differentiate into spermatogonia or oogonia (for review, 
Wentworth et al., 1996).

The transfer of Stage 7 germinal crescent cells, containing PGCs, into the vascular 
system of Stage 15 (50-55 hr of incubation) recipient quail and chickens resulted in 
hatched chicks that produced offspring derived from the donor PGCs (Gonzales, 1989; 
Wentworth et al., 1989). PGC-enriched germinal crescent cells were subsequently 
employed for retroviral transfection (Vick et al., 1993) and ballistic insertion (Li et al., 
1995). Although manipulated embryos that hatched were observed to produce 
offspring of the donor germline, F, offspring lost their ability to transmit the donor 
DNA as they matured (Li et al., 1995).

Simkiss et al. (1989) were first to show that PGCs in the blood could be successfully 
transferred between strains of chickens and become resident in the gonads of the 
recipient embryo. Although numbers of PGCs isolated per embryo were initially low 
(10 to 40 PGCs in 10 µ1 of blood; AI-Thani and Simkiss, 199 1), current techniques have 
yielded estimates of 40 to 51 PGCs per µ1 of blood (Naito et al., 1994; Kagami et al.,
1997), or a mean of 251.4 ± 140.6 PGCs per embryo after Ficoll density gradient 
centrifugation (Naito et al., 1999).

The initial experiments of Nakamura et al. (199 1 ; 1992) unequivocally showed that
the optimum stage for transferring PGCs from the vascular system of the donor to that 
of the recipient embryo was at stages 13 to 15. When the PGCs were transferred into 
increasingly older embryos the percentage of donor cells residing in the gonads 
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decreased so that in recipient Stage 20 embryos, over 90% were found ectopically in the 
head, surrounding the neural tube, trunk and limbs. Chimeric chicks have been hatched 
from vascular transfer of PGCs at Stage 13-15 and subsequently shown to produce 
progeny derived from the injected cells. Tajima et al. (1993) hatched 17 chicks from 
reciprocal transfers of White Leghorn and Rhode Island Red PGCs and eight produced 
progeny from the donor cells at rates ranging from 0.6% to 12%. Naito et al. (1994a)
conducted similar experiments, but removed blood from recipient embryos prior to 
PGC transfer in an effort to increase the frequency of donor-derived offspring by 
increasing the proportion of donor-to-recipient PGCs in the recipient embryo. Nineteen 
of the 20 progeny that were test-mated produced donor-derived offspring at a rate 
ranging from 2 to 96%. Withdrawal of blood from recipient embryos prior to PGC 
injection appeared to increase the rate at which male chimeras produced donor-derived
offspring by about 10%. Lastly, Vick et al. (1993) have provided the only report of 
production of transgenic offspring following transfection of blood-derived PGCs. Two 
males, derived from embryos receiving retrovirally-transduced PGCs, produced semen 
that contained vector DNA. One of these males produced transgenic progeny. 

A fourth source of avian PGCs is the embryonic gonad. This source is particularly 
inviting because the number of PGCs is higher than in the blastoderm, the germinal 
crescent or the blood (Simon, 1960; Meyer, 1964; Singh and Meyer, 1967; Fritts-
Williams and Meyer, 1972; Swartz and Domm, 1972; Simkiss et al., 1989; Muniesa and 
Dominguez, 1990; Simkiss, 1990; Ginsburg, 1994). Embryonic gonads provide an 
easily accessible site for germ cells. They can be cultured, and will expand in culture 
(Wentworth et al., 1992a; Wenhvorth et al., 1992b; Wenhvorth et al., 1996), providing
a possible means to insert foreign DNA into these cells for subsequent injection into 
recipient embryos. A major concern in their use for transgenesis was whether gonadal 
PGCs retained the capacity to migrate to the gonads of the recipient embryos, since this 
phase of their normal development ends at Stage 19. 

To test their capacity for migration, PGCs from the embryonic gonads of one pure 
strain of Japanese quail, an incomplete-recessive pure white bird that laid white eggs, 
were transferred into the embryo of a second pure strain, the incomplete dominant 
brown speckled wild type, which laid wild-type brown mottled eggs (Wentworth and 
Wentworth, unpublished). The PGCs were contained in a freshly-dispersed (Heath, 
1978) single-cell suspension from Stage 27 white quail embryo gonads (about 400 
gonadal cells) and were injected into the peripheral vitelline vessels of a Stage 15 wild
type quail embryo. Of the 74 wild-type embryos injected, 22 hatched to produce the F0

population. Upon maturity, 18 F0 birds were individually mated to recessive white quail 
and over 800 progeny were hatched from these matings. Five white offspring were 
produced, bred by three of the F0 adults. Thus, 17% (3/18) of the founder quail that had 
received mixed gonadal cells from recessive white quail were identified as germline 
chimeras. Other progeny of these matings were from the non-donor derived endogenous 
germ cells were brown wild-type quail that displayed a large white breast patch and 
white primary wing feathers, termed a “tuxedo” (Wentworth et al., 1989).

Other investigators fluorescently-labeled gonadal PGCs from the gonadal anlagen of 
five-, seven-, and ten-day-old White Leghorn embryos, and injected them into the 
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dorsal aorta of 2-day-old recipient embryos. After 5 days incubation, fluorescently 
labeled PGCs collected from five- and seven-day-old embryos were found in the gonads 
of the recipient embryos, but PGCs from ten-day-old embryos were not present in 
recipient gonads (Yamamaka et al., 1998). These experiments suggest that the 
migratory ability of chicken gonadal PGCs is lost between 7 and 10 days of embryonic 
age.

Pedigree 168 

Figure 2. Transmission of an antisense prolactin DNA construct in pedigree 168.
Females are represented by circles and males are represented by squares. Hatched or 
filled symbols indicate the DNA samples were positive by PCR analysis only or by both 
PCR and genomic Southern blot analyses, respectively. Open symbols indicate that the 
DNA samples were negative by PCR analysis. The founder female was not tested. From 
Wong et al., 1999.

Studies have also demonstrated that chicken gonadal PGCs can be co-cultured in vitro 
with gonadal ridge stromal cells for extended periods and retain the ability to migrate to 
the gonads of recipient embryos and produce offspring. Cells from the germinal ridge 
of Stage 27 (5.5-day-old) Korean native ogol chicken (KNOC) embryos were cultured 
in vitro for 5 days and transferred into the vascular system of stage 14 White Leghorn 
(WL) recipients (Chang et al., 1997). Six out of 60 recipients were identified by feather 
color as germline chimeras (KNOC/WL) after mating the progeny to the recessive 
KNOC black phenotype. The frequency of transmission was from 1.3 to 3% regardless 
of sex. Han et al. (1999) have demonstrated that gonadal PGCs may be cultured in
vitro for two months and result in production of germline chimeric chicks following 
injection into Stage 17 embryos. Five KNOC/WL chimera were identified out of 19 
hatched embryos by progeny testing, but the efficiency of germ line transmission by 
these F, animals was relatively low. Cultured gonadal PGCs have been shown to 
proliferate 3.8 fold during four days of culture, while PGCs isolated from the blood of 
two-day-old embryos will also proliferate in vitro if similarly co-cultured with gonadal 
stromal cells (Chang et al., 1995), thus providing a substantial supply of PGCs for 
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transfection. Hong et al. (1998) have transfected cultured gonadal PGCs by 
electroporation with high efficiency (80%) and detected the presence of the exogenous 
lacZ DNA in the gonads (but not the liver or heart) of 4 1 % of hatched recipient chicks. 

Finally, Wentworth et al. (1996) and Wong et al. ( 1 999) have reported the germline
transmission in turkeys of an antisense prolactin construct carrying the ampr gene.
Gonadal PGCs derived from Stage 26-28 turkey embryos, co-cultured with somatic 
gonadal cells, were transfected using Lipofectin® , a liposome-mediated transfection 
agent. These cells were injected into the vasculature of Stage 17 recipient embryos. 
After the hatched poults reached sexual maturity, they were mated and the foreign DNA 
was identified by PCR and by Southern analyses in blood and/or tissue samples from 
some of the F1 through F3 embryonic and hatched progeny. Figure 2 demonstrates 
pedigreed germline transmission of foreign DNA from the founder (F,) through the F3

generation. The pedigree was established by mating an untested F0 female with pooled 
semen from 12 transgenic and non-transgenic F0 males. Transmission of vector DNA 
did not follow normal Mendelian inheritance, suggesting that it was not integrated into 
the genome. 

3.6 SPERM-MEDIATED GENE TRANSFER 

Early reports that transgenic mice (Lavitrano et al., 1989) and pigs (Gandolfi, 1989) 
had been produced by in vitro fertilization of oocytes with sperm that had been 
incubated with naked DNA stimulated interest in using sperm as a vehicle for DNA 
delivery. However, these and subsequent reports have been controversial, as results 
have varied among species and laboratories. Recently, Lavitrano et al. ( 1 999a,b) have
reported the production of transgenic pigs expressing human genes using sperm-
mediated gene transfer. Several reviews of this field have recently been published 
(Smith, 1999; Wall, 1999; Gandolfi, 2000). The use of sperm-mediated gene transfer in 
avian species is likewise controversial (Nakanishi, 1993), and the generation of 
transgenic poultry by this technique has not been confirmed. 

4. Chromosomal Integration and Expression of Transgenes in Poultry 

The goal in producing transgenic poultry is for stable integration of the transgene into 
the genome of the bird and expression of the gene at times, and in amounts, that are 
appropriate for its intended function. This goal has yet to be achieved in poultry. Love 
et al (1994); Thoraval et al. (1995) and Sherman et al. (1998) have successfully 
demonstrated germline transmission of foreign DNA in chickens for up to three 
generations, while Wong et al. (1999) have reported germline transmission of vector 
DNA to the F3 generation in turkeys. 

4.1 EPISOMAL AND CHROMOSOMAL INTEGRATION

The chicken genome consists of 78 chromosomes (39 pair), while the turkey genome 
has 80 chromosomes. Six of these are comparable in size to mammalian chromosomes, 
while the remaining chromosomes are much smaller microchromosomes (Bloom,
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1993). The work of Wong et al. (1999) suggests that foreign DNA may be transmitted
episomally for several generations in birds. Analysis of blood DNA of antisense-
positive F3 poults, described above, showed no evidence of junction fragments in 
Southern blots, but rather a single band was observed that co-migrated with the original 
plasmid. When this DNA was used to transform E.coli, the DNA conferred ampicillin 
resistance, while no bacteria transfected with control DNA grew on ampicillin-
containing agar plates. Partial sequencing of the DNA extracted from colonies taken at 
random from positive plates provided convincing evidence that the plasmid DNA 
recovered had not changed from the original plasmid used for transfection of F0

embryos. These results, coupled with the non-Mendelian pattern of inheritance shown 
in Figure 2 , suggest that the DNA incorporated into the proliferating germ cells was 
passed through three generations episomally. 

Episomal persistence of exogenous DNA has been demonstrated in several 
experiments that attempted to introduce exogenous DNA into avian species (Sang and 
Perry, 1989; Naito et al., 1994b; Squires and Drake, 1994; Watanabe et al., 1994; Li et
al., 1995). Notably, Squires and Drake (1994) also reported a non-Mendelian pattern of 
inheritance through three generations. Episomal transmission of transgenes has also 
been observed in a number of other ‘transgenic’ animals, including Drosophila (Steller
and Pirrotta, 1985), C.elegans (Stinchcomb et al., 1985), Xenopus (Etkin et al., 1984),
fish (Guyomard et al., 1989) and the silky earthworm (Nilolaev et al., 1993). The 
mechanism by which vector DNA replicates episomally in transgenic poultry is 
unknown, but Wong et al. (1999) speculated that the presence of numerous 
microchromosomes in avian species may promote episomal replication of foreign DNA. 

In contrast, the results of Sherman et al. (1998) suggest that the Drosophila
transposable element mariner can integrate foreign DNA into the chicken genome. The 
high frequency of transmission to F2 birds suggests that this element may provide an 
efficient vector for stable transgene integration into avian chromosomes. 

4.2 EXPRESSION OF TRANSGENES IN THE POULTRY GENOME 

Production of pharmaceutical products, or genetic engineering of poultry to enhance 
productive traits, will require targeting transgene expression to specific tissues or 
organs. Use of the ovalbumin or vitellogenin gene promoters may target protein 
production to the oviduct and liver, respectively, where these proteins are normally 
produced in large quantities for packaging into the egg. Thus, a flock of transgenic 
Leghorn chickens, each laying an average of 280 eggs per year, could theoretically 
produce massive quantities of recombinant protein. 

5. Conclusions 

The production of transgenic poultry lags behind that of other livestock because of 
daunting technical and biological challenges presented by the avian species. More than 
a decade of dedicated effort has greatly advanced the ability of researchers to access the 
avian genome to produce chimeric or transgenic offspring. A totipotent cell type has 
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not yet been identified in the bird, but must exist in some early stage of development. 
The primordial germ cell has been shown to provide a good vehicle for the germline 
transmission of foreign genes. This cell can now be isolated from several embryonic 
sources, cultured and propagated in vitro, efficiently transfected using retroviral or non-
viral vector DNA, and injected into founder embryos that subsequently develop 
normally and hatch successfully. Primordial germ cells may also be cryopreserved for 
germline preservation. The direct injection of DNA into the germinal disc of the 
recently fertilized ova has also recently achieved excellent success in integrating DNA 
into the poultry genome. The many technical difficulties that have previously limited 
success at each of these steps have been overcome through meticulous basic research in 
numerous laboratories around the world. Thus, it seems likely that the quest for 
transgenic poultry must now be poised for greater success. The advantages of poultry 
for the application of transgenic technology, including a short generation time, small 
body size, a large number of progeny, and the potential application of production 
improvements to the billions of animals produced annually, should greatly enhance 
interest in transgenic poultry in the years ahead. 
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Abstract

Fibrolytic enzymes hold great potential to improve feed utilization and productivity in 
ruminants. In the past, it was believed that the endogenous activity against plant cell 
walls could not be augmented by supplementary exogenous enzymes. However, when 
diets of dairy and beef cattle are supplemented with commercial xylanases and 
cellulases, animal performance is significantly improved. The most likely site of action 
is the rumen rather than in the small intestine as is the case for poultry. Because of the 
complexity of the rumen environment, it has been difficult to identify the exact mode of 
action for this beneficial response. Since xylanases and cellulases are the main 
activities that occur in efficacious enzyme mixtures, it may be assumed that the 
enzymes are having a direct, additive effect on the hydrolysis of plant fiber in the 
rumen. However, evidence to date suggests that the benefits of exogenous enzymes is 
synergistic to ruminal endogenous enzymes. This synergy may explain why relatively 
small amounts of enzyme can have such large effects on animal productivity. 
Limitations to the exploitation of this technology are the development of an adequate 
screening system for new enzymes, and the identification of the specific enzyme 
activities that are critical for efficacy. 

1. Introduction 

Since the advent of intensive livestock production, there has been a continual search for 
new additives that will enhance feed utilization so that the greater nutrient demands of 
ever increasing animal productivity could be met. More recently, there has been rising 
public resistance to many of these additives such as antibiotics and anabolic implants. 
This has led to a drive to develop new replacement technologies. There is an interest in 
the potential use of enzymes in ruminant diets. 

Exogenous enzymes have been used extensively to remove anti-nutritional factors 
from feeds and to increase the digestibility of existing nutrients for poultry (Classen et
al., 1991; Bedford, 1993). However, they have not been used routinely in adult 
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ruminant diets. It has usually been assumed that exogenous enzymes cannot survive in 
the highly proteolytic environment of the rumen (Chesson, 1994). In addition,
endogenous enzyme activities against plant fibre and phytate within the rumen 
environment are normally very high, and presumably not easily increased by a simple 
addition of exogenous enzyme products. The focus of most enzyme-related research 
for ruminants has been on plant fibre degrading enzymes, primarily cellulases and 
xylanases. Ruminant phytase research has been limited to the exploitation of the rumen 
as a novel source of phytase enzymes (Selinger et al., 1999). The primary emphasis of 
this discourse will be the potential benefits of fibrolytic enzymes in ruminant diets, 
including production responses observed to date, as well as possible mechanisms by 
which these products may improve nutrient utilization by ruminants. However, the role 
that supplementary phytases may have for ruminants will also be addressed. 

The use of exogenous enzymes in ruminant diets is not a new idea. In the 1960s, a
number of studies were conducted to explore the potential of supplementing ruminant 
diets with enzyme preparations. Several studies showed the use of feed enzymes 
substantially improved feed digestibility and animal performance (Burroughs et al.,
1960; Clark et al. ., 1961; Rovics and Ely, 1962; Van Walleghem et al., 1964; Rust et
al. ., 1965; Perry et al. ., 1960; Galiev et al. ., 1982), although other studies reported no 
effects, and even negative responses (Burroughs et al., 1960; Theurer et al., 1963; Perry 
et al., 1966). Little effort was made to describe the enzymes used in these early studies 
and no effort was made to determine their mode of action. Furthermore, production of 
exogenous enzymes was expensive at the time and it was not economically feasible to 
apply these preparations at the concentrations necessary to elicit a positive animal 
response. Recent reductions in fermentation costs, together with more active and better 
defined enzyme preparations, have prompted researchers to re-examine the role of 
exogenous enzymes in ruminant production (Chen et al., 1995; Beauchemin et al., 
1995, 1997; McAllister et al., 1999). Several studies have attempted to define possible 
modes of action of these additives (Judkins and Stobart, 1988; Feng et al., 1996; Krause 
et al. , 1998; Morgavi et al., 1999; Nsereko et al., 1999; Yang et al., 1999). Exogenous 
enzymes could exert a number of effects, both on the gastrointestinal microflora and on 
the ruminant animal itself. Therefore, it is highly probable, that physiological responses 
to exogenous enzymes are multi-factorial in origin. 

2. Sources of Enzymes

Although enzyme products marketed for livestock (primarily poultry) number in the 
hundreds, they are virtually all derived from the bacterial (Lactobacillus acidophilus, L.
plantarum, and Streptococcusfaecium, spp.) and fungal (Aspergillus spp., Trichoderma
reesei, Penicillium spp., and Saccharomyces cerevisiae) species (Pendleton, 1998). 
Moreover, it is unlikely that this list of source organisms will expand substantially, 
given the restrictive stance taken by the European Union and the U.S. Food and Drug 
Administration to add new organisms (Pendleton, 1998). 

It is also important to recognize that many probiotic and direct-fed microbial 
products are marketed, at least partly or implicitly, upon their residual enzymatic 
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content. These products contain relatively little actual fibrolytic enzyme activity (Kung, 
1998) and fall outside of the scope of this discussion. The amount of enzyme added to 
the diet in the majority of the studies with exogenous enzymes (primarily derived from 
Trichoderma spp.) would appear to be considerably greater (>10 times) than what has 
been supplemented from crude fungal preparations such as A. oryzae (Newbold, 1995). 
However, when exogenous enzyme activities are reported (Beauchemin et al., 1995,
1997, 1998; Rode et al., 1999; Rode et al., 1999), they are typically measured at the 
manufacturers recommended optima, which is a lower pH and higher temperature than 
that encountered in the rumen. Thus the activities quoted are considerably higher than 
those which would be measured at a pH and temperature similar to that in the rumen. 
Indeed, Newbold (1997) suggests that when measured under rumen like conditions (pH
6.5, 39°C) the dietary enzymes described by Beauchemin and Rode (1996) are likely to 
supply enzyme activities of a similar magnitude to those used in his experiments with A .
foetidus. What specific enzyme activities are being added is the unanswered question.

Undoubtably, it is something more than just total cellulase or xylanase activity 
alone. However, as the mode of action for direct-fed ruminant enzymes becomes 
clearer, it is anticipated that a better understanding will be developed to explain why 
specific enzyme-containing probiotic and direct-fed microbial products are efficacious 
in ruminant diets. 

Complete digestion of complex ruminant feedstuffs such as hay or grain requires 
literally hundreds of enzymes. Enzyme preparations for ruminants are evaluated 
primarily on the basis of their capacity to degrade plant cell walls. Typically, these 
enzymes fall into the general classification of cellulases or xylanases. However, most 
commercial preparations are not single gene products, containing a single enzyme 
activity. Secondary enzyme activities such as amylases, proteases, or pectinases are 
invariably present. Degradation of cellulose and hemicellulose alone requires a number 
of enzymes, all of which may loosely be termed cellulases or xylanases (Table 1).
Differences in the relative proportions and activities of these individual enzymes will 
have an impact on the efficacy of cell wall degradation by the marketed products. Even 
within a single microbial species, the types and activity of enzymes produced can vary 
widely depending on the strain selected and the growth substrate and culture conditions 
employed for enzyme production (Considine and Coughlan, 1989; Gashe, 1992; Lee et
al., 1998).

The diversity of enzyme activities within commercially available enzyme 
preparations is probably advantageous, in that a single product can target a wide variety 
of substrates. However, this presents problems in terms of quality control and 
extrapolation of research findings among different preparations. For ruminants, 
blending crude enzyme extracts to obtain specified levels of one or two defined enzyme 
activities, such as xylanase and/or cellulase usually standardizes enzyme products. 
These products are not currently standardized for secondary activities. In fact, these 
activities, which may well be affecting the overall effectiveness of a given product, are 
seldom even measured. For example, Table 2 shows selected enzyme activities 
measured in some commercial enzyme products. There is no discernable relationship 
between xylanase or cellulase activity and other measured activities in these products. 
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between xylanase or cellulase activity and other measured activities in these products. 
To date, commercial enzyme products used for ruminants were originally developed for 
other industries (i.e. detergent, textile, pulp/paper, and monogastric feed industries). As
single-gene enzyme products become more readily available, there is the real possibility 
of enzyme products targeted specifically for ruminants. However, this requires a clear 
understanding of the mode of action for these enzymes in ruminant diets. Mode of 
action for enzymes in ruminant diets is an extremely complex issue and it is unlikely, at 
least in the short term, that single-gene products will prove to be superior to cruder 
products containing a broad array of enzyme activities. 

Table 1a. Some plant cell wall degrading enzyme activities contained in commercial
cellulases and xylanases.

EC Number1 Official Name2,3 Alternative Name(s)3

Cellulases

3.2.1.4 Cellulase Endoglucanase: Endo-1,4-beta-glucanase;
Carboxymethyl cellulase 

3.2.1.6 Endo-I,3(4)-beta-glucanase Endo-1,4-beta-glucanase;

Endo-1,3-beta-glucanase; Laminarinase 

3.2.1.21 Beta-glucosidase Gentobiase; Cellobiase; Amygdalase 

3.2.1.39 Glucan endo- 1,3-beta-D- Endo-1,3-beta-glucanase; Laminarinase 

3.2.1.58 Glucan 1,3-beta-glucosidase Exo-1,3-beta-glucanase

3.2.1.73 Licheninase Lichenase; Beta-glucanase; Endo-beta-1 ,3-1,4

3.2.1.74 Glucan 1,4-beta-glucosidase Cellobiase; Exo-I ,4-beta-glucosidase

3.2.1.9 1 Cellulose 1,4-beta-cellobiosidae Exoglucanase; Exocellobiohydrolase:1,4-beta- 

glucosidase

glucanase

cellobiohydrolase

Others

3.1.1.1 Carboxylesterase Cinnamoylesterase, feruloylesterase

3.1.1.6 Acetylesterase Rhamnogalacturonan acetylesterase, pectin 

3.1.1.1 1 Pectinesterase Pectin methylesterases; Pectin demethoxylase; 

3.11. .72 Acetylxylan esterase 

3.2. 1. 15 Polygalacturonase Pectin depolymerase; Pectinase 

3.2.1.126 Coniferin beta-glucosidase aryl beta-glycosidase

4.2.2.10 Pectin lyase 

acetylesterase

Pectin methoxylase 

1Enzyme Commission Number 
2Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (IUBMB) 
3from the ExPASy Molecular Biology Server, Swiss Institute of Bioinformatics (http://www.expasy.ch/). 
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3. Measurement of Enzyme Activity 

Table1b. Some plant cell wall degrading enzyme activities contaned in commercial
cellulases and xylanases

EC Number1 Official Name2,3 Alternative Name(s)3

Xylanases

3.2.1.8 Endo-1 ,4-beta-xylanase I ,4-beta-D-xylan xylanohydrolase

3.2.1.32 Xylan endo-l,3-beta-xylosidase Xylanase; Endo-1 ,3-beta-xylanase

3.2.1.37 Xylan 1,4-beta-xylosidase Beta-xylosidase; I ,4-beta-D-xylan
xylohydrolase; Xylobiase 

3.2.1.55 Alpha-L-arabinofuranosidase Arabinosidase

3 2.1.72 Xylan 1.3-beta-xylosidase Exo-1,3-beta-xylosidase

3.2.1.89 Arabinogalactan endo-1,4-beta- Arabinogalactanase
galactosidase

3.2.1.90 Arabinogalactan endo-1,3-beta- Arabinogalactanase
galactosidase

3.2.1.99 Arabinan endo-1,5-alpha-L- Endo- 1,5-alpha-L-arabinanase
arabinosidase

3.2.1.120 Oligoxyloglucan beta glycosidase 

3.2.1.136 Glucuronoarabinoxylan endo-1,4- Feraxan endoxylanase
beta-xylanase

1Enzyme Commission Number 
*Nomenclature Committee of the International Union of Biochemistry and Molecular Biology (IUBMB) 
3from the ExPASy Molecular Biology Server, Swiss Institute of Bioinformatics (http://www.expasy,ch/) 

The first problem one confronts when attempting to measure the activity of plant fiber
degrading enzymes, is the heterogenous nature of the substrate itself. This has resulted
in plethora of assays used to measure fibrolytic enzyme activity. Some of these
methods have been standardized by the International Union of Pure and Applied
Chemists, Commission on Biotechnology (IUPAC, 1984). The most commonly used
substrate for measuring cellulase activity is the soluble derivative carboxymethyl
cellulose (CMC). This activity is often mistakenly assumed to be total or true cellulase.
What is actually being measured in endo-1,4 glucanase (EC 3.2.1.4) as exocellulases
such as to measure a specific amount (2.0 mg) of glucose release rather than initial rate
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of reaction, one cannot extrapolate between FPU and assays that measure initial rate of 
digestion (Wood and Bhat, 1988). The occurrence of a glucosidase/cellobiase (EC 
3.2.1.21) will have a profound effect on the measurement of cellulase, due to glucose 
and cellobiose acting as end product inhibitors of cellobiohydrolases. Wood and Bhat 
(1988) provide an excellent critique of the methods used for cellulase determination. 
Further problems are encountered in xylanase measurements where incomplete 
hydrolysis of xylans can occur unless acetylxylan esterase (EC 3.2.1.72) or other 
esterases and debranching enzymes are present (Johnson et al., 1988; Williamson et
al., 1998).

Table 2. Selected enzyme activities measured in some commercial plant fiber
degrading enzyme products (Nsereko, Rode, Beauchemin, McAllister; unpublished
results).

Product Protein Xylanase2 Cellulase3 b-D-glucosi- b-D-manno- a-l-arabino-
Content1 dase4 sidase5 furanosidase6

1 24.0 2.90 1.30 183.7 53.8 49.7 
2 25.5 1 .93 0.80 120.1 ND ND 
3 34.2 2.77 1 .80 332.6 24.0 35.0
4 42.4 3.57 1.03 863.5 213.3 5.00
5 46.3 2.97 1.27 2189 4209 314
6 49.0 2.17 0.77 1352 404.9 501
7 50.0 4.90 2.13 4485 12.2 6.60
8 61.7 5.27 1.33 2445 2.18 0.06 
9 69.7 5.63 2.77 7978 242.6 120

10 78.9 4.53 2.33 5268 214.0 ND
11 104 2.40 1.97 3946 ND ND
12 109 5.53 2.93 6922 610.1 83.4 
13 115 2.60 2.20 5900 5.20 0.08 
14 138 5.33 2.33 19642 162.6 14.9
15 181 5.47 1.97 7424 220.7 169
16 199 7.83 1 .40 15479 1861 185
17 210 3.67 0.40 5901 26.5 169
18 302 6.70 2.40 76320 672.6 78.5
19 305 5.73 2.10 4 1096 9027 79.9
20 522 9.03 3.53 156635 288.6 255

ND, not detected. 
1Protein content expressed as mg protein/ml enzyme product. 
2Xylanase activity measured as mg reducing sugars released from oat spelt xylan /ml enzyme/min; pH 6.5,

39oC.
3Cellulase activity measured as mg reducing sugars released from carboxymethyl cellulase /ml enzyme/min;

pH 6.5, 39oC.
4,5,6 _ -D-glucosidase, --D-mannosidase and --L-arabinofuranosidase activities measured as _mol p-

nitrophenyl (pNP) released from pNP- -D-glucopyranoside, pNP- -D-mannopyranoside and p NP-_-L-
arabinofuranosidase, respectively; pH 6.5, 39oC

306



Enzymes as direct-feed additives for ruminants 

Enzyme activity can also be assessed using synthetic substrates, which usually consist 
of chromophores linked to molecules chemically similar to the natural substrate. 
Enzyme activity is measured as the release of the dye or chromophore (Biely et al.,
1985). These synthetic substrates offer uniformity among assays, but are subject to 
criticism in that they do not represent the substrate found in intact feeds such as cereal 
grains or forages. Therefore, these methods are suitable for measuring relative activity 
among enzymes but these measurements may have little meaning in terms of enzyme 
efficacy.

Activity measurements must be conducted under conditions closely defined with 
respect to temperature, pH, ionic strength, substrate concentration, and substrate type, 
as all of these factors can also affect the activity of an enzyme (Headon, 1993).
Enzyme manufacturers will undoubtedly define the activity units of their products 
under conditions most favorable for their particular product. Assay conditions will 
have a significant impact upon enzyme selection. This makes it difficult to select among 
products that have different optimal conditions for activity. For example, the pH-
temperature profiles for different commercial cellulases are shown in Table 3. 
Furthermore, the assay conditions used to assess enzyme activity are not representative 
of the conditions in the digestive tract where ultimately the level and persistence of 
enzyme activity may be most important. Whereas a temperature of approximately 60°C
and pH between 4 and 5 are the optimal conditions for most commercial enzymes, 
normal ruminal conditions consist of a temperature of 39°C and pH closer to 6.7 
(Russell and Baldwin, 1979). For these reasons, measurement of enzyme activity using 
traditional assay techniques may have little relevance to the potential efficacy of an 
enzyme as a feed additive for ruminants. 

Table 3. pH and temperature cellulase activity profiles1 of three 
commercial plant degrading enzyme products (Nsereko, Rode, Beauchemin, 
McAllister; unpublished results). 

Product 1 Product 2 Product 3 

To 39 50 60 39 50 60 39 50 60 

pH
4.0 81.0 81.6 100 65.8 79.0 93.6 43.3 67.1 75.8
5.0 57.6 57.4 81.7 69.0 85.3 100 43.1 70.7 100
6.0 33.7 40.9 49.3 67.3 76.4 73.1 32.8 38.5 40.8
7.0 20.2 26.1 30.9 43.3 52.9 16.8 18.3 13.7 1.23

1Activity profiles determined using remazolbrilliant blue dyed carboxymethyl cellulose and
expressed as a percentage of the maximum activity. 
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Researchers have attempted to develop biological assays that may be more indicative of 
the value of a given enzyme preparation for ruminants. These methods usually involve 
some form of in vitro incubation of enzyme and feed with ruminal contents, and 
measurement of the disappearance of substrates (e.g., cereal grain, straw, hay) 
representative of those consumed by the animal (Forwood et al., 1990; Varel et al.,
1993; Hristov et al., 1996). Alternatively, the amount of gas produced by the mixed 
rumen microbial culture can be used as an indication of digestion (Iwaasa et al., 1998),
which enables rapid screening of different enzyme products and application rates. 
These procedures are routinely used in ruminant nutrition. However, our experience to 
date indicates that these biological assays can only be related to efficacy when the 
amount of enzyme used in vitro is orders of magnitude greater than has been shown to 
be efficacious in vivo. Extrapolation of in vitro results to whole animal situations is 
limited by (i) variations in microbial composition among inocula from different donor 
animals; (ii) differences in growth of microbial populations in the in vitro system versus 
in the rumen and (iii) artifactual accumulation of end-products that alter enzyme 
activity. Additionally, these assays do not consider the possible impact of exogenous 
enzymes on biological parameters such as feed intake, rate of passage or post-ruminal
digestion of nutrients. At present, the value of enzymes for ruminants can only be 
assessed through expensive, time-consuming production experiments with beef or dairy
cattle. This makes screening large numbers of products impractical. The lack of an 
adequate bioassay for assessing the value of exogenous enzymes is perhaps the greatest 
impediment to the development of more efficacious enzyme products for ruminants. 

4. Production Responses to Exogenous Enzymes 

4.1. BEEF CATTLE 

Evidence that exogenous enzymes could improve average daily gain and feed efficiency 
in beef cattle was first recorded in a series of feeding trials reported almost 40 years ago 
(Burroughs et al., 1960). When given a range of diets treated with an enzyme cocktail 
containing amylolytic, proteolytic, and cellulolytic activities (Agrozyme®, Merck 
Sharp and Dohme Research Laboratories), cattle gained 7 to 24% more body weight 
and exhibited improved efficiency of converting feed into liveweight gain (F/G ratio) of 
6 to 21%, relative to cattle fed untreated control diets. In the same year, four different 
enzyme preparations (Agrozyme®, Zymo-Pabst®, Rhozyme®, and Takamine®; Merck 
and Company, Rahway, NJ) were shown to increase liveweight gain in cattle fed a 
maize-lucerne hay diet by 14% (Nelson and Damon, 1960).

Further studies confirmed that enzyme supplements could improve average daily 
gain (ADG) and F/G ratio in cattle fed silage-based diets (Rovics and Ely, 1962), but
not all responses to enzyme supplementation were positive. Leatherwood et al. (1 960) 
added a fungal enzyme (Enzyme 19AP®, Rohm and Hass Co.) to a grain supplement 
for calves fed a lucerne hay-based diet and found no improvement in the ADG or F/G
ratio of the calves. Two enzyme preparations containing primarily amylase and 
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protease activities also failed to increase ADG by cattle given a diet comprising 80% 
maize concentrate and 20% chopped lucerne hay (Clark et al., 1961). In a separate 
study, Agrozyme® even reduced the ADG of cattle by 20% when it was fed with a 
maize carrier to beef cattle given a maize silage diet (Perry et al., 1960). Similarly, 
Kercher (1960) found that ADG was reduced when Zymo-Pabst® was fed with a maize
carrier to cattle given a diet of steam-rolled barley, lucerne hay and maize silage. 

Although these early studies provided valuable information on the potential benefits 
of enzymes for beef cattle, they did little to address the impact on animal responses of 
factors such as the composition of the diet, types and levels of enzyme activities 
present, or the method of enzyme application. More recent studies have been designed 
specifically to address these issues. Different feed types (Beauchemin et al., 1995;
Beauchemin et al., 1997, Beauchemin et al.., 1999), application levels (Beauchemin 
and Rode, 1996; McAllister et al., 1999; Michal et al., 1996), enzyme products 
(Pritchard et al., 1996) and enzyme application methods (Beauchemin et al., 1998;
Rode et al., 1999; Hristov et al., 1998b) have been compared under controlled 
conditions. Application of different levels (0.25 to 4.0 L tonne-1) of a mixture of 
xylanase and cellulase products (Xylanase B, Biovance Technologies Inc., Omaha, NE) 
and cellulase (Spezyme CPB, Genencor, Rochester, NY) increased ADG of steers fed 
lucerne hay or timothy hay cubes by 30 and 36%, respectively, but had no effect on 
ADG when applied to barley silage (Beauchemin et al., 1995). When this same mixture 
was applied to a 95% grain diet, feed efficiency of cattle fed barley was improved by 
11% but performance of cattle fed maize was unaffected (Beauchemin and Rode, 1996). 
Application of a mix of fungal enzyme preparations (Cellulase A, Xylanase B, 

Finnfeeds International Ltd. Marlborough, UK) at rates up to 5.0 L tonne-1 increased
the final weight and ADG of feedlot cattle given diets based on lucerne silage (Michal 
et al., 1996; Pritchard et al., 1996) or barley silage (McAllister et al., 1999). Treatment 
of 83% maize diets with Amultiple stabilized enzymes@ increased ADG and F/G ratio 
by feedlot cattle by 10 and 8%, respectively (Weichenthal et al., 1996), and similar 
improvements in feed efficiency have been reported for cattle fed sorghum-based diets 
treated with amylase (Krause et al., 1989; Boyles et al., 1992).

4.2. DAIRY CATTLE 

The effect of exogenous enzymes on milk production in dairy cows was first examined 
in the mid 1990s (Chen et al., 1995; Lewis et al., 1995; Stokes and Zheng, 1995) and 
recently there has been a flurry of research activity in this area (Sanchez et al., 1996;
Luchini et al., 1997; Nussio et al., 1997; Kung et al., 1998; Rode et al., 1999; Yang et
al., 1999; Beauchemin et al., 1998; Beauchemin et al. ., 1999). As in studies using beef 
cattle, production responses by dairy cattle to exogenous enzymes have also been
variable. While this variability may be viewed as an indication that fibrolytic enzymes 
is not a suitable technology for improving ruminant diets, we believe that the variability 
can be attributed to factors such as enzyme type, level of supplementation and 
particularly, method of enzyme application. Our group has conducted various feeding 
studies with a range of enzyme products using our knowledge of enzyme type, level and 
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method of application to clearly demonstrate the potential of enzymes as feed additives 
for ruminants.

Table4. Effects of supplementing a dairy cow diet with Low or Medium levels of fibre 
degrading enzyme mixture applied to alfalfa hay cubes or cubes and concentrate (Yang et
al.,1999).

20.4

23.7b

22.4b

3.79

3.36

4.56b

1.21

54.1

64.4b

30.7

38.8b

Item Control Low Medium Medium enz. SE
cubes enz. enz. in cubes +

in cubes in cubes conc.

Dry matter intake, kg/d 20.7 20.7 20.8 0.7

Milk production, kg/d 24.6ab 25.6a 25.3ab 0.6

4% fat corrected milk, kg/d 22.9ab 24.6a 24.2a 0.7

Milk fat content, % 3.70 3.78 3.76 0.11

Milk protein content, % 3.41 3.48 3.49 0.04

Milk lactose content, % 4.61ab 4.60ab 4.62a 0.02

Kg milk / kg dry matter intake 1.21 1.29 1.25 0.05

Ruminal organic matter (OM) 54.3 58.4 57.2 3.0
corrected digestibility1, %

Total tract OM digestibility, % 65.9ab 67.0a 66.5a 0.7

Ruminal NDF digestibility, % 34.9 36.9 35.6 4.8

Total tract NDF digestibility, % 41.2ab 43.6a 42.4ab 1.3

a,bMeans in the same row with diferent superscripts differ (P < 0.05). 1Organic matter
truly fermented in the rumen. 

In one such study, the xylanase/cellulase enzyme mixture, Pro-Mote®, (Biovance
Technologies Inc., Omaha, NE), was applied to processed lucerne hay cubes with the 
cubes comprising 45% of the total diet (dry matter basis; DM) (Yang et al., 1999).
When the enzyme-enhanced cubes were fed to dairy cows with ruminal and duodenal 
cannulae, the digestibility was enhanced and milk production was increased (Table 4). 
Two levels of enzyme addition were used (Low = 0.5 g/kg; Medium = 1 .0 g/kg dietary 
DM). The medium level was attained by adding the enzyme supplement to the cubes or 
to the cubes and concentrate. Milk yield was increased by about 1 kg/d for the Low 
enzyme level, and by 2 kg/d for the Medium enzyme level, with no effects of enzyme 
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on feed intake. The increase in milk yield with Low and Medium levels of enzyme 
represented a 4 and 8% increase in milk yield, respectively. When compared at the 
same level of enzyme, the response was similar whether the enzyme was added to the 
cubes or to both the cubes and concentrate. Increased milk yield due to enzymes did 
not change the fat or protein content of milk, but lactose content was increased. 
Because the enzymes improved feed digestibility without affecting feed intake, feed 
conversion (kilograms of milk yield/kilogram dry matter intake) was 2 to 8% higher for 
cows fed enzyme enhanced cubes. 

We speculated that increasing energy availability of feed using enzymes would lead 
to a substantial increase in milk yield of cows in early lactation due to their negative 
energy balance. Thus, we conducted a lactation study (Study 1) with 20 cows in early 
lactation fed diets treated with the same enzyme mixture (Biovance Technol. Inc., 
Omaha, NE) (Rode et al., 1999). The enzyme was applied to the concentrate (1.3 g/kg 
dietary DM) and the diet was formulated to contain 24% maize silage, 15% lucerne 
chopped hay, and 6 1 % concentrate mainly consisting of steam-rolled barley grain (DM
basis). During the first 12 weeks of lactation, cows fed the enzyme-enhanced diets 
produced 4 kg/d more milk than cows fed the control diet, yet feed intake was 
unchanged (Table 5). Digestibility of nutrients in the total tract was dramatically 
increased by enzyme treatment. Lactose and protein yields were consistently higher 
throughout the experiment for cows fed the enzyme supplemented diet than for cows 
fed the control diet, but milk fat yield was only higher during the first 3 weeks of the 
study for cows fed the diet supplemented with enzymes. Afterwards, milk fat yield of 
those cows dropped below that of the cows fed the control diet. 

The substantial reduction in milk fat yield and content due to enzyme 
supplementation was not expected considering the significant increase in feed digestion. 
There are a number of possible reasons for this decrease in milk fat. We have observed 
a change in ruminal protein metabolism with the use of fibrolytic enzymes (Yang et al. .,
1999): ruminal degradablity of feed protein increases with a concomitant increase in 
microbial protein synthesis. If, in this study, there was an increase in protein 
degradability without a compensatory increase in microbial protein, it is possible that 
the substantial effect of enzymes resulted in inadequate levels of metabolizable protein. 
Alternatively, we observed a lower ratio of acetate to propionate in ruminal fluid from 
cattle fed diets supplemented with the same enzyme mixture (Krause et al., 1998). We 
also reported increased post-ruminal digestion for dairy cows fed a diet supplemented 
with an enzyme mixture similar to that used in the current study (Beauchemin et al., 
1999). Increases in ruminal propionic acid and increased glucose from increased post-
ruminal digestion may have stimulated insulin release. The net effect would be to 
depress milk fat synthesis by increasing adipose tissue lipogenesis. Another possibility 
is that increased fibre digestion due to enzymes reduced the effective ND content of the 
diet, indicating higher fibre levels may be needed to maintain a high milk fat content 
when enzyme supplements are used. 

In the second lactation study (Study 2), cows in early lactation were fed diets treated 
with a modified version of Pro-Mote® (equivalent to1.5 g/kg DM with respect to 
xylanase and 0.4 g/kg DM with respect to cellulase; Biovance Technologies Inc., 
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Omaha, NE) (Beauchemin, Rode and Yang; unpublished data). The enzyme was 
applied to either the concentrate or sprayed daily onto the TMR. The diet was similar to 
that used in Study 1, except that the diet was formulated to supply higher metabolizable 
protein levels. 

During the first 15 weeks of lactation, cows fed the diet with enzyme applied to the 
concentrate produced 2 kg/d more milk than cows fed the control diet, without a change 
in feed intake (Table 5). In contrast, there was no effect on milk production when the 
enzyme was applied to the TMR. This study clearly illustrates that method of enzyme 
delivery is crucial in obtaining improvement in digestibility and milk production. 
Unlike in lactation Study 1, enzyme supplementation did not affect milk composition, 
indicating that dietary effective fibre levels were adequate even after enzyme 
supplementation.

Table5.
enzyme mixture. 

Effects of supplementing diets fed to cows in early lactation with an

Study 1 Study 2 
Item Control Enzyme in Control Enzyme in Enzyme in 

conc. TMR conc. 

Dry matter intake, kg/d 18.7 19.0 19.1 19.8 19.4 
Milk production, kg/d 35.9 a 39.5 b 35.3 b 35.2 b 37.4 a 
Milk composition, %

Fat 3.87 c 3.37 d 3.34 3.14 3.18 
Protein 3.24 3.03 3.18 3.13 3.13 
Lactose 4.73 e 4.62f 4.65 4.56 4.65 

Fat 1.35 1.32 1.14 1.13 1.15 
Protein 1.13 1.19 I .09 1.15 1.14 
Lactose 1.68 1.85 1.61 1.68 1.7 

Body wt. change, kg/d -0.63 -0.60 0.15 0.14 0.04
DM digestibility, % 61.7 69.1 63.9a 65.7ab 66.6a
NDF digestibility, % 42.5 51.0 N/A N/A N/A

a,bMeans within a study differ (P < 0.11); c,dMean within a study differ (P = 0.02); 
ef Mean within a study differ (P = 0.09); N/A Not available.

Milk component yield, kg/d

Lack of effect of enzyme supplementation on intake seems to be consistent for dairy 
studies using the Biovance product, but this is not the case for all enzyme products. 
Sanchez et al., (1 996) reported that adding an enzyme mixture (Fanfolds International 
Ltd., Marlborough, UK) to forage (approximately 0.6, 1.25, and 2.5 L/t dietary DM), 
increased DMUS of dairy cows in early lactation by 7, 7, or 9%, respectively, compared 
with cows fed a control diet. However, the milk production response was quadratic: 
milk production only increased at the 1.25 L/t level. Using the same enzyme mixture 
applied to forage at 0.39, 0.67, or 0.95 L/t dietary DM, Lachine et al., (1997) reported 
increased intake for cows from 6 to 17 wk post calving fed the intermediate and high 
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enzyme levels. Also using the same enzyme mixture applied to forage at 0, 0.32, 0.54, 
and 0.77 L/t dietary DM and fed to cows in early and mid stages of lactation, Nussio et
al.., (1997) reported a 7, 9, or 11% increase in DMUS, for the three levels, respectively.
In that study, milk yield was not affected by the enzyme treatments, but milk yield of 
the few cows in early lactation fed the highest level of enzyme averaged 3.6 kg/d higher
than the milk yield of cows in early lactation fed the control diet. More recently, Kung 
et al., (1998) used what appears to be a different enzyme mixture from Fanfolds 
International than used in previously reported studies. Increasing the level of enzyme 
applied resulted in a quadratic response in milk yield, without a change in dry matter 
intake.

We conducted a study to determine the effects of an enzyme product containing 
xylanase and beta-glucanase activities designed for poultry diets (Natugrain®, BASF, 
Ludwigshafen, Germany), on intake and digestion in dairy cattle (Beauchemin and 
Rode; unpublished data). Cows received either: a) control (no enzyme); b) low level of 
enzyme (1.22 L/t of dietary DM); or c) high level of enzyme (3.67 L/t of dietary DM). 
The enzyme mixture was added to the concentrates at the time of manufacturing and the 
diet consisted of barley-based concentrate (55%), barley silage (22.5%), and alfalfa 
haylage (22.5%; DM basis). Low enzyme increased intake of dry matter by 7.5% and 
high enzyme increased intake by 5.2%. A quadratic effect of enzyme addition on 
digestion was observed: total tract digestion of dry matter increased by 2.6 percentage 
units using the low level of enzyme, but there was no effect on digestion for the high 
level. These studies suggest that some enzyme mixtures may increase feed intake of 
dairy cows, but increased intake may only lead to higher milk yield when cows in early 
lactation that are in negative energy balance are used. The varying effects of enzyme 
products on feed intake indicate that the mode of action likely differs for the different 
supplements used. Feng et al. ., (1996) observed that ruminal particulate passage rate 
was 31% faster for enzyme-treated hay than for control hay (Comzyme, Fanfolds 
International Ltd., Marlborough, U.K.), while this effect was not observed in studies 
using the Biovance product (Rode et al. ., 1999; Beauchemin et al. ., 1999).

The effect of enzymes on increasing intake suggests that the mode of action may 
relate to the collapse and breakdown of the cellular structure of fibre. The physical 
volume of plant material provides a structure which houses the cellular contents. Van
Soest (1992) proposed an "hotel theory" of fibre digestion. The theory uses the analogy 
of a hotel made up of many rooms: even if the rooms are vacant, the hotel still provides 
structure. An enzyme mixture that hydrolyzes cellular contents and soluble matter 
removes the inner "hotel rooms", but leaves the hollow cell wall structure, or "hotel".
This type of enzyme will increase digestibility but not necessarily intake. However, an 
enzyme mixture that increases intake may help collapse the 'hotel"structure. This type 
of enzyme will lead to an increase in intake but not necessarily an increase in 
digestibility if the rate of passage of the "hotel walls" is faster than the rate of digestion. 
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4.3. LEARNING FROM ANIMAL EXPERIMENTS

The positive effects of exogenous enzymes on growth production both by beef and by 
dairy cattle have been demonstrated definitively, but the information required to 
improve the consistency and increase the magnitude of these responses needs 
refinement. Comparisons among experiments are exceedingly difficult, because many 
enzyme products are poorly defined. Further, several studies have shown that over-
application of enzyme is possible, such that increased application costs are not 
recovered by corresponding improvements in animal performance (Beauchemin et al.,
1996; Sanchez et al.., 1996; McAllister et al., 1998). Thus, application of one enzyme 
preparation at a given concentration provides little information with regard to the 
potential effect on animal performance of a different application level, l et al.one a 
different product. Method of application has a major impact on production responses; 
they have been shown to differ between dry forage, fresh forage, and silage (Feng et al.,
1996; Beauchemin et al., 1995), and if the enzyme is infused directly into the rumen, 
applied to the complete diet or to the concentrate component only (Lewis et al., 1996;
McAllister et al., 1998; Beauchemin et al., 1999). It is obvious that many factors may 
influence enzyme efficacy in ruminants. Therefore, an understanding of the modes of 
action by which enzymes improve nutrient utilization in ruminants is key to obtaining 
consistent positive responses to enzyme additives over a broad range of diets and 
animal types. 

5. Modes of Action

Upon initial consideration, exogenous enzymes might be expected to alter feed 
utilization in ruminants either through their effects on the feed prior to consumption, or 
through their enhancement of digestion in the rumen and/or in the post-ruminal
digestive tract (Figure 1). In actuality, however, all of these possible modes of action 
are intertwined and enzyme-mediated alteration of the feed prior to consumption likely 
has ramifications on ruminal and post-ruminal digestion of nutrients. Preconsumptive 
effects of exogenous enzymes may be as simple as the release of soluble carbohydrate 
or as complex as the removal of structural barriers that limits the microbial digestion of 
feed in the rumen. Within the rumen, exogenous enzymes could act directly on the feed 
or could indirectly stimulate digestive activity through synergistic effects on ruminal 
microorganisms.

Exogenous enzymes may remain active in the lower digestive tract, contributing to 
the post-ruminal digestion of fiber or could indirectly improve nutrient absorption in the 
lower tract by reducing viscosity of intestinal digesta. Ultimately, the goal of enzyme 
supplementation is to improve the efficiency of feed utilization in ruminants and reduce 
waste production. Undoubtedly, the mode of action of exogenous enzymes in 
ruminants is exceedingly complex and continues to be a major focus of the research 
presently being conducted with these additives. 
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5.1 Pre-ingestive Effects 

From the previous discussion, it is clear that when fibrolytic enzymes, in a liquid form, 
are applied to feeds prior to consumption, they can have a positive effect on animal 
performance. Therefore, it is not unreasonable to assume that the mode of action is 
through some form of pre-ingestive attack of the enzymes upon the plant fibre. This 
would suggest that exogenous enzymes should be more efficacious when applied to 
high moisture feeds such as silages compared to dry feeds. However, there is evidence 
that exogenous enzymes are more effective when applied to dry forage as opposed to 
wet forage (Feng et al., 1996; Beauchemin et al., 1995, Beauchemin et al., 1998). At 
first this seems improbable, given that the role of water in the hydrolysis of soluble 
sugars from complex polymers is a fundamental biochemical principle (Lehninger, 
1982).

Figure1. Possible modes of action of exogenous enzymes in ruminants. (A) Pre-
ingestion: partial digestion of feed or weakening of structural barriers that impede rumen 
microbial digestion. (B) Ruminal: hydrolysis of feed directly or in synergy with ruminal 
microorganisms to enhance feed digestion. (C) Post-ruminal: improvement of nutrient 
absorption by reducing intestinal viscosity, or by hydrolyzing substrates that escape 
ruminal digestion. (D) In the feces: may increase the rate ofdecomposition (McAllister et
al.,1999).

However, feed offered to ruminants is seldom absolutely dry; even feeds that 
nutritionists would describe as "dry" (e.g., grain, hay) contain 6 to 10% moisture. 
Release of soluble sugars from these "dry" feeds suggests that their free water content is 
sufficient to enable hydrolysis. However, it is virtually impossible to measure 
solubilisation of dry matter or fibre without some incubation period. Therefore, it 
cannot be ruled out that the observed solubilisation of dry feed with enzymes is simply 
an artefact of the extraction method. Release of sugars from feeds arises at least 
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partially from the solubilisation of NDF and ADF (Hristov et al., 1996; Gwayumba and 
Christensen, 1997). This is consistent with observed increases in the soluble fraction 
and rate of in situ digestion (Feng et al., 1996; Hristov et al., 1996; Yang et al., 1999).
However, most studies have not found exogenous enzymes to improve the extent of in
situ or in vitro DM digestion (Feng et al., 1996; Hristov et al., 1996). These results 
suggest that enzyme additives only degrade substrates that would be naturally digested 
by the endogenous enzymes of the rumen microflora. 

Although exogenous enzymes do affect release of soluble carbohydrates, the 
amount liberated represents only a minute portion of the total carbohydrate present in 
the diet. It is difficult to attribute observed enzyme-associated production responses 
solely to the generation of soluble carbohydrates prior to consumption, given that 
comparable increases in yield were not seen when up to 9% of total dietary DM was
supplied as molasses (Wing et al., 1988). Additionally, there is ample evidence that 
through associative effects soluble carbohydrates can actually depress fiber digestion in 
ruminants (Huhtanen, 1991). A pre-ingestive effect also does not account for why 
exogenous enzymes can be effective in improving overall fibre digestion when they are 
only applied to the concentrate (low fibre) portion of the diet (Beauchemin et al., 1997;
Beauchemin et al., 1999; Yang et al., 1999). Thus, it is most likely that the major 
portion of the positive production responses observed to accompany enzyme 
supplements is due to post-ingestive effects. 

5.2 RUMINAL EFFECTS 

5.2.1 Direct Hydrolysis 

Until recently, it was assumed that the proteolytic activity in the rumen ecosystem 
would rapidly inactivate unprotected enzyme feed additives (Chesson, 1994; Kung, 
1998). This was substantiated by an earlier work from Kopecny et al.. (1987) reporting 
the rapid inactivation of a Trichoderma reesei cellulase preparation by rumen bacterial 
proteases. More recently, the fate of specific feed enzyme additives has been tested for 
their resistance to rumen degradation in vitro and in vivo. Exogenous enzymes in the 
rumen are generally more stable than previously thought. However, there are significant 
differences depending on the type of enzyme preparation and activity measured 
(Hristov et al., 1998a,b). Xylanases have been reported to resist proteolysis (Fontes et
al., 1995), possibly due to their high degree of glycosylation (Gorbacheva and 
Rodionova, 1977). 

We have observed that cellulase and xylanase activities of some enzyme 
preparations to be remarkably stable with little or no decline in enzyme activity when 
incubated in rumen fluid from four cows for up to six hours. (Morgavi, Rode, 
Beauchemin, McAllister, unpublished results). However, the hydrolytic activity within 
the rumen is higher in some cows than in others. Stability of the various exogenous 
enzymic activities measured also varied among cows. This effect was more evident for 
glycosidases, particularly ß-xylosidase (Figure 2). In activation of ß-xylosidase for 
most enzyme preparations was rapid in two of the animals (Figure 2.b1.) but slow in the 
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other two (Figure 2.b2.) suggesting that survival of the enzymic activities provided with 
the feed will vary depending on ruminal conditions in the host animal. 

Enhanced stability of feed enzymes after feeding may be the result of several factors 
including reduced number of microorganisms and presence of readily available soluble 
nutrients (Dehority and Orpin, 1997). After feeding, the rumen pH in dairy cows is 
below optimal for most rumen microbial proteases (Wallace et al., 1997; Krause et al., 
1998) and soluble proteins liberated from feed also contribute to enzyme stability 
(Morgavi, Newbold, Beever and Wallace, unpublished results). The effect of protein 
concentration on stability may explain reduced proteolysis when extremely high 
exogenous enzyme concentrations are used (Hristov et al., 1998a,b). Differences in 
stability between enzyme preparations can be explained by their origin, as secondary 
and tertiary protein conformation can influence their susceptibility to proteases (Fontes 
et al., 1995). However, our observed differences in the stability of different T.
longibrachiatum preparations can only be attributed to factors such as carriers and 
stabilizers contained in the commercial products. Inborr and Grönlund (1993) also 
reported differences in survivability for two preparations from the same fungus 
indicating that manufacturing practices may enhance stability. In practice, feed enzyme 
additives are administered with the feed and the presence of the feed substrate is a 
known factor increasing enzyme resistance to proteolytic inactivation (Fontes et al.,
1995).

The fact that exogenous enzymes remain active in the rumen raises the possibility 
that they may improve digestion through the direct hydrolysis of ingested feed within 
the rumen environment. Given that exogenous enzymes are stable in the rumen and the 
nature of ruminant diets, this is the most obvious mode of action for enzyme efficacy in 
ruminant diets. Several researchers have shown that exogenous enzymes can enhance 
fiber degradation by ruminal microorganisms in vitro (Fonvood et al., 1990; Varel et
al., 1993; Hristov et al., 1996; Feng et al., 1996) and in situ (Lewis et al., 1996). This
effect has been confirmed in some (Beauchemin et al., 1998; Rode et al.., 1999) but not 
in all (Firkins et al., 1990; Varel and Kreikemeier, 1994) studies conducted using cattle 
with ruminal and duodenal cannulae. The contribution of added exogenous enzymes to 
total ruminal activity is small (less than 15%; Beauchemin et al., 1998) and even this 
may be an inflated amount depending upon how enzyme activity is measured. Total 
endogenous cellulase or xylanase activity is a highly variable measurement from animal 
to animal (Morgavi, unpublished data). These variations may be attributed to 
differences in rumen fluid pH, microbial population, and the animal eating behavior. 
Adding exogenous enzymes may increase the activity of xylanases and cellulases in 
ruminal fluid, enzyme activity in the fluid usually represents less than 30% of the total 
enzyme activity in the rumen, the remainder being associated with the feed particles 
(Minato et al., 1966; Brock et al., 1982). Applying fibrolytic enzymes to a grass hay 
diet for sheep prior to consumption increased endoglucanse activity and xylanase 
activity in ruminal fluid, but this activity accounted for only 0.5% of the total 
endoglucanase activity in the rumen (Table 6; Dong, 1998). However, active enzymes 
are difficult to extract from insoluble substrates. Therefore, both endogenous and 
exogenous enzyme activities may be seriously underestimated. 
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Figure 2. Stability of b-glucosidase (A) and b-xylosidase (B) activities from different 
enzyme preparations when incubated with rumen fluid taken from dairy cows after feeding. 
Mean of two cows displaying high (1) or low (2) proteolytic activily. Activity at zero time 
is set at 100%. T. longibrachiatum preparations A and B preparation I , 
preparation 2 (0), and A. niger preparation . 

Given that exogenous enzymes represent only a small fraction of the ruminal enzyme 
activity, and that the ruminal microbiota is inherently capable of readily digesting fibre 
(McAllister et al., 1994), it is difficult to envision how exogenous enzymes would 
enhance ruminal fibre digestion through direct hydrolysis. This, of course, is assuming 
that measured activities such as xylanase or cellulase are causing the observed 
improvement in animal performance. However, if the causative activity is one of the 
minor activities contained in the enzyme products, it is then likely that enzyme 
supplementation can significantly increase the overall level in the rumen. 

318



Enzymes as direct-feed additives for ruminants

5.2.2. Synergism with Ruminal Microorganisms

Enhancement of fibre digestion in the rumen would seem more feasible if these
products are working synergistically with ruminal microbes. Logically, this concept
implies that exogenous enzyme preparations contain enzymatic activities that would
normally be limiting to digestion of plant cell walls by ruminal microorganisms.
Limitations to plant cell wall digestion in the rumen could result from insufficient
quantities or types of enzyme production by the ruminal microbes, from an inability of
degradative enzyme(s) to interact with the target substrates, or from conditions in the
rumen not being optimal for enzyme activity (e.g., low ruminal pH). At least 21
different enzymatic activities have been identified as being involved in the hydrolysis of
the structural polysaccharides of the plant cell wall, all of which are produced by a
normally functioning ruminal microflora (White et al., 1993). If exogenous enzymes
are responsible for improvements in feed digestion in the rumen, presumably the
enzymes must function within a few hours of feeding before being degraded by the
proteolytic activity of the rumen microbes (Kopecny et al.., 1987) or leaving the rumen
as part of the normal digesta flow to the small intestine (Beauchemin et al., 1999).
Also, the quantities of added enzyme activity is small compared to endogenous
microbial activities in the rumen Newbold, 1992b). The enzymes present in fungi
must therefore act synergistically with rumen microbial activities rather than additively
(Newbold, 1997).

5.2.2.1. Stimulation of Rumen Microbial Populations. Extractions from Aspergillus
oryzae (AO) cultures can increase the number of ruminal bacteria (Newbold et al.. 
1992a,b) and can work synergistically with extracts from ruminal microorganisms to 
enhance release of soluble sugars from hay (Newbold, 1995). Newbold (1997) 
observed that a high molecular weight (>10,000 MW) component from A. oryzae and
Aspergillus foetidus stimulated bacterial numbers and fiber digestion. The same 
fraction had the highest carboxymethylcellulase and amylase activity. When the high 
molecular weight fraction was incubated with a wide spectrum protease prior to 
feeding, its ability to stimulate fibre digestion and bacterial numbers was destroyed. 
Thus it appears that proteins are important factors in the ability of A. foetidus to
stimulate rumen digestion. In view of the enzyme activity in the high molecular weight 
fraction, the involvement of polysaccharidase enzymes in the efficacy of A. foetidus 
seems likely. Nsereko et al. (1999) observed similar effects on rumen microbial 
populations when exogenous enzymes were fed to lactating dairy cows. In this study, 
relatively low levels of enzyme supplementation increased non- fibrolytic as well as 
fibrolytic bacteria. The increase in non-fibrolytic bacterial numbers may have been due 
to an enzyme-induced release of small molecular weight polysaccharides that can be 
utilised by these bacteria. Interestingly, this response disappeared when higher levels of 
enzyme supplementation were used. This response may explain the non linear dose-
responses observed in vivo (Beauchemin et al., 1995; Sanchez et al., 1996; Kung et al.,
1996). Arambel et al.. (1987) speculated that endogenous polysaccharidase enzymes 
might play an important role in the stimulation of ruminal digestion when ruminants are 
fed Aspergillus spp. If supplemental enzymes stimulate rumen microbial numbers as 
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shown here, then the resultant greater microbial biomass would provide more total
polysaccharidase activity to digest feedstuffs

Table 6. Effect of exogenous enzymes on endoglucanase and xylanase 
activitiesz in the rumen of sheepfed grass hayz

% of Total 
Ruminal Activity 

Activity ENZ CON ENZ CON 

Activity in liquid phase (units ml-1h-1) 
Endoglucanase
Xylanase

Activity in particulate phase (units g-1 DM h-I)
Endoglucanase
Xylanase

Total activity in liquid phase (units x 103)
Endoglucanase
Xylanase

0.026 0.029b -
0.315a 0.344b -

3.14 3.12 -
2.37 28.27 -

0.14 0.165 3.6 4.6
1.76 1.95 5.4 6.4

Total activity in particulate phase (units x 103)
Endoglucanase 3.79 3.45 96.4 95.4
Xylanase 30.5 28.54 94.6 93.6

a,bWithin a row, means bearing unlike superscripts differ (P < 0.05)
Endoglucanase activity was standardized against a commercial enzyme preparation

from Penicillurn funiculosrn (EC 3.2.1.4, Sigma Chemical Co., St. Louis, MO) and
xylanase activity was standardized against a commercial xylanase activity from
Aspergillus niger (EC 3.2. 18, Sigma Chemical). Incubations were conducted in sodium
phosphate buffer (PH 6.5) at 39oCfor 30 min. Adapted from Dong, 1998.

5.2.2.2. Bacterial Attachment. Hydrolysis of cellulose and hemicellulose is 
accomplished either by free enzymes or by cellusomal structures comprising multiple 
enzymes bound non-covalently to form an organized complex (Teeri, 1997). Aerobic 
fungi, the principal commercial source of exogenous enzymes, hydrolyze plant cell 
walls by means of free enzymes, whereas hydrolysis of plant cell walls by Clostridium
spp. and the anaerobic ruminalfungi involves cellulosomal structures (Beguin et al.,
1998; Ljungdahl et al., 1998). There is also evidence that the ruminococci may rely on 
a cellulosome-like multi-enzyme complex for fibre degradation (Flint et al., 1998;
Ohara et al., 1998). Destruction of these multi-enzyme complexes during the extraction 
process may explain why enzymes from mixed ruminal microorganisms failed to 
release as much soluble sugar from hay and straw as extracts from A. oryzae (Newbold,
1995).
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Close association between microorganisms and fibre is essential for the digestion of 
feedstuffs in the rumen (McAllister et al., 1994; 1996) and the rate of degradation of 
fibre in vivo depends on the rate at which the adherent cellulolytic microbial population 
develops (Silva et al., 1987). If exogenous enzymes can stimulate the attachment of 
rumen microbes to plant fiber, it may explain how small quantities of enzymes can have 
such a significant effect on fiber degradation in vivo. 

Cellulosomes and cellulose binding domains may play important roles in adhesion 
of microbial cells to their substrates (Pell and Schofield, 1993; Beguin et al., 1998).
Newbold (1997) observed that initial attachment of total and cellulolytic rumen bacteria
were both enhanced by in vitro inclusion of A. foetidus. These results were confirmed 
in vivo where the inclusion of A. foetidus, in the diet of sheep, stimulated the 
attachment of cellulolytic bacteria to straw incubated in the rumen. Treating lucerne 
hay with exogenous enzymes, prior to ingestion, increased bacterial colonization and in 
situ DM disappearance of forage between 3 h and 24 h of ruminal incubation (Yang et
al., 1998). These responses were supported by concurrent increases in digestibility of
fibre in the rumen and total gastrointestinal tract (Rode et al., 1999). The mechanism 
by which fibrolytic enzymes stimulate the attachment of rumen bacteria to plant fibers 
remains unknown. However, chemotactic responses to soluble sugars released from 
plant fibers have been shown to initiate the attachment of fungi and protozoa to plant 
cell walls in the rumen (Orpin ,1979). It is possible that these enzymes release soluble 
sugars from the fiber thus increasing the chemotactic attraction and eventual attachment 
of fibrolytic rumen bacteria to the plant surface. Enzymic attack may also alter the 
surface structure of the plants making them more suitable for microbial colonization 
(Newbold, 1997). 

5.2.2.3. Supplying Critical Enzyme Activities. The extent of cross-linking by p-
coumaryl and feruloyl groups to arabinoxylans has been identified as one factor that 
limits the digestion of plant cell walls (Hatfield, 1993). Aspergillus oryzae has been 
shown to produce an esterase capable of breaking the ester bridges forming between 
ferulic and p-coumaric acids and arbinoxylan (Tenkanen et al., 1991); these are the 
activities that have been proposed to function synergistically with ruminal 
microorganisms (Varel et al., 1993). However, many of the ruminal fungi (e.g.,
Neocallimastix spp., Borneman et al., 1990) and some species of ruminal bacteria (e.g.,
Fibrobacter succinogenes, McDermid et al., 1990; Butyrivibrio fibrisolvens, Dalrymple
et al., 1996) produce esterases capable of hydrolyzing linkages with phenolic acids. 
The fact that exogenous enzymes usually only increase the rate and not the extent of 
digestion (Varel et al., 1993; Feng et al., 1996; Hristov et al., 1996) suggests that the 
activities contributed by these additives are not novel to the ruminal environment. 
Recent work in which oligonucleotide 16s rRNA genes were cloned and sequenced 
from the rumen fluid of dairy cattle (Forster and Whitford, 1998). Only 8% of the 
cloned sequences could be attributable to known genus species combinations and 31%
were not close to any known bacteria. Clearly, there is a large unidentified genetic pool 
in the rumen that is contributing to the diverse array of enzyme activities required for 
efficient digestion of plant cell walls. 
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Administering an aqueous solution of mixed fibrolytic enzymes directly into the rumen 
lowered DM digestion in sheep (McAllister et al., 1998) and beef steers (Lewis et al., 
1996). It is unclear if the negative effects on digestion, observed with ruminally infused 
enzymes, are associated with the in vivo observations that indicate that exogenous 
enzymes are not as efficacious when applied to moist compared to dry feed 
(Beauchemin et al., 1995; Beauchemin, Yang, and Rode, unpublished results; Table 6). 
Alternatively, these negative effects may be due to the relatively high levels of 
exogenous enzymes that have been used in ruminal infusion experiments. In vivo 
responses to enzyme supplementation are typically nonlinear (Beauchemin et al. , 1995; 
Sanchez et al., 1996; Kung et al., 1996) suggesting that extremely high enzyme 
supplementation levels may induce negative in vivo responses. 

5.2.2.4. RuminalpH. Considering the low fiber content of high concentrate diets, it is 
surprising that fibrolytic enzymes have improved feed digestion (Krause et al., 1998)
and performance of cattle fed high cereal grain diets (Beauchemin et al., 1997; Iwassa 
et al., 1997). An explanation of this phenomenon may come from comparing the pH
optima of the fibrolytic enzymes produced by ruminal microorganisms with the pH
optima of commercial fibrolytic enzymes (Table 3). It is well documented that growth 
of fibrolytic bacteria is inhibited (Russell and Dombrowski, 1980), and that fibre 
digestion is severely compromised when pH falls below 6.2 (Hoover et al., 1984).
Isolated and purified fibrolytic, enzymes from pure cultures of rumen bacteria have pH
optima above 6.2 (Greve et al, 1984; Matte and Forsberg, 1992) in contrast to the pH
optima of less than 6 for many commercial fibrolytic enzymes (Gashe, 1992). For 
example, the extent to which T. longibrachiatum enzymes enhances gas production is 
shown to increase as the pH declined from 6.5 to 5.5 (Table 7; Morgavi, Rode, 
Beauchemin, McAllister, unpublished data). Further, although a decline in pH from 6.5 
to 5.5 reduced dry matter disappearance from maize silage in mixed ruminal cultures 
supplemented with T. longibrachiatum enzymes, the negative effect of low pH on dry 
matter disappearance was more pronounced in the absence of added enzyme (Table 7). 
Ruminal pH can be below 6.0 for a significant portion of the day in dairy cattle 
Beauchemin et al. , 1999; Rode et al., 1999) and in feedlot cattle (Krause et al. , 1998).
Under these conditions, exogenous enzymes could make a significant contribution to 
ruminal fibre digestion. 

5.2.2.5. Non-enzymic Factors. Some evidence also suggests that non-enzymatic factors 
in crude enzyme extracts may work synergistically with ruminal microorganisms. 
Varel et al. (1993) showed that autoclaved A. oryzae extract enhanced cell wall 
degradation in vitro. However, the researchers attributed the effect to the presence of 
soluble substrate in the extract, but concluded that it would not be relevant at the 
concentration of extract expected at recommended in vivo dosages. These results are 
contrary to observations of Newbold (1997) and reported here (Table 7; Morgavi et al. ,
1999). Enzyme extracts often contain preservatives to prolong their shelf life, as well 
as emulsifying agents (e.g., surfactants) that maintain the enzymes in suspension and 
facilitate application of the product to the feed. Unfortunately, few enzyme 
manufacturers list the non-enzymatic components of their products and the consequent 
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difficulty in distinguishing between non-enzymic and enzymic effects of enzyme
products continues to hamper progress toward defining the mode of action of these
products.

5.2.3. Post-ruminal Effects 

Alteration of intestinal viscosity is the primary mode by which feed enzymes function
to improve animal performance in monogastric animals (Bedford, 1993). Because
viscosity of duodenal digesta increases with increasing levels of grain in the diet (Mir et
al., 1998), enzyme-mediated reductions in viscosity could improve nutrient absorption
in the small intestine of cattle fed grain diets. Reduced intestinal viscosity was
associated with 1.2% and 1.5% increases in total tract digestibility of DM when
enzymes were applied to the feed or infused into the abomasum, respectively (Hristov
et al., 1998a). However, intestinal viscosity in cattle is only between 1 and 2 cPoise
(Mir et al., 1998) whereas intestinal viscosity in poultry may exceed 400 cPoise
(Bedford, 1993). Improved growth performance in poultry supplemented with enzymes
is often associated with 10-fold reductions in intestinal viscosity (Bedford, 1993;
Graham, 1996). Consequently, it is difficult to comprehend how the relatively modest
declines in intestinal viscosity observed in ruminants supplemented with high levels of
enzymes results in a substantial improvement in nutrient absorption in the small
intestine.

Table7. Effect of pH and Trichoderma longibrachiatum enzyme preparations
on in vitro gas production and dry matter disappearance from corn silage during 
48 h of incubation with mixed ruminal culturez.

Enzyme

Autoclaved Unautoclaved 
Item PH No enzyme 

Gas production (ml) 6.5 9.4 10.4 11.9
6 7.3a 8.03 9.8b

5.5 6.4a 7.1a 9.0b
DM disappearance (%) 6.5 32.1a 31.5a 36.2b

6 23.6a 23.5a 3 I .8b

5.5 23.2a 22.8a 32.7b

a,b Within a row, means bearing unlike superscripts differ (P<0.05). ZConsecutive batch
culture techniques were used to adapt mixed ruminal microorganisms to each respective 
pH prior to incubation. Morgavi, Rode, Beauchemin, McAllisier, unpublished data. 

In studies with dairy cows fed barley grain diets, improvements in total tract digestion 
were attributed, at least partly, to an improvement in the digestibility of fiber and starch 
in the lower tract (Beauchemin et al., 1998a). Hydrolysis of complex carbohydrates by
exogenous enzymes in the small intestine and subsequent absorption of released sugars 
would offer energetic and nitrogen balance benefits to the animal that would not be 
accessible if these substrates remained undigested or were fermented by microbial 
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populations residing in the large intestine. It is possible that exogenous enzymes work 
synergistically with the microbes even in the large intestine. This raises the possibility 
that exogenous enzymes may even still be active in feces and could aid in reducing 
overall manure output from cattle. However, we have been unable to see any increases 
in the fibrolytic enzyme activity, when feeding exogenous enzymes, even at 10 times
the recommended level of supplementation. 

6. Phytases for Ruminants 

The majority of phosphorous (P) in seeds is contained in phytate (Nelson et al., 1968).
The inositol ring of faded must be hydrolyzed by fetuses before the P in faded can be 
available for intestinal absorption (Wise, 1983). The use of fades as dietary adjunct is a 
relatively new development in animal nutrition compared to other enzyme supplements 
because it has generally been cheaper to supplement with extra inorganic P than to add 
fetuses to feedstuffs. However, environmental concern over high P levels in manure 
has led to the use of fades in monogastric diets in order to increase P availability, 
thereby reducing P excretion in manure. To our knowledge there have been no studies 
with the use of fetuses in ruminant diets. This is primarily because it has always been 
assumed that the rumen is a major source of natural fades activity and that faded-P is 
completely available (Morse et al., 1992). However, faded availability in cattle may be 
as low as 50% in some situations (Shinoda et al., 1996).

Satter and Wu (1 999) have estimated that over-supplementation of P costs the U.S. 
dairy industry US$100 million per year. This over-supplementation is largely due to 
the fact that inorganic P is relatively inexpensive and that the consequences of under-
supplementation are related to reduced reproductive performance (Satter and Wu, 
1999). The primary source of this perception is nearly 60 years old (Hignett and 
Hignett, 1951). Estimates of phosphorous availability in ruminant diets ranges from 50 
to 70% (Tamminga, 1992). However, if bioavailability is low and fecal phytate is less 
than complete as suggested by Shinoda et al. (1996), there may be potential for the use 
of commercial fetuses in ruminant diets, particularly in regions where there are 
legislative restrictions on disposal of manure P. 

7. Toward Improving Exogenous Enzymes for Ruminants 

7.1 MATCH THE ENZYME TO THE FEEDING SITUATION 

Not all exogenous enzymes are equally effective at digesting complex substrates such 
as lucerne, maize and barley. Feedstuffs are exceedingly complex structurally, and our 
lack of knowledge of the factors that limit the rate and extent of feed digestion impedes 
our engineering of enzyme preparations designed to overcome constraints to feed 
digestion. Additionally, our lack of understanding of the precise mode of action for 
ruminant feed enzymes limits our ability to target specific feeding scenarios with 
specific enzymes. 
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If exogenous enzymes improve ruminant performance through a direct hydrolytic effect 
on the feed, we could identify specific targets for specific feeds. In maize, for example, 
the protein matrix surrounding the starch granules, as opposed to the properties of the 
starch itself, dictates the extent and rate of starch digestion in that grain (McAllister et
al., 1993). Thus, exogenous enzymes designed to improve the utilization of maize 
should contain proteases capable of digesting the protein matrix and exposing starch 
granules to digestion by endogenous ruminal or host enzymes. An exogenous 
preparation containing amylase but not protease activity would not be expected to 
substantially improve utilization of maize by ruminants. In straw, the major barriers to 
microbial digestion are apparently silica, wax and cutin (Bae et al., 1997).

In poultry nutrition, exogenous enzymes are included to add enzyme activities 
lacking in the avian digestive tract. In contrast, it would appear that in ruminant 
systems, the opportunity to improve animal performance lies in complementing a 
biological system that already has an active fibrolytic system. In modem feeding 
scenarios, the environmental conditions (e.g. pH) within the rumen often fall outside the 
range under which this particular biological evolved. This means that new feed 
enzymes will need to be synergistic with the endogenous rumen system. This provides 
the greatest opportunity for improvement. However, it is also the most difficult to 
manipulate as it requires an understanding of both the structural components of the 
substrate and the underlying endogenous enzyme system itself. 

To date most enzyme preparations are currently being used with no attempt to 
define the types or activities of the enzymes they contain. Such random employment of 
enzymes on feeds, without consideration for specific substrate targets, will only 
discourage or delay adoption of exogenous enzymes for more standard use in the 
animal production industry. Ultimately, enzyme cocktails should be designed 
specifically to overcome the constraints limiting digestion of a particular type of feed. 
Component enzymes in such cocktails might vary for given feedstuffs and class of 
animal being fed. Recent developments in biotechnology make it feasible to engineer 
such enzyme cocktails containing xylanase and -glucanase activities, but we presently 
lack the technology for specific production of many other potentially important 
enzymes (e.g., cutinase, ferulic acid esterase, acetylxylan esterase, 
arabinofuranosidase). However, until the specific critical enzyme activities are 
identified, enzyme cocktails containing an array of activities offer the best opportunity 
to take advantage of this technology. 

7.2. LOWER ENZYME COST

Once the mechanisms of action and specific targets for degradative exogenous enzymes 
have been identified, steps can be taken to optimize the application of these 
preparations. Application concentrations can be minimized by ensuring that the 
preparations contain the enzyme activities most likely to elicit an improvement in feed 
utilization. In some instances, the activity of crude enzyme preparations may be 
increased by including specific enzymes most likely to overcome the constraints to feed 
digestion. Recently, application of recombinant DNA technology has enabled 
manufacturers to increase the volume and efficiency of enzyme production, and to 

325



Rode L.M et al 

create new products (Ward and Conneely, 1993; Hodgson, 1994). Genes encoding 
superior enzymes can be transferred from organisms such as anaerobic bacteria and 
fungi, typically impractical for commercial production, into well-characterized
industrial microbial production hosts (e.g., Aspergillus and Bacillus spp.). Expression 
of genes encoding novel enzymes in plants such as canola and potato may be a 
particularly effective means of lowering the cost of enzyme production (Pen et al.,
1993; van Rooijen and Moloney, 1994). 

8. Conclusion 

The use of feed enzymes in the monogastric animal production industry has increased 
dramatically in recent years and numerous commercial products are presently being 
marketed. In many instances, the mechanisms and modes of action of these 
preparations have been defined. In contrast, few commercial preparations of exogenous
enzymes exist for ruminants and many of these are just now entering the marketplace. 
Although positive responses in animal performance have been observed, results have 
been inconsistent. Characteristics of the ruminant digestive tract (e.g., complex
microbial populations producing numerous endogenous enzymes) complicates 
elucidation of the mechanisms of exogenous enzyme action in ruminants. There is 
evidence that exogenous enzymes initiate digestion of feeds prior to consumption and 
that they can improve feed digestion in the rumen and lower digestive tract. The 
challenge for researchers is to determine the modes of action, singly or in combination, 
that enable exogenous enzymes to improve feed efficiency and increase growth and 
milk production. 
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Abstract

Adulteration of meat products by addition of substances of lower value is prohibited for 
fair trading, consumer protection, religious reasons or public health. Several methods 
are used for the identification of meat species and for the adulteration in meat products. 
Two important groups of methods exist: immunological methods and DNA-based
analyses. lmmunological methods are currently used but failed in analysis of treated 
meat samples or food products with complex matrices. 

The present review report methods based on DNA analysis. Principal methods used 
to reveal DNA polymorphism are described as their applicability in species 
identification and meat traceability. 

1. Introduction 

For the last few years, people are more and more concerned about their feeding. The 
banned hormones in Europe, BSE and dioxine crises shattered consumer confidence in 
meat and precipitated acute public concern for the safety of the human food chain. 
Species identification of animal tissues and meat products are important for economical, 
religious or reasons concerning public health. Today, breeders, retail chain, meat 
processor and consumer are in need of a reliable system that assure animals and species 
identification and meat products authenticity. 

Scientists have developed methods based on biochemical polymorphism like typing 
of blood groups. Today, these methods are always applied, but fail in precision. Recent 
developments in DNA technologies provide solutions. DNA fingerprinting enables the 
identification and characterisation of any animal and its derived products. 
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2. Genetic Traceability 

A variety of methods are available for an individual or a species identification. These 
methods reveal polymorphisms or variations that can be used in this way. Some of these 
markers are used from a long time but are limited. The simplest and oldest are 
anatomical and physical polymorphisms like coat colour, horns or tattoo. Identification 
methods such as typing of blood groups and biochemical polymorphisms have proved 
their usefulness (Grobet and Hanset, 1993). Other studies looked for phenotypic 
polymorphisms by different techniques such as isoelectric focusing (Skarpeid et al.,
1998), agar gel immunodiffusion, counter immunoelectrophoresis (Sherikar et al.,
1988) and enzyme-linked immunosorbent assay (Patterson et al., 1983).

These protein markers are more discriminating than morphological markers but 
have great disadvantages. These methods are all based on the protein fraction which 
may vary in composition between tissues. Furthermore, heat treatment causes 
denaturation or methods are of limited use for heat treated meat products analyses. 
Another great disadvantage of immunological methods is that antisera show cross-
reactions (Sherikar et al., 1988). The deficiencies of the methods described above 
warrant the development of new methods based on other compounds than proteins. 

Since DNA is the only basis of genetic differences between distinct organisms, 
DNA fingerprinting seems to be the ultimate method of biological individualization 
(Krawczak and Schmidtke, 1998). The advantages of DNA - based analysis are 
manifold. First, the ubiquity of DNA: all cell types of an individual contain identical 
genetic information rendering analysis independent of the origin of the sample (blood, 
muscle etc ...). Second, the information content of DNA is higher than that of proteins 
because of the degeneracy of the genetic code. Third, DNA is a rather stable molecule, 
allowing its extraction from many different samples even after technological processes 
including thermal treatment and marinating (Wolf et al., 1999).

3. Studying DNA Polymorphism 

Regions of the genome are known to differ frequently between individuals. They are 
termed polymorphic sites (Krawczak and Schmidtke, 1998). In the past decade, various 
methods have been developed for the identification and typing of procaryotic and 
eucaryotic organisms at the DNA level. These methods differ in their taxonomic range, 
discriminatory power, reproducibility, ease of interpretation and standardisation. The 
ideal genotyping method produces results that are invariable from laboratory to 
laboratory and allows unambiguous comparative analyses and the establishment of 
reliable databases (Savelkoul et al., 1999). DNA-based markers could be grouped into 
two types (Dodgson et al., 1997): the clone/sequence-based markers and the fingerprint 
markers.

The first category requires the isolation of a cloned DNA fragment and often 
determination of some, if not all, of its DNA sequence. The clone/sequence-based 
markers include microsatellites, RFLP (Restriction Fragment Length Polymorphism), 
STS (Sequence Tagged Site) and EST (Expressed Sequence Tags). The fingerprinting 
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markers require no knowledge of the sequence of the polymorphic region or isolation of 
a cloned DNA fragment. They include RAPD (Random Amplified Polymorphic DNA), 
arbitrarily primed polymerase chain reaction, VNRT (Variable Number of Tandem 
Repeats) and AFLP (Amplified Fragment Length Polymorphism). 

DeVienne et al. (1 998) realised also a molecular classification of the polymorphism 
with on the one hand sequence polymorphism and on the other hand repeated DNA 
polymorphism. The next of this chapter will give more details about the major 
techniques used to reveal DNA polymorphism. 

3.1. DNA SEQUENCING 

Individual identification can be done by sequencing portion of the individual genomes 
where a difference can be expected to show up. However, DNA sequencing methods 
require time and appear to be not routinely feasible. 

3.2. RESTRICTION FRAGMENT LENGTH POLYMORPHISM (RFLP) 

The RFLP is the first DNA polymorphism to be exploited in genetic studies. 
DNA restriction enzymes recognize specific sequences in DNA and catalyse 
endonucleolytic cleavages, yielding fragments of defined lengths. Fragments are 
separated by electrophoresis according to their molecular size. Differences of fragments 
length among individuals result both from single bp polymorphims and insertions or 
deletions of blocks of DNA within a given fragment resulting in loss of cleavage site or 
formation of a new one (Botstein et al., 1980).

Although RFLPs are widely distributed throughout the genome, their utility is 
limited by low informativeness. Since most RFLPs are only dimorphic (either the 
enzyme cuts or it doesn't), the maximum heterozygosity of 50% can only occur when 
both alleles are equally represented in a population. More RFLPs have lower 
heterozygoties (Payne, 1997). RFLP have also the disadvantage of being labor-intensive
in both the development stage and in the typing stage (Dodgson et al., 1997).

3.3. REPEATED DNA SEQUENCE POLYMORPHISM 

This polymorphism is also called Simple Sequence Length Polymorphisms (SSLPs). 
SSLPs are arrays of repeat sequences that display length variations, different alleles 
containing different numbers of repeat units. Unlike RFLPs, SSLPs can be multiallelic
as each can have a number of different length variants (Brown, 1999). The functioning 
of all this DNA is obscure and it is named selfish DNA or parasite DNA (Ramel, 1997). 
We can recognize two major types of repeated DNA sequences - minisatellites have 
repeat units up to 100 bp, but mostly about 9 to 30 bp and microsatellites have repeat 
units from 1 to 6 bp (Ramel, 1997). 

Minisatellites also called variable number of tandem repeats (VNRT) have been 
used to carry out the first human DNA fingerprinting (Jeffreys et al., 1985). It are the 
most commonly used fingerprint markers. 
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Jeffreys et al. (1985) detected and developed DNA probes that are able to 
simultaneously detect large numbers of hypervariable minisatellite loci. Hybridization 
to digested and electrophoresed DNA with these core sequences at low stringency 
detects a pattern of fragments that is unique for unrelated individuals. These multilocus 
probes (MLPs) hybridize with a family of minisatellites sharing the same core 
sequence. This produces the multi-band fingerprint pattern, often likened in appearance 
to a bar-code (Rysiecki et al., 1997). The majority of minisatellites are clustered at 
some subtelomeric ends of chromosomes (Debrauwere et al., 1997)

Microsatellites also called simple sequence repeats (SSR) or short tandem repeats 
(STR) are tandem repeats of one to six bp, which are interspersed throughout the DNA 
of animal genome (Tautz, 1989). Microsatellites have the advantages of being 
abundant, multi-allelic, codominant and uniformly distributed throughout the genome 
of numerous species (Alexander et al., 1996). In the pig genome the number of CA 
repeats was estimated between 65 000 and 100 000 copies highly dispersed in a major 
part of the genome (Wintero et al., 1992). The most common microsatellite repeat 
motifs are A, AC, AG, AT although the best characterised are dinucleotide (dC-dA/dG-
dT) repeats (Payne, 1997). 

Given their high degree of polymorphism, it can be argued that mutation events 
leading to new allelic variants would be relatively common at these repeated sequences 
(Ellegren, 1995). Microsatellites loci are small enough to be analyzed using the 
polymerase chain reaction (PCR) and the ability to resolve PCR products differing in 
size by just one base on polyacrylamide gels allows precise allele designation (Kimpton 
et al., 1993). In addition to their suitability for mapping and linkage analysis STRs 
provide a source of highly informative loci for use in the identification of individuals. 
DNA profiling based on PCR amplification of STRs has the advantage of being more 
sensitive than conventional techniques. Furthermore, because of their small allele sizes, 
STR systems are more likely to be successful on samples that contain degraded DNA 
(Kimpton et al, 1993)

Microsatellite-based markers overcome many of the difficulties associated with the 
other marker types. They generally have higher heterozygoties than RFLPs and, in 
arising from defined loci, results are more easily interpreted than patterns generated by 
minisatellites (Usha et al., 1995).

3.4. RAPD 

The random amplified polymorphic DNA (RAPD) or arbitrarily primed PCR (AP-PCR)
is a recent technique based on the polymerase chain reaction. This method reveals 
sequence polymorphisms between different template DNAs based on the selective 
amplification of DNA sequences that are flanked, by chance, by sequences matching an 
arbitrarily chosen primer. 
This method has been proven to be a sensitive and efficient method to generate a large 
number of molecular markers in a short time (Mathieu - Dauché et al., 1997)

Because a large number of RAPD primers can be purchased at reasonable cost from 
commercial suppliers, the upfront investment for RAPD mapping is low (Dodgson et
al., 1997). However, a major problem with RAPD patterns is their dependence on the 
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exact PCR conditions employed which can lead to reproducibility problems. This is 
obviously due to the less stringent annealing temperature and shorter primers used. 
RAPD is more sensitive to temperature differences than conventional PCR (He et al., 
1994).

3.5. AMPLIFIED FRAGMENT LENGTH POLYMORPHISM ANALYSIS (AFLP) 

AFLP is a newer fingerprinting technique which has become the fingerprint marker of 
choice for plant genome and begin to be more and more used in animal genome 
analysis (Ajmone-Marsan et al., 1997). The AFLP technique is based on the 
amplification of subsets of genomic restriction fragments using PCR. DNA is cut by 
two restriction enzymes and double-stranded adapters are ligated to the ends of the 
fragments to generate template DNA for amplification. With selective primers, the PCR 
products result in predominant amplification of those restriction fragments (Vos et al.,
1995).

AFLP simultaneously screens high numbers of loci for polymorphism and detects a 
greater number of polymorphic DNA markers than any other PCR-based detection 
system (Vos et al., 1995). Compared to RFLP, the AFLP technique is expected to 
permit a more accurate estimate of the genetic similarity between individuals and 
populations (Ajmone-Marsan et al., 1997). But animals microsatellites-based
genotyping is probably more useful for linkage analysis, parentage testing and 
individual identification (Peelman et al., 1998; Savelkoul et al., 1999).

4. DNA Fingerprinting: Applications in Meat Traceability 

4.1. LEGISLATION IN MEAT TRACEABILITY 

After the BSE crisis, the European community wants to improve the transparency of the 
conditions for the production and marketing of the meat products. They decided to 
establish a traceability system for the identification and registration of bovine animals 
at the production stage resulting in a Community labelling system in the beef sector 
based on objective criteria at the marketing stage. 

The Council Regulation (EC) No820/97 includes the general rules for the
compulsory beef labelling system. This system shall be obligatory in all Member States, 
from 1 January 2001. All animals shall be identified by an eartag with a code number 
applied to each ear. However, Member states impose a labelling system for beef meat 
which shall contain, among other things, the identification number of the animal. 

Since 1994, belgian bovine production is secured by a system in agreement with the 
principle ofthe council Regulation. In the SANlTEL system, the identity of each animal 
is recorded in a computer data base. Each animal is identified by an eartag applied on 
each ear and accompanied by a passport throughout any movement. All those systems 
that impose the labelling of animals and meat can be very effective but it remains a 
falsification risk. The permanent nature of the eartag, the passport and the label is not 
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garanteed. DNA fingerprinting can eliminate this risk by creating a biological link 
between animals and recorded data. 

4.2. IDENTIFICATION OF THE SPECIES ORIGIN OF MEAT AND PROCESSED 
MEAT

The possiblity of detecting animal diversity at various levels is one of the many 
applications of DNA technology. DNA fingerprinting can be used to distinguish 
between individuals within families and to distinguish samples of different species. 
Several techniques have been developed using DNA markers to identify the origin of an 
unknown sample. 

Genomic DNA probes have been applied for distinction between DNA samples of 
most species. These probes are generally found in highly repetitive DNA sequences. 
The specificity of DNA hybridization has been investigated by Chikuni et al. (1 990). 
Although they succeeded in differentiating meat from distantly related species such as 
pig and cattle, they reported difficulties in differentiating between beef, meat from 
sheep and meat from goat because of cross hybridization. Ebbehoj and Thomsen (1991) 
demonstrated that cross hybridization between probe and DNA sequences from closely 
related species is reduced by addition of unlabelled DNA from the cross hybridizing 
species. Other studies of the sensitivity of species differentiation by DNA hybridization 
have been conducted on mixtures of raw pork and beef. As little as 0,5% raw pork 
could be detected using total genomic DNA as well as a cloned pig-specific DNA
fragment as DNA probe (Wintero and Thomsen, 1990). 

These methods based on the presence of species-specific DNA sequences in meat 
detected by techniques such as DNA hybridization can be very interesting but have the 
disadvantages of being relatively laborious, costly, time consuming and radioactivity 
use.

A fast procedure for species identification in heated meat using mini-satellite DNA
probes is described by Buntjer et al. (1995). The probes investigated in this study are 
highly specific for species and the complete test is performed within four hours without 
special equipment. 

Highly repeated satellite sequences are easily observed following restriction 
digestion because of their very high copy number and their tandem arrangement. 
Guglich et al. (1 994) described a straightforward method of species identification that is 
less expensive and faster than DNA hybridization or sequencing. Highly repetitive 
DNA markers have been used for determining the species origin of animal tissues in 
cases of illegal commercialization and poaching of game animals. DNA from white-
tailed deer, moose, other game species and commercial species was examined following 
digestion with 15 restriction enzymes. Agarose electrophoresis revealed unique banding 
patterns for each species. 

According to Blackett et al. (1992), the DNA restriction size class bands observed 
with ethidium bromide staining discriminate between some species but not between 
related species. Another disadvantage with the analysis of visually assessing repetitive 
DNA bands is that analysis is not possible for low yields of DNA (Guglich et al., 1994).
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The polymerase chain reaction discovery opened the way to many applications 
particulary in food analysis. Rapid amplification of specific DNA sequences by PCR is 
a method of considerable interest for species differentiation considering its simplicity, 
specificity, but also its low cost and high speed. The analysis of restriction fragment 
length polymorphism of PCR fragments was successfully applied for species 
differentiation by Meyer et al. (1994, 1995). 

First, PCR has been considered for species-specific amplification of GH genes in 
pig, cattle, sheep and goat. The porcine PCR assay was demonstrated to be highly 
specific for porcine DNA. This test detected pork in fresh or heated meat mixtures of
pork in beef at levels below 2% (Meyer et al., 1994). Meyer et al. (1995) have used an 
universal pair of primers amplifying a fragment of the vertebrate mitochondrial cyt b 
gene. They detected restriction fragment length polymorphisms specific for pig, cattle, 
wild boar, buffalo, sheep, goat, horse, chicken and turkey. PCR-RFLP appeared to be a 
simple method that can also quickly analyse exotic animals because it does not require 
preliminary sequencing of the investigated fragment. Wolf et al. (1999) used PCR-
RFLP for identification of the same species. They investigated intraspecies 
polymorphism which occurs in some species at a frequency of roughly one base-pair
substitution per 100 bp and can affect RFLP. However, it does not allow individual 
identification.

The use of the PCR followed by RFLP studies has also proven to be an efficient tool 
for the identification of fish species. Céspedes et al. (1998) applied the PCR-RFLP of a 
conserved region of the mitochondrial cytochrome b for identification of flatfish 
species. Because it is a simple and cheap method, PCR-RFLP appeared for these 
authors to be very useful for routine analysis. Unequivocal RFLP results can sometimes 
occur with highly degraded DNA (Wagner et al., 1994). Chun and Chang (1994) 
demonstrated that RAPD-PCR fingerprints can be used to identify animals in forensic 
biological samples. According to these authors, RAPD-PCR fingerprints can be species-
specific, subspecies-specific or individual-specific.

Species identification and particularly identification of bovine materials in animal 
feedstuffs is also essential to control a potential source of bovine spongiform 
encephalopathy. Tartaglia et al. (1998) report a PCR method that allows rapid 
detection and identification of a bovine-specific mitochondrial DNA sequence. This 
method detects the presence of bovine material at less than 0,125 % in feedstuffs. 

In the surveillance of food quality, DNA analytical methods based on the 
polymerase chain reaction can also be used for the detection of genetically modified 
organisms. Methods have been developed for transgenic plants particularly for 
genetically modified soy (Meyer et al., 1996; Van Hoef et al., 1998). They could 
probably be adapted to the detection of transgenic animals like salmon. 

4.3. ANIMALS AND MEAT TRACEABILITY USING MICROSATELLITE 
MARKERS

Peelman et al. (1 998) evaluated 23 microsatellites in terms of their ability to identify 
individuals in the four main cattle breeds bred in Belgium and to construct a panel 
containing the nine to 12 most useful microsatellites for identification purposes in all 
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four breeds. The probability of finding two genotypically identical individuals from two 
different breeds, taking into account all 23 microsatellites rise between 2.892 X10-23 and
2.930 x 10-24. The idea is these microsatellites to develop a fingerprint method to use 
certify animals, carcasses or foodstuffs in the meat channel. 

Mortiaux et al. (1997) studied 11 of these 23 loci (figure 1). These 11
microsatellites are issued from the Stockmarks Kit (Perkin Elmer) and they are located 
on distinct chromosomes. Easiness of interpretation, allelic frequencies and 
informativeness have been evaluated and calculated for each marker in the four main 
cattle breeds bred in Belgium. The probabilities for two random genome to be identical 
are better than 10-9 for the 11 markers simultaneously in the 4 breeds. 

Figure 1. Amplification ofbovine microsatellite loci TGLA122, TGLA126 and TGLA227 in
4 related bovine animals (Mortiaux et al., 1998).

The same "Hair Library" can be applied to other species for which sequences of 
microsatellites are widely reported in the literature like for swine (Ellegren et al., 1994;
Rohrer et al. , 1994; Alexander et al., 1996), chicken (Crooijmans et al., 1997), sheep
(Cushwa et al., 1996), ostrich (Kimwele et al., 1998), horses (Blasi et al., 1999), . . . . 
Finally, microsatellites markers find solid utilisation not only at the meat production 
level to control the conformity of the passport and the eartag in the meat chanel but also 
at the breeding level to control family parentage (Figure 3). 
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Figure 2. DNA fingerprinting as tool for meat traceability control. This method has been 
put in practise to associate biological identification with the administrative identification 
(Portetelle et al., 1999). In the belgian Sanitel system, hairs of each calf and the mother
are sficked on the passport and recorded. DNA can be extracted from hair bulb cells to 
perform the animal DNA fingerprinting (A single hair root contains more than 10 ng of 
total DNA (Blackett et al, 1992)). With this system called "Hair Library", animal
identification and products traceability become infallible. DNA can be extracted from 
many sources: blood, hair roots, muscle, milk, semen, .... and used in the meat chanel 
certification as illustrated on figure 2. 



Haezebroeck V., Renaville R., Bertozzi C., Parmentier I., Pirard M. and Portetelle D 

Figure 3. DNA fingerprinting as tool for familly parentage control. 

5. Conclusion 

A lot of DNA-based markers exist and are used to reach different goals like linkage 
map, parentage testing, species and individual identification or identification of the 
geographical origin. These techniques give new and alternative approaches of animal 
and species characterisation in meat products. Various events like the BSE and dioxine 
crises assure that such procedures will be more applied in the future to search for more 
accurate food traceability methods and detection of falsifications. These methods will 
be, as much as possible, specific, discriminating, reproducible, but also easy to use and 
economically interesting 
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Abstract

Despite the potential benefits there is a sizeable consumer opposition to genetically 
modified foods and other biotechnologies. This article looks at some of the reasons for 
this antipathy. 

In recent years, people have lost their faith in the impartiality of scientists, 
consequently their reluctance to accept biotechnologies is based on gut feelings rather 
than scientific rationale. These gut feelings represent consumers’ ethics and include, in 
any combination: religious, safety, moral, social, political, economic, welfare and 
ecological concerns – as well as straightforward prejudices. Various ethics philosophies 
relevant to animal biotechnologies are outlined. The (un)acceptability of
biotechnologies to various religions and philosophical opinions is discussed, as is the 
background to consumer concerns about food safety. Animal welfare issues concern 
some people, while others are opposed to biotechnology because of worries about the 
ecology, particularly if genetically modified species escape into the wild. Although 
advocates of biotechnologies point out the enormous potential for improving food 
supplies and nutrition in underdeveloped countries, the evidence of the ‘Green 
Revolution’ suggests that, even if the new techniques were affordable and practical in 
these countries, it would probably serve to widen the gulf between rich and poor in the 
Third World. Similarly, in more developed economies the introduction of 
biotechnologies may lead to big changes in rural societies, including unemployment. 
These social implications are related to economic and political affects of the 
biotechnologies at local, national and global levels. Everyone is affected in some way 
or another by one or more of these factors, so influencing the acceptability of
biotechnologies to consumers. 
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1. Introduction 

The industrial revolution in the 19th century is a spark compared with the potential 
explosion that biotechnology will bring to the 21st century. Modern day consumers, 
without necessarily being neo-Luddite, are concerned that the implications of the new 
biotechnologies should be seriously considered and debated. 

Various aspects of biotechnology have generated public concern: genetically 
modified organisms (particularly crops and animals, but also microbes), reproductive 
technologies such as cloning, the use of recombinantly derived hormones such as 
bovine somatotropin, and the use of animals as factories for pharmaceuticals, or as 
sources of organs for transplantation. Today’s consumers (at least in affluent countries) 
are concerned about the intrinsic morality of biotechnologies and, even more, are 
worried about health, the ecological, social, and economic consequences of embracing 
the technology of genetic manipulation. 

The issues and ethical viewpoints that have shaped consumer attitudes to 
biotechnology cover a wide spectrum, each of which in itself may be a subject for a 
complete book. Inevitably, therefore, this chapter will be superficial. There is no 
intention to be prescriptive, but rather to stimulate and encourage thinking around the 
subject. It is important to look beyond the science to the various downstream 
consequences.
Consumer attitudes to transgenesis have been generally formed on the basis of 
information available from genetically modified plants – largely because the 
technologies that have been applied to plants for a quarter of a century have only 
relatively recently being applied to animals on farms. Consequently, much of the debate 
on biotechnology has been one-dimensional–relating to a single, particular application 
– rather than to concerns that arise horizontally and can be applied across the whole 
spectrum of animals, plants, microorganisms and, indeed, humans. This article will 
attempt a broader view by drawing examples from different areas of biotechnology to 
demonstrate how the implications of all these technologies may be evaluated. Issues 
that have come to prominence with commercial application of transgenic plants can 
serve to demonstrate how we might approach the evaluation of the broader social, 
economic and ethical implications of animal biotechnology. 

2. Consumer Acceptability 

Public attitudes to the biotechnologies are related to risk. It would be comforting to 
think that views were made on rational evaluation of the science, but usually they are 
made on values and emotion – a gut feeling. One UK survey of attitudes to genetic 
modification of foods found 70% of those questioned thought it was morally wrong. 
The figure was somewhat less in a US survey (45%), although 82% of US respondents 
expressed concerns about eating genetically modified foods. A similar equal split on 
acceptability was recorded in a New Zealand survey in 1990. However, with greater 
exposure of the topic in recent years, public concern seems to have increased more 
recently.
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Commonly in the debates on this subject, objectivity is largely lacking. Having cited the 
figure of 82% of US respondents being concerned about genetically modified foods, it 
should also be noted that another US study indicated that 82% thought genetic studies 
should be continued; this was cited as public support for biotechnology. However, 
support for continued research is not quite the same as not being concerned about 
genetically modified foods. Such conflicting reports and biases only serve to make 
consumers suspicious. It is not practical to list the many surveys of public attitudes to 
genetically modified foods, but whatever the true percentage of people worried about 
biotechnology but, as reported by Bredahl, it is certainly a sizeable proportion of the 
population in many countries. There are, of course, numerous websites dealing with 
consumer concerns over biotechnology. Among the more rational are the various 
Consumer Association sites (e.g. www.which.net), and Greenpeace International 
(www.greenpeace.org).

3. Disenchantment with Science 

The public’s concerns with biotechnology may have started with visions of mutant 
animals, and uneasiness over cloning of humans, but once the debate started many 
ethical issues were raised including: human health, ecology, multinational corporations, 
unemployment and Third World agriculture. 

Particularly for issues of health and ecological safety the public have traditionally 
looked to scientists to provide objective reassurance. However, the debate about genetic 
modification has come at a time when the public is disenchanted with scientists. In 
Europe, in particular, science has fallen from its pedestal, helped by issues like BSE.
The image of the absent-minded professor working altruistically to cure the world’s ills 
have been supplanted by idea of an egotist who capitalises on the (short-term)
advantages of bending to political, or corporate, will. The public feels that they have 
lost their unbiased source of information and are left having to figure out important 
matters for themselves. 

Probably one of the biggest disservices to science was the attempt to silence (and 
when that failed, to discredit and remove) Arpad Pusztai for disseminating his work that 
showed large changes in the gastrointestinal tract of rats fed genetically modified 
potatoes. The ferocity of the attacks appeared to be born of prejudice and self-interest,
and was out of all proportion to the deficiencies in the study. This attempt to suppress 
controversial evidence sent shivers through the scientific community and caused 
enormous damage to the public’s view of science. The campaign also caused more 
suspicion over transgenic foods than could possibly have resulted from allowing 
publication of the data without comment. 

4. Ethics 

It is probably useful to consider what is meant by ‘ethical’ and ‘moral’ (at least in the 
context of this article). Morals are intrinsically held beliefs and may be on any subject. 
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One may have a moral objection to bull-fighting, or to sexist jokes. Such objections are 
not always based on careful reflection and analysis, but are often gut feelings that 
something is not right. Ethics is a narrower concept and suggests standards by which a 
society regulates its behaviour. Ethics suggests a critical analysis of the basis of 
morality and includes consideration of all the consequences of an action. Broader 
appreciation of outcomes has, to date, been largely absent in scientists’ evaluation of the 
acceptability of biotechnology. 

Some of the moral debate has involved discussion over whether the biotechnologies 
are unnatural. Ultimately, all farming (and indeed our own lifestyles) can be considered 
to be unnatural; accepting this reality makes the whole argument over unnaturalness 
baseless. New technologies, even if they are unnatural, are not necessarily ethically 
wrong.

There may be risks involved, but risks are not invariably of ethical concern. There 
may be a risk associated with stepping out into traffic without looking, but is it ethically 
wrong? The ethics come with the weighing of the consequences of the action: stepping 
into traffic may result in death or injury, thus engendering family grievances, health 
service costs, psychological trauma on others involved in the accident etc.

What is the basis for consideration of the acceptability of biotechnology? There are 
theological, moral, ethical, intrinsic and extrinsic aspects to the issue. The largely 
intrinsic, theological and moral aspects (should we be interfering in God’s work?) will 
not be covered in depth. This chapter will concentrate on the ethical implications of the 
consequences of introducing genetically modified organisms into general farming 
practice. However, it is worth recognising that different religious beliefs may have 
problems with different aspects of biotechnology. Islam holds that God created life in 
its best form – therefore we should not alter it. Hindu and Buddhism also revere 
Nature. Judeo-Christian beliefs hold that it is acceptable for humans to use nature if 
they protect and preserve it, but Jews might have a problem if pig genes were used in 
the wheat used to make their bagels. Moslems may also have concerns about pig genes, 
Hindus about bovine genes, and Jains might object to eating any vegetable in which an 
animal gene has been incorporated (e.g. toad genes in potatoes). 

Three main philosophical arguments will be applied to the ethics of biotechnology: 
utilitarianism, Kantian and Aristotlean. Utilitarianism counts the costs and the benefits 
to decide acceptability on the balance of the consequences (not the intrinsic moral 
factors) of the issue. In utilitarianism it is important that the various sides are dealt with 
impartially – something which proves difficult in this field. Kant suggested that people 
should not be used solely as a means without consideration of their requirements. Kant 
specifically excluded animals, but other, such as Regan, have extended the Kantian 
philosophy to animals and produced an abolitionist philosophy. Different again, but in 
some ways between these two views, is the philosophy that we have a duty to not cause 
pain or suffering (a ‘do no harm’ philosophy). 

Coming from another position is Aristotle who advocated that an animal’s essential 
being (its telos) must be considered – that a pig must always have the essence of being a 
pig. Dressing a pig in clothes, sitting it in front of the fire, or tucking it into a warm 
comfortable bed would not be respecting the telos of a pig, although anthropomorphic 
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sentiment may make it appear ‘kinder’ to the animal than letting it suffer the possible 
dangers and discomforts of being a wild pig. All of these philosophies may be applied 
to biotechnological advances. 

5. Human Food Safety 

Self-interest is, of course, a powerful factor in determining attitudes. The issue of 
human safety from eating genetically modified foods is the current focus of the news 
media in the debate on the acceptability of biotechnologies. Whether the press have 
responded to this concern or generated it, is unclear, but it is a central aspect in 
determining consumer acceptability. 

There are both short-term and long-term implications of genetically modified foods 
on human safety. The previously mentioned study by Ewen and Pusztai, was purely 
experimental and the result was probably predictable given what we already knew of 
the effects of the lectin introduced into the potatoes. However, another example, which 
was thought to be safe, is the use of a brazil nut gene in modified soya plants. The nut 
gene was able to produce an allergic reaction in people sensitive to nuts. The 
biotechnologists’ response to such concerns is that the testing of the new crops is 
intensive, and they rightly point out that this effect was recognised and corrected before 
the product was marketed. But it highlights the difficulty that we do not always think 
of all the implications of a modification. Genetically modified products are analysed to
ensure that the composition is similar to unmodified crops, but the public is concerned 
that we are only testing what we think might be important, and not what could be 
important. Many argue that we simply don’t know about all potential allergens and 
adverse effects. 

There are also consumer concerns about potentially longer term hazards to health 
from antibiotic resistance. The majority of genetically modified organisms are selected 
using a marker gene for antibiotic resistance. All these modified organisms exhibit 
antibiotic resistance and the concern is that this resistance may spread. Fortunately, 
nearly all of these modifications use the same antibiotic resistant marker gene, but it 
does mean that the usefulness of this antibiotic (at least) in our armoury against disease, 
is now severely compromised. The bigger concern is the potential for cross-resistance
to other antibiotics, as is seen in clinical practice, is also more likely. 

The use of recombinantly produced somatotropin to enhance lactation has also met 
with consumer resistance on the basis that the hormone could be present in the milk. 
The amounts of bST in milk are low, and it has been argued that the bovine hormone 
does not bind to the human growth hormone receptor even if it can get across the gut 
undigested. The downstream effects are the ones on which the opponents to bST are
now focusing. Levels of IGF-1 are higher in the milk of bST-treated cows, and bovine 
IGF-I does cross-react with the human receptor. This hormone also directly affects the
gut of young animals and so the spectre of unwanted effects in babies remains a 
concern of consumers, although there appears to be a sizable safety margin. Similar 
concerns about ‘residues’ of inappropriately high hormone levels are also voiced for 
meats. Animal scientists have long argued that natural oestrogen levels in female 
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animals can be many times higher than any possible level of administered oestrogen, 
but such logic falls upon deaf ears at the butcher’s counter. Many consumers oppose 
the use of hormones. 

6. Animal Welfare 

Transgenic animals are not as close to full-scale farm use as are plants. It is more 
difficult to make transgenic animals, it costs more, takes longer, and has come under 
more stringent ethical scrutiny than transgenesis in plants. Even so, many hundreds of 
different genetic animal mutations have been prepared in the laboratory (usually in 
mice). These laboratory experiments have been valuable tools in elucidating many 
physiological processes, but have often resulted in weak, deformed, sick, infertile, or 
non-viable animals. Some of the mutations have been directed towards producing 
antibodies or drugs in animals (particularly in the milk), but others have been more 
directly aimed at increasing farm productivity – usually by increasing growth 
hormone(s). A classic example of an attempt to improve animal productivity, was the 
introduction of the human growth hormone gene into pigs at the USDA station at 
Beltsville. Growth hormone stimulates both growth and catabolism, and the effect in the 
Beltsville pigs was to produce very sick animals with a high incidence of mortality, 
arthritis, infertility, lethargy, gastric ulcers, degenerative joint disease, and susceptibility 
to infection. Such outcomes have been eagerly grasped by animal rights groups to 
attack the development of animal biotechnologies. The Beltsville pigs did not provide a 
practical benefit to farmers, and so the adverse effects on these animals have passed 
with the death of the pigs. However, other aspects of biotechnology still provide 
ammunition for animal rights groups. 

As mentioned above, growth hormone (bST) stimulates milk production in cows. 
However, it has been suggested that the use of exogenous bST may adversely affect the 
health and welfare of the animals. Soon after its introduction dairy farmers started 
reporting increased incidence of mastitis, decreased conception rates, inflammation due 
to repeat injections, heat sensitivity, arthritis and lameness in bST treated animals. 
Welfare activists argue that this is unethical use of biotechnology as it has a detrimental 
effect on the cows. They argue that this applies also to genetic modification to increase 
endogenous growth hormone and milk production through introduction of extra copies 
of the growth hormone gene, as it will have the same adverse influence. Indeed, sheep 
with extra growth hormone genes were found to be severely diabetic. 

The challenge of ignoring animal welfare is often levelled at modem animal 
husbandry in general. In today’s herds, cows selected for increased milk yield are 
metabolically challenged even when not treated with bST, and the increased stimulus 
from either exogenous or endogenous bST leaves the cows in poor condition and 
susceptible to disease. The modern hen (whether broiler or layer), may also be close to 
its practical maximal efficiency, and it seems likely that attempts to radically improve 
performance further through biotechnology may have severe consequences (e.g. leg
weakness).
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Reproductive biotechnologies are also advancing in both human and animal science. 
The moral concerns expressed by some religions over cloning and in vitro fertilisation
(IVF) in humans can be extended to animals. It is recognised that (as presently 
practised) IVF increases the incidence of multiple births, and results in increased fetal 
and neonatal losses with financial, physiological and emotional costs in humans. 
Similar losses occur in animals with implications for animal welfare. It may be difficult 
to quantify any psychological distress in mother animals due to neonatal losses, but 
reducing the interpartum interval by treatment with exogenous hormones increases 
metabolic stresses and may shorten the life (certainly the agriculturally ‘useful’ life) of 
animals. When applying biotechnologies to pregnant animals without due regard for all 
the effects on the mother, it can be argued that we are using the animal “solely as a 
means without regard for their requirements”, thus failing Regan’s criteria for ethical 
treatment of animals. 

7. Ecology 

After human safety, the biggest public concern with biotechnology is the potential 
environmental consequences. In the 20th century the splitting of the atom brought great 
potential for good – and for harm. It delivered an enormous capability for producing 
electricity and power, but also created problems with safety, disposal of waste and the 
horrors of nuclear warfare. Transgenics (creating new ‘designer’ organisms by altering 
their genetic make up) is just as powerful – and potentially just as dangerous. The 
public have been made well aware of this, and to ignore or deny this fact weakens the 
case for application of biotechnology. 

Particularly for the non-scientist, one of the frightening aspects of radioactivity is 
that it cannot be seen. We could not see the radioactive fallout from atmospheric 
nuclear tests (or more recently from the Chernobyl accident). Like radioactivity, 
biotechnology is largely unseen, and this is one of the things that make the public 
uneasy. However, radioactivity and biotechnology do differ considerably in other 
respects. The pollution from nuclear testing and Chernobyl was finite and limited to the 
radioactivity released at that time. Pollution with transgenics may not be finite. While 
transgenics are restricted to non-pathogenic microbes under rigorous laboratory 
protocols, they are a powerful tool to study biology, but when they are let out of the 
bottle (or the laboratory) and dispersed, it may be very difficult to control the spread. 
Unlike escaped radioactivity, the organisms will be able to reproduce, and perpetuate 
both the good and the bad. 

Clearing up oil spills ( eg Exxon Valdez) and other chemical disasters (eg Seveso
and Bhopal) is difficult enough, but when the pollutant reproduces itself the task is 
almost impossible. Any gardener will know how difficult it is to prevent weeds coming 
back time and time again, and the public is anxious that this might be the case if 
genetically modified organisms were to “escape”. There are plenty enough examples 
of ecological problems caused inadvertently through biological intervention: the 
difficulty of containing the possum population in New Zealand, and the expanding 
invasion of Thai waterways by the water hyacinth, are both examples of the difficulty in 
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controlling biological agents introduced into an inappropriate environment. There are 
also examples of human tragedies – devastation of indigenous native populations 
through transmission of syphilis, tuberculosis and smallpox to isolated peoples who 
were immunologically naïve to these diseases. 

Transgenesis in plants has been practised for almost two decades and, until recently, 
had not produced much public concern. The more recent transgenesis of animals has 
stirred some anthropomorphic sentiment, and ignited the debate on the ethics of 
scientists creating genetically new organisms. Paradoxically, it may now be the 
transgenic plants that are of more worry to the public – because of the growing 
awareness of the importance and fragility of the ecology. From a field containing many 
hundred of thousands of genetically manipulated plants the probability of constraining 
all the genetic material is vanishingly small. Despite the protests that the chances of 
cross-fertilisation outside of closely related species is small, the possibility of herbicide 
resistance in weeds remains a major concern of ecology groups and needs to be taken 
seriously if consumers are to be reassured about the introduction of genetically 
modified organisms in agriculture. 

On the other side, the supporters of biotechnology point out that such changes are 
unlikely and, in any event, would probably be less damaging to the environment than 
the continuing destruction of forests with the subsequent effects on the atmosphere, 
rainfall, temperature, soil erosion and societies. However, the debate over the morality 
of destruction should be about stopping all deleterious actions, not whether the 
existence of one form justifies the introduction of another. 

The arguments against transgenic plants have formed the basis of much of the anti-
biotechnology campaign, but animal scientists must learn from these criticisms. 
Transgenic animals are easier to control, and it is relatively easy to constrain them to a 
pen or a barn. Furthermore, animals can be physically sterilised to preclude the 
transmission of the altered genes, but sterilisation of all the plants in the field can only 
be reliably achieved through further genetic manipulation. However, there is concern 
over the possible ecological effects of transgenic animals that might escape. Escaped 
farmed salmon now outnumber wild salmon in Norway by 5 to 1. Ecologists are 
concerned that if genetically modified, farmed salmon escape to this degree, the 
potential dominance of the superior transgenic variety could lead to a loss of genetic 
diversity, and also a disturbance in the ecology through disturbing food supplies for 
other aquatic species. 

8. Social 

Another pressure group is concerned with the ethics of the social consequences of 
biotechnologies. The widening gap between rich and poor farmers is not confined to 
the Third World. Less advanced farms, in Eastern Europe, and small family farms in 
Western Europe may also fail to benefit from the biotechnological revolution. The 
competitive efficiency of the large farms, together with the profit advantages of using 
biotechnology, will cause the demise of smaller farms. This may be economically 
efficient from the agri-business viewpoint, but not necessarily so for regional 
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economics. Furthermore, small farms have an important place in maintaining our 
psychological association with the land, and with our heritage. 
Although amalgamation of small farms into a larger corporate business structure 
improves efficiency, there are unwelcome social, economic and environmental 
implications. Increased unemployment of agricultural workers is one undesirable 
outcome. The absolute reduction in rural workers will be small, particularly compared 
with the massive efflux from the countryside over recent years. However, because of 
the past changes rural economies are extremely fragile, and even small changes may 
have large social effects. 

Another likely result of commercial transgenics and increased corporatisation of 
agriculture is a decrease in diversity and choice. The variety of animal breeds and plant 
cultivars available at present is largely due to the prejudices and fancies of small 
farmers in choosing to produce particular breeds of sheep or pigs, or particular varieties 
of tomatoes or potatoes to grow. In large corporate farms the decision on what to 
produce is made by an accountant. The decision is not made on behavioural 
characteristics, or on the intrinsic organoleptic properties of the variety but solely on the 
best profit obtainable. This will inevitably be the genetically improved variety. The 
consumers’ opportunity for choice between Cox’s, Golden Delicious or Braeburn
apples will be lost as the more profitable “corporate” apple becomes the accountants’ 
choice.

The debate over ‘efficiency’ of agriculture affects animal husbandry as much as it 
does agronomy. It is conceivable – even likely – that the thousands of pig producers in 
the UK will soon be reduced to single figures as they try to compete with huge US pig 
factories the size of cities. Application of biotechnology will favour the large, more 
cost-effective enterprises and cause the loss of smaller farms. Small family farms are 
central to the maintenance of animal gene stocks through organisations such as the Rare 
Breeds Survival Trust and similar preservation groups around the world. 

9. Global Issues

At the Seattle meeting of the World Trade Organisation in 1999, sizeable and effective 
demonstrations against biotechnology were organised. Two of the major arguments 
underpinning the demonstrations were: political control of food supplies, and the 
morality of gene ownership. The third was exploitation of Third World resources. 

9.1. CONTROL OF FOOD SUPPLY 

Clearly a large number of people were concerned about control of food production. If 
it comes to pass that food production is concentrated on a few big farms that owe their 
profitability to the biotechnology companies (and may indeed be owned by the 
biotechnology companies), then food supply will be controlled by these companies. 
When the companies are large multinationals making very significant contributions to 
either local or national economies and employment, their influence over Governments 
can be powerful. This potential threat is well recognised in the regulations controlling 
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monopolies and by the anti-Trust legislation in the USA. Such laws are intended to 
prevent control of business sectors ending up in the hands of a few companies, but the 
accumulation of land and food production seem to have escaped regulation. A strong 
Government might be prepared to address some of these problems but this would be 
difficult and ineffective in the absence of a universal agreement. This is one of the 
major areas of disagreement that have dogged the WTO talks. The US government – 
heavily influenced by the large US-based biotechnology companies – insist that there be 
no restrictions on importation of genetically modified crops. On the other side, are 
nations that want to be more protective – not of their markets per se, but of their social 
and ultimately political independence. 

9.2. MORALITY OF GENE OWNERSHIP AND EXPLOITATION OF THIRD 
WORLD RESOURCES 

One of the ethical considerations is the morality of owning genes. Initially there was 
little problem. A breeder could, for example, make a highly productive cross between 
two (or more) breeds of sheep. The breeder might refuse to sell any live breeding stock 
and keep the secret of the components of the cross. However, this would not prevent 
his neighbour from undertaking a similar cross. The patenting of manipulated DNA 
sequences by themselves was not considered to be any more than chemistry. Similarly, 
incorporation of the DNA sequences into micro-organisms was merely providing the 
‘mixing vessel’ for the chemistry. At this stage there was insufficient thought given to 
who owns a manipulated human cell – the donor or the owner of the tiny sequence that 
has been introduced. The problem has now extended further and companies are 
scouring Third World countries for plant and animal products that may be valuable, and 
are collecting, modifying and patenting the genes. The multinational biotechnology 
companies have benefited from an unwillingness of authorities to regulate against the 
granting of patents over these biological processes. The patent laws were not designed 
with biotechnology in mind and some major biotechnology companies have used their 
political muscle to put pressure on governments over granting of patents. 

There is a growing public concern that there must be urgent international agreement 
over patenting of biotechnology. This may be possible within the EU, but could such 
arguments be brought to bear in the USA where the power of dollars has already spoken 
so loudly to get things this far? Many, on religious grounds, have advocated a universal 
agreement to ban patenting of genetic material, but on July 6, 1998 the EU accepted the 
patenting of plant and animal biotechnological inventions. 

10. Who Gains? 

There is potential benefit from using biotechnology in agriculture, but who gains? The 
biotechnology companies will want to maximise their profits: this is not unreasonable. 
Quite logically, they will cost their products at a highest figure that the farmer will pay. 
This is the level where the farmer gets just a bit more profit than-he would from using 
unaltered crops. The consumer sees little difference between normal and genetically 
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modified soya flour, so will not pay extra for the genetically modified product. The 
consequences for the consumers are that they pay the same amount for food that they 
feel may be less safe, and may have worrying implications for society and for the 
environment. The gains from biotechnology go principally to the biotechnology 
companies, with some to the farmer, but there seem to be no benefits to the general 
population – only possible losses. 

11. Funding

In many of the newspaper, magazine, radio and television pieces on biotechnology, 
scientists can be heard to complain that the antagonism to genetic modification is 
slowing progress. However, ultimately it is the public who pays the scientists – whether
directly through government or university research, or indirectly through pension funds 
who hold shares in biotechnology companies. It seems reasonable that it is the 
paymaster who should dictate the conditions (rate of progress), not the ambition of the 
scientist. In the present circumstances where commercial exploitation of research is 
increasingly important, we look no further than how we can stress the financial benefits 
of the application of our research in a quest to generate future funding. Belatedly, we 
are now being forced to recognise the implications of our findings in areas far from the 
comfort of the laboratory. Philosophically science should serve, rather than undermine 
or control, the public interest. 

It is appropriate to reflect upon how well the new biotechnologies do serve the 
public interest. Although biotechnology companies have invested in the commercial 
development of these technologies, the ground-breaking discoveries were from publicly 
funded research. It is not unreasonable, therefore, for the public to hope for some 
benefit from their investment, or at least to prescribe the conditions for acceptance of 
subsequent developments, including socio-economic and political acceptability, as well 
as health and environmental considerations. It is now well recognised that we have an 
absolute obligation to keep the world safe for future generations. In terms of the 
persistent risks, such as those posed by inappropriate or incompletely assessed 
commercial transgenics, the burden of proof must be well beyond the “reasonable 
doubt” that usually applies. 

12. Role of Governments

The public’s unease over genetic modification is heightened by inconsistencies in 
government policies. The selling of pharmaceuticals is simply not allowed until they 
have been thoroughly checked and been shown to be safe. This “precautionary 
principle” was largely supplanted by the “innocent until proven guilty” principle in the 
case of genetically modified crops. The European Union ban on the importation of beef 
treated with genetically modified substances was ruled illegal by the World Trade 
Organisation because ‘harm’ had not been conclusively demonstrated. Contrast this 
stance with the rigorous procedures for the introduction of a new drug for human (or
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animal) use. Apparent blind-spots are also evident in other situations. Even though the 
ecological impact of genetically modified crops has been recorded (decrease of
butterfly numbers in USA, transference of DNA to wild plants in Canada), other 
governments are still arguing that open field trials must be undertaken to confirm “a 
lack of adverse effects”. 

Consumers are also suspicious of the attitude of biotechnology companies to 
labelling. The very fact that the biotechnology companies are fighting against labelling 
their products as having an association with genetically modified products, raises 
doubts in the minds of consumers. If the products (from genetically modified tomatoes 
to milk produced by recombinant bovine somatotropin treated cows) are perfectly safe 
and ethically acceptable, why not label them? 

In theory we can 
expect big increases in yields and increased resistance to diseases. Using biotechnology 
we can enhance normal processes (such as growth) by putting more copies of its own 
growth-promoting genes into a transgenic organism. This effectively short-cuts the 
natural selection procedures of conventional breeding strategies. The moral distinction 
between slow selection through breeding programmes and more rapid manipulation is
arguably small. This may be a more generally acceptable aspect of biotechnology. 
However, are we, or should we, be so ready to accept xenogenetics - introducing genes 
from other species? How can we possibly know the long term effects of transferring 
toad genes into potatoes? Such manipulation is far removed from shortening 
conventional selection procedures and introduces the concept of scientists “playing 
God”. There are probably very good reasons why in Nature it is extremely rare for even 
closely related species to interbreed. Xenogenetics is a real Pandora’s box. 

The public are in a dilemma. They see the enormous potential benefits from some 
aspects of biotechnology. There are advantages to be gained from application of 
biotechnology to health care – “pharming”. The production of large quantities of rare 
biologicals (such as blood clotting factors and cytokines); the development of endless 
supplies of stem cells for use in leukaemia and in generating organs and tissues for 
transplantation; and the development of oral vaccines in appropriate practical vehicles 
such as bananas. 

Genetic engineering has the potential to increase food production in both the 
developed and developing world through increased resistance to pests and decreased 
dependence upon fertilisers. However, these benefits can not be achieved without 
political will, and always require appropriate supply of water (which is more of a 
problem than anything else). The enrichment of Third World staple food by increasing 
vitamin and protein contents (for example Golden rice) could have enormous benefits 
on health, but these poor countries cannot afford to purchase the technological 
advances, and will the biotechnology companies provide all the modified crops free? 

Despite these potential benefits, genetically modified organisms are not ethically 
acceptable to most consumers. Not all consumers have the same reasons for rejecting 
these technologies, but at heart each is a judgment about ethics. Whether it is about 
theology, ecology, human safety, animal welfare, unemployment, diversity of products, 

In summary, the advantages of biotechnology are attractive. 
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rural social disintegration or any combination of these, a majority of consumers feel that 
the harm potentially caused by recent biotechnological advances outweighs the benefits.

As mentioned in the introduction, this chapter is not intended to prescribe the 
acceptability or otherwise of biotechnologies. There is no doubt that research in the area 
of biotechnology is stimulating, clever and intellectually satisfying: some of it may
even be beneficial. There is also no doubt that researchers have an ethical duty to 
consider all the consequences of their work on world communities and the 
environment. It is unethical to simply take the pay cheque and leave the hard decisions
to others. 

References and Suggestions for Further Reading 

Eurobarometer survey 46.1 ‘Europeans and modern biotechnology’. European Commission DGVII, 

Spencer, S. (1999) The animal scientist in a changing society, Dom. Anim. Endocrinol. 17, 95-100.
Ewen, S.W.B. and Pusztai, A. (1999) Effects of diets containing genetically modified potatoes expressing 

Couchman, P.K. and Fink-Jensen, K. (1990) Public attitudes to genetic engineering in New Zealand. DSIR 

Nordlee, J.A., Taylor, S.L., Townsend, J.A., Thomas, L.A. and Bush, R.K. (1996) Identification ofa Brazil 

Pursel, V.G., Pinkert, C.A., Miller, K.F., Bolt, D.J., Campbell, R., Palmiter, R.D., Brinster, R.L. and 

O’Brien,T. (1995) Gene transfer and the welfare of animals. A Compassion in World Farming Report.
Steinbrecherm, R.A. (1996) From green to gene revolution – the environmental risk of genetically 

Mackenzie, D. (1996) Can we make super salmon safe? New Scientist. 27-33
Our Genetic Future. BMA. OUP. Oxford 1992.
Orlans, F.B., Reauchamp, T.L., Dresser, R. (1998) The Human Use of Animals. OUP, Oxford, UK.
Reiss, M.J. and Straughan, R. (1998) Improving Nature?: The science and ethics of genetic engineering. 

CUP. Cambridge. 
Ekesbo, I. (1991). Animal safety, health and welfare. In: P. van der Wal , G.M. Weber and F. van der Wilt 

(Eds). Biotechnologyfor control of growth and product quality in meat production: implications and 
acceptability. Pudoc. Wageningen pp 109-120.

Hoban, T.J. and Burkhardt, J. (1991) Determinants of public acceptance in meat and milk production: 
North America. . In: P. van der Wal , G.M. Weber and F. van der Wilt (Eds). Biotechnology for
control of growth and product quality in meat production: implications and acceptability. Pudoc.
Wageningen pp 229-244.

Kronfeld, D.S. (1988) Biologic and economic risks associated with use of bovine somatotropins. J. Am.
Vet. Med. Assoc. 192, 1693-1696.

Bredahl, L (1999) Results of a 
qualitative study in four countries. Appetite 33, 343-360.

Brussels, 1997 

Galanthus nivalis lectin on rat small intestine, Lancet 354, 1353-1354.

Crop Research Report No 138. Christchurch, New Zealand, DSIR Crop Research. 

nut allergen in transgenic soy beans, New Engl J. Med 334, 688-692.

Hammer, R.E. (1989) Genetic engineering of livestock. Science 244, 1281-88.

engineered crops, The Ecologist 26, 235-242.

Consumers’ recognition with regard to genetically modified foods. 

357



INDEX

Acceptability ............................................................................................................13,346
Action
Animal breeding .......................................................................................................1,33,34
Antibody.....................................................................................................9, 107, 163, 164, 173
Biology ...........2, 1, 7, 47, 92, 99, 111, 126, 143, 159, 169, 219, 277, 296, 304, 305, 333

........................................................................6, 8, 13, 73, 96, 137, 178, 314

Bovine................................................................................................................................................
6, 10, 11, 16, 22, 49, 59, 90, 94, 96, 97, 107, 108, 110, 183, 192, 193, 198, 203, 221,
236,239,246,248,250,256,257,258

BST...........................................................................................................92, 95, 96, 99, 100, 220 
Cattle

343Certification...............................................................................................................
Consumer.. ...........................................................................................7, 13, 83, 345, 346, 347 
Dairy cow .............................................................................................................................82
Detection..............................................
DNA.........................................................................................................................................

........................... 10, 11, 13, 172, 210,219, 220, 222,240, 242, 252, 308, 309, 332

5,22, 24, 41, 58, 62, 193, 200, 205,206, 343, 344

1, 3, 5, 8, 9, 13, 33, 34, 39,40,41,42,47,48, 53, 56,61,62,64, 74, 82, 91, 126,
129, 140, 143, 144, 145, 146, 147, 148, 149, 153, 154, 155, 156, 157, 169, 174, 175,
191, 204, 226, 228,229,231,232, 233,237,239,250, 251,254, 255, 256, 261, 262,
263,264,265,266,270,271,276,278,280,281,283,284,285,286,287,288,290,
291, 292, 293,294,295, 296,297,298, 299, 325, 33 1, 333, 334, 335, 336, 337, 338, 
339,341,342,343,344,354,356

Ecology.. ...............................................................................14, 277, 281, 327, 329, 330, 351
Economy.. ....................................................................................................................................3

Environment ....................................................................................................................7, 86
Embryo ..........................................................11, 217, 219, 220, 221, 222, 240, 255, 256, 259

Ethics.....................................................................................................................13, 347, 348
Gene therapy......................................................................................................143, 146, 156
Growth hormone...52, 60, 61, 63, 66, 91, 93, 94, 107, 126, 128, 129, 130, 149, 278, 350
Health.......................................................................6, 8, 64, 80, 91, 100, 108, 143, 176, 279, 344
Hormone...............................................................................8, 51, 108, 1 12, 137, 155, 172, 199
Identification ........................................................................................................................

1 ,7 ,9, 13,47, 60,61, 62,94, 101, 107, 125, 140, 162, 166, 191,202,203,207,334,
338,343,344,357

Immunization.............................................................................................14 1, 175, 176, 177
Immunocastration.............................................................................................................9, 169, 170, 175
Integration........................................................................................12, 55, 266, 278, 293, 296
MAS.............................................................................................................................47, 56, 57
Medaka...................................................................................................................273,281
Methods...................................12,206,218,226,254,262,275,279,296,297,328,332,339

359



Milk yield ..................................................................................................................196, 310
Modulation ....................................................................................................................8, 133
Nuclear transfer.......................................................................232, 254, 256, 257, 259, 278, 284
Pig.................................................................................................124, 130, 149, 165, 172, 194
Placenta.............................................................................9, 179, 180, 201, 202, 204, 206, 207
Poultry ........................................................................................... 12, 284, 286, 293, 330, 343

.......................................................................................................5, 15, 20, 3 1, 32, 253
.......................................................................5 , 17, 25, 30, 157, 203, 240, 253, 306, 3 12

Regulation ..................................................97, 108, 124, 125, 131, 140, 206, 278, 296, 337
Reproduction .......................................................................................................................................

Risk assessment................................................................................................................261, 271
Ruminant.......................................................................................................................200, 208, 302, 330
Salmonids..............................................................................................................................276
Selection.................................................................................................................47, 56, 57, 61
Sexing...........................................................5, 10, 1 1, 39, 226, 227, 228, 229, 232, 233, 258
Sheep.......................................................................................................................10, 44, 172, 214, 219, 256 

Transgenesis..............................................................................................11, 251, 277, 295, 352

Vaccine.....................................................................................................................157, 177
Vaccines.................................................................................................................8, 9, 153, 170

Prion
Protein

.......5, 6, 12, 37, 77, 170, 179, 199, 202,204, 208,209,220, 221,222, 232, 284, 296

360

Somatic cloning..........................................................................................11, 248, 254, 255
Superovulation....................................................10, 209, 210, 214, 219, 220, 221, 222, 223
Tilapia.......................................................................................................................269, 276
Tilted peptide....................................................................................................15, 22, 27, 29
Traceability.................................................................................................................13, 334

Transgenic fish..................................................................................276, 277, 278, 280, 281


