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1
Transgenic Modification of Production Traits in Farm Animals

Gottfried Brem and Mathias Miiller

1.1
Introduction

“Genetic engineering” is the umbrella term for procedures that result in a directed
alteration in the genotype of an organism. The combined use of molecular genet-
ics, DNA recombination and reproductive biology enables the generation of trans-
genic animals. For animals the term “transgenic” originally referred to the stable
introduction of new genetic material into the germ line [1, 2]. This definition of
transgenic animals has to be extended for two reasons. First, further developments
in the genetic engineering of animals enable not only additive gene transfer (gain
of function) but also deletive gene transfer (knock-out, loss of function), replace-
ment gene transfer (knock-in, exchange of function), and spatial-temporal gene
transfer (conditional knock-out) [3, 4]. Second, in addition to germ line integra-
tion of transgenes, somatic gene-transfer approaches result in (mostly transient)
gene expression with the longest duration being a life span and no transmission
of the transgenes to the progeny. Although somatic gene-transfer experiments in
farm animals have been performed for production purposes [5, 6] this technol-
ogy in animal production is more beneficial for the development of DNA-based
vaccines [7]. Here we will mainly concentrate the discussion on germ line trans-
genic animals. The production of transgenic farm animals was first reported in
the mid-1980s [8, 9]. The main progress in exploiting this technology has been
made in the establishment of animal models for human diseases, production of
heterologous proteins in animals (gene farming), and the production of organs for
xenotransplantation [10-12]. In addition to these biomedical approaches research
has focused on improvement of the efficiency and quality of animal production by
transgenic means (this review and other work [13, 14]).
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4| 1.2 The Creation of Transgenic Animals

1.2
The Creation of Transgenic Animals

The main routes to transgenesis in mammals include:

1. microinjection of DNA into the pronucleus of a fertilized oocyte (zygote);

2.integration of a (retro)viral vector into an oocyte or an early embryo;

3.incorporation of genetically manipulated pluripotent stem cells into an early
embryo; or

4. transfer of genetically altered nuclei into enucleated oocytes.

For alternative gene transfer methods we refer to another review [15]. Sperm-
mediated gene transfer, at least for pigs, has been proven to result in high-effi-
ciency transgenesis ([16] and Refs. therein), although the method is not as broadly
established as the methods described below.

1.2.1
Pronuclear DNA Microinjection

Microinjection of foreign DNA into pronuclei of zygotes is the classic method of
gene transfer into farm animals. Since the first reports [8, 9] this technique, nearly
unchanged, has accounted for most transgenic farm animals [15, 17]. DNA mi-
croinjection results in random integration of the foreign DNA into the host ge-
nome and is therefore not suitable for targeted modification of genomes. Although
microinjections are performed at the one-cell-stage approximately 20-30% of the
founder animals are mosaic and, therefore, may not transmit the integrated gene
construct to their progeny [18]. Random integration of the gene constructs may
cause alteration of one or more gene loci. Insertional mutagenesis is recessive
and mostly characterized by a recombination event in the kilobase range at the
transgene integration site. In mice approximately 5-15% are affected by this reces-
sive mutation [19]. Except for studies in transgenic rabbits [20, 21], little has been
published on analysis of homozygous transgenic farm animals. This is mainly be-
cause of the long generation intervals. There is, however, no reason to doubt the
mutagenesis frequencies estimated for mice in other transgenic mammals gener-
ated by the same technology. Random integration of the gene constructs may also
result in varying, aberrant, or abolished transgene expression, because of effects
of the adjacent chromatin overcoming the transgene’s regulatory sequences. One
possible means of avoiding these integration site-dependent effects is the transfer
of large DNA constructs, which can form functionally independent chromatin do-
mains [22]. The first successful example for this strategy in livestock was the gen-
eration of transgenic rabbits harboring yeast artificial chromosomes (YACs) [23].
An alternative means of protecting transgenes from chromosomal position effects
is the use of boundary elements (e.g. insulators, locus control regions, matrix at-
tachment regions) in the gene constructs to achieve copy number-dependent and
promoter-dependent and position-independent expression of transgenes [24].
Although success with this strategy has been reported, the effects of the elements
were not always as expected.
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1 Transgenic Modification of Production Traits in Farm Animals | 5

Gene transfer efficiency (transgenic newborns and/or microinjected zygotes)
is usually rather low, especially for large animals. One transgenic animal can be
expected after microinjection of 40, 100, 90-110, and 1600 zygotes in mice, pigs,
small ruminants, and cattle, respectively [25]. Differences in efficiency emphasize
fundamental differences in the reproductive biology of species. Hence a high level
of technical skills and experience in embryo collection and embryo transfer are
critical for efficient transgenic production. This applies for all gene-transfer pro-
grams, however.

As mentioned above, the procedures for generating large mammals by DNA
microinjection have remained basically unchanged and little improvement in
DNA-transfer efficiency has been achieved. After DNA microinjection, embryos
are transferred to synchronized foster mothers. Great progress has been made
in the field of embryo transfer. For all farm animal species embryo transfer has
been facilitated by the development of endoscopy-guided minimally invasive tech-
niques, reducing stress to the foster mothers and maximizing embryo survival and
pregnancy rates [26-29]. Methods are currently being developed with the objective
of improving the in-vitro production (IVP) of embryos [30, 31]. Endoscopic em-
bryo transfer and IVP is also advantageous in the gene transfer methods discussed
next.

1.2.2
Retroviral Vectors

The first germ-line transgenic mice were produced by retroviral infection of early
embryos [32]. Retroviruses can be considered natural vehicles for gene delivery to
mammalian cells. Endogenous retroviruses (ERVs) are a subset of retro-elements
which represent up to 10% of the mammalian genome [33]. The capability of ERVs
to reintegrate into the genome through reverse transcription mechanisms results
in continuous insertion of new ERVs into the host genome. Until recently, retrovi-
ral vectors were not considered for farm-animal transgenesis, because of biosafety
concerns and the dependence of most retroviruses on dividing cells for integration
into the host genome. Retroviral gene transfer therefore often results in genetic
mosaics when developing embryos are infected. With the development of replica-
tion-defective retroviral vectors mainly for gene-therapy purposes, a powerful tool
for gene transfer in mammalian cells has been established [34]. To avoid mosa-
icism Chan et al. [35] inoculated bovine oocytes in the final stage of maturation
with retroviral vectors. They achieved a remarkably high rate of transgenesis and,
as expected, no mosaic transgenic cattle. A similar approach resulted in the gen-
eration of transgenic piglets [36]. One major limitation of retroviral vectors is their
limited cloning capacity (<10 kb). Gene constructs, however, grow larger and larger
to omit variegated transgene expression (see above). A second problem with many
retroviral vector-mediated transgenesis relates to transcriptional shutdown of the
transgenes [37]. Lentiviral vectors are a new generation of retroviral vectors which,
in contrast with standard oncoretrovirus-based vectors, are reported to escape tran-
scriptional silencing. In addition, lentiviruses are able to infect both dividing and
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6| 1.2 The Creation of Transgenic Animals

nondividing cells (reviews are available elsewhere [38, 39]). Germ-line transmis-
sion and expression of transgenes delivered by lentiviral vectors to one-cell mouse
embryos has been reported [40]. Subsequently lentiviral gene transfer has been
successfully used in swine [38, 39] and cattle [41]. This technique of transgenesis
is more efficient and cost-effective, and technically less demanding, than pronu-
clear injection. The obstacle of the limited size of the constructs to be transferred
remains, however. In the same way as for gene transfer by pronuclear injection,
retrovirus-mediated gene transfer can only be used for additive gene transfer and
also bears the danger of insertional mutagenesis. Analysis of transgene expres-
sion in lentiviral transgenic pigs revealed that, in contrast with early reports, some
transgenics showed epigenetic silencing [42].

1.2.3
Pluripotent Stem-cell Technology

Pluripotent stem cells are capable of developing into many cell types, including
germ cells, on fusion with pro-implantation embryos (morulae, blastococysts).
Pluripotent stem cells can be maintained in tissue culture and genetically manipu-
lated and selected in vitro before reconstitution of the embryo. With mice, han-
dling of pluripotent cells has become a routine method for targeted modification
of the genome by homologous recombination, i.e. deletive or replacement gene
transfer [43]. Numerous efforts to establish pluripotent stem cells in species other
than mice have so far failed. Possible reasons for this are discussed elsewhere
(Refs [44, 45] and references cited therein). Since nuclear transfer using transgenic
donor cells (see below) became an attractive alternative tool for targeted gene trans-
fer, efforts to establish germ-line-competent stem cells from farm animals have
been reduced.

1.24
Nuclear Transfer Using Transgenic Cells

Nuclear transfer technology — also known as cloning — comprises transfer of a
donor nucleus (karyoplast) into the cytoplasm of an enucleated zygote or oocyte
(cytoplast). Initial nuclear transfer experiments in farm animals used early embry-
onic stages as nuclear donors [46]. In breakthrough experiments with sheep it was
demonstrated that in-vitro-cultured differentiated fetal cells and even cells derived
from adult tissues could serve as nuclear donor for the reconstitution of enucleated
oocytes [47, 48]. Cloning by nuclear transfer has subsequently been achieved in
cattle [49-51], goats [52], pigs [53-55], rabbits [56], mules [57], horses [58], cats [59],
dogs [60], and some wildlife species (a review is available elsewhere [61]). For farm
animal transgenesis a novel tool has become available in that cultured cells can
be genetically modified by conventional transfection methods before their use for
nuclear transfer. The first reports on this novel gene transfer technique were the
generation of transgenic sheep and cattle by nuclear transfer using transfected
and selected fetal fibroblasts [62, 63]. Transgenesis by nuclear transfer of geneti-
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cally modified cells has several advantages over the other additive gene transfer
techniques:

1. mosaicism is avoided and germ-line transmission is guaranteed, because all

cells of the cloned animal contain the transgene;

2.insertional mutagenesis and chromosomal positioning effects can be avoided,

because integration and, eventually, transgene expression can be monitored
in vitro; and

3.the use of male or female cell lines determines the gender of the transgenic

animal.

Most importantly, gene transfer by nuclear transfer provides a means of gene
targeting in farm-animal species [64, 65]. Both the targeted disruption of genes
by homologous recombination (deletive gene transfer, knock-out) in sheep and
pigs [66-68] and the targeted integration of a gene of interest into a given locus
(replacement gene transfer, knock-in) [69] have been reported. The sequential tar-
geting of both alleles of two genes has been achieved in cattle [70].

Despite these impressive reports and the intriguing advantages of the nuclear
transfer technique for generation of transgenic farm animals, widespread use is
not an easy task because:

1. the primary fibroblasts currently used for gene transfer have limited capacity

to divide;

2.homologous recombination is less frequent in somatic cells than in pluripo-

tent stem cells; and

3. cloning by nuclear transfer has a low yield which is still diminished when

nuclear donor cells are previously cultured [61].

There is also an ongoing debate about whether it is possible to overcome abnor-
malities observed in cloned animal [71, 72]. The abnormalities are not restricted
to transgenic cloned animals, suggesting they originate from the nuclear transfer
procedure or the in vitro culture conditions. Although healthy clones have been re-
ported [73], improvement of the technology and further investigation of the effects
of cloning are required [74].

1.3
Gene Transfer in Poultry

Depending on the developmental stage a variety of strategies are used for genera-
tion of transgenic birds, including DNA microinjection of fertilized ova, retroviral
infection of blastodermal cells, and genetic manipulation of primordial germ cells
(PGCs) or embryonic stem (ES) cells. In the same way as in mammals, the first
method developed to transfer genes into birds was microinjection of DNA into the
germinal disk of fertilized ova [75]. Although successful germ line transmission
has been reported [76], the method is labor-intensive, ineffective, and frequently
results in mosaicism. Retroviral vectors can introduce transgenes into the ge-
nome with low but acceptable efficiency. The first transgenic birds were produced
using replication-competent vectors and thus could not be used for broad appli-
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cation [77]. The development of replication-defective vectors led to wide use of
this technique for production of transgenic birds and stable transgene expression
[78, 79]. As an alternative, chimeras bearing transfected pluripotent cells originat-
ing from the blastoderm, from PGCs, or from ES cells have been reported (reviews
are available elsewhere [80-82]).

1.4
Gene Transfer in Fish

The techniques for gene transfer into fish have focused on direct transfer of DNA
into gametes or fertilized eggs and include DNA microinjection, electroporation,
retroviral vector infection, and biolistic methods (Ref. [83] and references cited
therein). Stem-cell-based technology is not available for farmed fish. The making
of transgenic fish is different from gene transfer in mammals or birds because:
1.fish usually undergo external fertilization and no culture or transfer of eggs
into recipient females is required,;
2.the eggs of many fish have a tough chorion requiring special methods for
delivering the gene constructs; and
3. DNA delivery, including by microinjection, is usually into the cytoplasm.
Probably because of the cytoplasmic nature of DNA delivery, many founder
transgenic fish are mosaic. Germ line mosaicism seems also to occur because fre-
quencies of transgene transmission to F1 are clearly less than at Mendelian ratios.
Transmission of the transgenes to later progeny occurs at Mendelian frequencies,
indicating stable integration of the transgenes. A variety of inducible and targeted
transgene strategies developed for mammals are now available to be tested and
explored in fish (a review is available elsewhere [84]).

1.5
Transgenes — Gene Constructs

The exogenous DNA integrated into the host genome usually is referred to as
the gene construct or transgene. The different transgenic sequences used for the
different gene-delivery methods and gene-transfer programs are summarized in
Table 1.1.

For additive gene transfer experiments the gene construct encompasses the ele-
ments controlling gene expression (5’ promoter region, 3’ control regions) and
the sequences (cDNA, genomic DNA) encoding the transgene product. For DNA
microinjection or sperm-mediated gene transfer the prokaryotic cloning vector
sequences are removed from the gene construct. Prokaryotic sequences — especially
their CpG dinucleotide base pairs — may undergo methylation or heterochromatin
formation in animal cells, which leads to transgene silencing. It is becoming in-
creasingly clear that silenced transgenes have been recognized as foreign elements
by host cellular mechanisms, as have retroviral and transposon sequences [85, 86].
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10| 1.5 Transgenes — Gene Constructs

As mentioned above, one obvious way of avoiding transgene silencing or chro-
mosomal positioning effects would be the use of large gene constructs and the
abandoning of viral vectors. An increasing number of transgenic animals there-
fore carry gene constructs based on phage (PAC), bacterial (BAC), or yeast (YAC)
artificial chromosomes [22]. For expression and replication, these large transgenes
depend on integration into the host genome. In contrast, mammalian artificial
chromosomes (MACs) provide independent transcription and replication units.
Work originating mainly from human gene therapy programs has resulted in the
development of human artificial chromosomes based on episomal viral vectors or
engineered minimal chromosomal elements [87, 88]. MACs were recently used
to generate “transchromosomic” cattle; this was achieved by introducing human
artificial chromosomes in vitro into bovine cells which were subsequently used for
cloning by nucleus transfer [89, 90].

Alternatively, gene transfer in vitro then reconstitution of embryos by nuclear
transfer or stem-cell technology enables targeting of transcription units in the
host genome or in-vitro analysis of the chromosomal integration site. These gene-
transfer techniques, however, require methods for the identification of the geneti-
cally modified cells. Identification of transgenic cells is mostly based on (drug)
selectable markers, e.g. antibiotic-resistance genes, added to the gene constructs.
In plants the presence of marker genes in the genetically modified organism is a
topic of concern about biosafety [91]. Analogous a genetically modified farm ani-
mal going on the market should be free from such genes. This can be achieved by
use of site-specific recombinases to remove undesirable sequences after successful
identification of the transgenic cells [92, 93]. Additional methods for site-directed
genome modification are reviewed elsewhere [94, 95]. It must, however, be men-
tioned that these additional genetic engineering steps have not yet been conducted
in farm animals.

RNA interference (RNAI) is the process in which dsRNA leads to gene silencing,
by either inducing the sequence-specific degradation of complementary mRNA
or inhibiting translation. RNAi has been very successfully applied as gene-silenc-
ing technology in both plants and invertebrates, but many practical obstacles need
to be overcome before it becomes a versatile tool in mammalian cells. Greater
specificity and efficiency of RNAi in mammals is being achieved by improving
the design and selection of small interfering RNAs (siRNAs), by increasing the
efficacy of their delivery to cells and organisms, and by engineering their condi-
tional expression (reviews are available elsewhere [4, 96, 97)).

The power of this technology in transgenic animals has been demonstrated by
production of mice constitutively expressing RNAi directed against a given tran-
script which show a similar phenotype as mice with homologous targeted disrup-
tion of the locus [98].

Retroviral vector-mediated gene transfer methods have the advantage of the
transgene being actively delivered to the cells and integrated into the host genome.
The disadvantage of the system is the above mentioned transcriptional shutdown
and heterochromatin formation of the transgenes, because of the presence of the
viral sequences.
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1 Transgenic Modification of Production Traits in Farm Animals | 11

1.6
Transgenic Animals with Agricultural Traits

A key element of the enhanced production of domesticated species is the develop-
ment of genetically superior breeding stocks tailored to their maintenance con-
ditions and to the marketplace. Characteristics that are generally desirable in all
species include improvement of growth rates, feed conversion efficiency, disease
resistance, and a capacity to utilize low-cost or nonanimal protein diets. Attempts
to improve productivity traits in farm animals by transgenesis can be divided into
products designed for consumers’ consumption per se and traits not affecting the
food chain in the first place. The first topic includes stimulation of growth rates,
food conversion, and alteration of carcass and milk composition. The second aims
at improvement of fiber products, enhanced disease resistance, and introduction
of novel biochemical pathways. Although the transgene product in this field is not
meant for food, the meat or milk of the genetically modified animal could be con-
sidered for consumption (reviews are available elsewhere [11, 14, 99]).

At the outset it should be noted that progress on manipulation of agricultural
animal traits is far slower than originally envisaged in the early days of transgene
technology. First, this is because the most economically important traits are con-
trolled by multiple genes, which are still largely unknown and hence not amend-
able to manipulation. Even after identification of all genes contributing to a com-
plex trait, genetic engineering of this trait would require multiple gene transfers.
Second, the low efficiency of gene transfer in farm animals (see above) makes
research on transgenesis quite costly. Third, the ability to regulate expression of
transgenes is still far from adequate (see above). Finally, public acceptance of ge-
netically modified organisms in the food chain — at least in Europe — has not yet
been achieved.

Compared with mammals and fish gene-transfer experiments in chickens are
still limited. The objectives of gene transfer in poultry are basically identically with
those for other farm animals (reviews are available elsewhere [100, 101]).

1.7
Improved Growth Rate, Carcass Composition, and Feed Efficiency

1.7.1
Transgenic Mammalian Farm Animals

Among the genetically determined factors regulating growth rate and feed conver-
sion the genes encoding polypeptides of the growth-hormone cascade are of par-
ticular interest. The positively acting growth hormone-releasing hormone (GHRH,
somatoliberin) and its antagonist somatotropin release-inhibiting factor (SRIF,
somatostatin) control the production of growth hormone (GH, somatotropic hor-
mone (STH), somatotropin). The action of GH is very dependent on the metabolic
state of the organism — low blood glucose levels result in catabolic effects (lipolysis)
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12| 1.7 Improved Growth Rate, Carcass Composition, and Feed Efficiency

and a positive energy balance causes anabolic effects which are mainly governed
by insulin-like growth factor 1 (IGF-1, somatomedin C). The original workers on
farmanimal transgenesis was impressed by the results of Palmiter et al. [102]
which indicated that mice expressing excess GH grew much faster and bigger than
nontransgenic control mice. Several GH transgenic pigs and sheep have been pro-
duced with human, bovine, ovine, porcine, or rat GH, under the control of several
promoters (a review is available elsewhere [14]). GH-transgenic pigs expressing the
gene constructs at high levels were found to have faster growth rates and increased
feed efficiency. The most dramatic effect of elevated GH levels in pigs was reduc-
tion of carcass fat as transgenic pigs approached market weight [13, 103]. It was
found, however, that constitutive and/or high level expression of GH in pigs had a
variety of pathological side-effects [104, 105]. Transgenic ruminants (cattle, sheep,
goats) carrying growth-promoting genes have been also generated but no positive
effects on growth performance or carcass composition were reported (a review is
available elsewhere [14]). Attempts to affect carcass composition in respect of ben-
eficial dietary properties for human consumption are, nevertheless, of high prior-
ity for the meat-production industry (Section 1.10, below and Ref. [106]).

It was recognized that tight regulation of transgene expression would be
required to avoid deleterious effects from continuous exposure of mammals to
elevated GH. So far, most attempts to use dietary inducible promoters have failed.
Two studies reported the production of growth-promoting transgenic pig lines. A
metal ion-inducible promoter linked to the porcine GH gene was introduced into
pigs and many transgenic founder animals were produced. Transgenic pigs were
tested for metal-induced transgene expression and animals with high basal levels
of transgene expression or plasma GH levels outside the range of non-transgenics
were excluded from the study. By following this strategy negative side-effects could
be avoided [107]. Because of the random integration of the transgenes as a result of
DNA microinjection and the lack of shielding sequences, however, the transgenic
lines had a high level of variegated gene expression. In a second study the expres-
sion of IGF-1 was directed to muscle by using a skeletal muscle-specific expression
cassette. By avoiding the systemic effects of GH increased carcass leanness was
achieved with no detrimental side-effects [108]. Interestingly, in the context of the
use of growth hormone cascade transgenes, somatic gene-transfer might satisfy
demands for improved growth performance. A somatic gene-transfer procedure
employing a singular intramuscular injection and electroporation of muscle-spe-
cific expression vectors encoding a protease-resistant GHRH resulted in elevated
GH and IGF-1 levels which, in turn, augmented long-term growth without patho-
logical side-effects [6].

An alternative means of altering the growth performance involves the dif-
ferentiation process of muscle cells themselves. For example, the chicken c-ski
proto-oncogene was found to induce myogenic differentiation. This muscle dif-
ferentiation gene was introduced into cattle [109]. As observed with the growth
hormone cascade genes, no effects or mainly deleterious effects of the transgene
expression were reported, however. Myostatin, also known as growth and differ-
entiation factor 8, negatively regulates skeletal muscle development. Deletion or
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non-sense mutations in the myostatin gene are responsible for double muscling
in cattle (a review is available elsewhere [110]). Myostatin-deficient mice, generated
by gene targeting, produced twice the muscle mass with reduced carcass fatness
as wild type mice, mirroring the phenotype of myostatin mutant cattle [111]. In
an additive gene transfer experiment it was shown that expression of a dominant-
negative myostatin transgene also led to increased muscle development, growth
performance, and carcass weight [112]. By use of a two-step procedure involving
insertional gene targeting and recombinase-mediated cassette exchange in ES
cells, transgenic mice were generated which express a dominant-negative myo-
statin propeptide under control of a muscle and in a Y-chromosome-specific man-
ner. Transgenic males were characterized by a 5-20% increase in skeletal muscle
mass. This experiment demonstrates the feasibility of a more efficient cattle pro-
duction system combining superior beef production for bulls and dairy output for
cows [113]. The myostatin gene is therefore an attractive candidate for both gene
targeting and gain of function experiments in farm animals [110].

1.7.2
Transgenic Fish

Aquaculture is still in its infancy compared with the farming of mammals or
poultry. Growth rates of the many fish species used are naturally slow but are
currently being enhanced by traditional methods of domestication and selection.
Programs for growth-promoting gene-transfer into fish usually use GH-based
gene constructs [83]. Because of the lack of available piscine sequences, the first
experiments were conducted with mammalian GH gene constructs. The effects
on growth performance were, however, either not detectable or very small. Gene
transfer using fish GH sequences driven by nonpiscine promoters has resulted in
growth stimulatory effects in transgenic carp, catfish, and tilapia; weight increases
were approximately twice those of controls. These experiments provided the first
consistent data demonstrating that growth acceleration in fish can be achieved
by transgenesis [83]. Subsequent use of all-piscine gene constructs produced fish
with up to fortyfold elevated circulating GH levels and five- to elevenfold increased
weight after one year of growth [114, 115]. Pleiotropic effects in the GH-transgenic
fish included altered body composition (50% reduced fat levels), unpredictable
variations in food consumption and conversion, and some pathological side-effects.
Comparative gene-transfer programs demonstrated that GH-transgenes dramati-
cally enhanced the growth of wild but not domesticated fish [116]. Thus in domes-
ticated and selected farm animal species the capacity for further growth enhance-
ment by GH may be restricted by limitations in other physiological pathways. In
mammals this is reflected by dramatic growth stimulation in GH-transgenic mice
but not in domestic livestock that have undergone many centuries of genetic selec-
tion (see above). Genetically engineered fish with enhanced phenotypic traits have
yet to be implemented in commercial applications. In addition to the technical
issues described, this is partly because of the difficulties in reliably predicting the
ecological risk of transgenic fish should they escape into the wild. The ecological
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14| 1.8 Alteration of the Composition of Milk

consequences of the phenotypic differences between transgenic and wild-type fish,
as determined in the laboratory, can be uncertain, because of genotype-by-environ-
ment effects. These biosafety issues are reviewed elsewhere [117].

Salmonids are fish of high economic value which are unable to survive in wa-
ters characterized by ice and subzero temperatures. Antifreeze proteins (AFP) are
produced by several fish that inhabit extremely cold waters. One possible way of
solving the problem of overwintering salmon in sea cages in the northern hemi-
sphere is the transfer of antifreeze protein genes. The AFP-transgenic salmons
produced so far express the transgene at levels insufficient to confer freeze resis-
tance (a review is available elsewhere [83]).

1.8
Alteration of the Composition of Milk

Potential changes in milk composition or in the primary structures of milk pro-
teins, and their presumed beneficial effects on the nutritional, physiochemical,
and technological properties of milk and milk products have already been reviewed
extensively [14, 118].

It should be noted that most transgenic strategies are at the stage of being tested
by use of mouse models and gene-transfer technology for improvement of milk
quality is far from commercial application. Attempts to improve the processing
properties of milk include changing the casein content and the introduction of
modified milk proteins. To enhance milk composition and milk processing
efficiency by increasing the casein concentration in milk, cloning by transgenic
female nucleus transfer was used to generate transgenic cows carrying additional
copies of bovine beta-casein and kappa-casein genes. Analysis of the hormonal-
ly induced milk revealed substantial expression and secretion of the transgene-
derived caseins into milk. These results show it is feasible to substantially alter a
major component of milk in high-producing dairy cows by a transgenic approach
and thus to improve the functional properties of dairy milk [119].

Introduction of human milk protein genes or replacement of bovine genes by
human genes may play an important role in the production of surrogates for hu-
man milk. Bovine and human milk differ substantially and, therefore, cows’ milk
is not an ideal source of food for babies. Bovine milk can be humanized by in-
creasing the whey protein content, e.g. by expressing the antimicrobial proteins
lactoferrin and lysozyme [120, 121]. Large-scale production of human lactoferrin in
the milk of transgenic cows has recently been reported [122]. The structure of the
transgenic protein was reported to match that of human origin [123]. Beta-lacto-
globulin is the major heat-labile whey protein of ruminant milk and does not occur
in human milk. Although beta-lactoglobulin is not the only bovine milk protein
with allergenic properties it is widely assumed that milk depleted of this protein
would be a better source of humanized milk. In principle, the technology for gene
knock-out in ruminants is now available. Depletion of particular proteins from
the milk has been performed in mice for beta-casein [124] and alpha-lactalbumin
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[125, 126]. Whereas beta-casein was found to be a non-essential component of the
milk protein system, knock-out of alpha-lactalbumin resulted in disruption of lac-
tation and lactose synthesis. Because the biological function of beta-lactoglobulin
and its contribution to bovine milk physiology are not known, the side-effects of a
knock-out approach cannot be predicted. RNAi technology — once established in
farm animals — will be useful for determining the biology of these proteins and
potentially down-regulating their expression.

Tab. 1.2 Proposed modifications of milk composition.

Target gene

Gene transfer

Transgene effect

Overall effect

alpha- and beta-Caseins

kappa-Casein

Novel phosphorylation
and proteolytic sites in

caseins

beta-Lactoblobulin

Human lysozyme

Human lactoferrin

alpha-Lactalbumin

Lactase

Acetyl CoA
carboxylase

Immunoglobulin genes

Antigen genes

Phe-free alpha-lacta
bumin

Stearoyl-CoA
desaturase

Gain of function

Gain of function

Exchange of
function

Loss of function

Gain of function

Gain of function

Reduction of
function

Gain of function

Reduction of
function

Gain of function
Gain of function

Exchange of
function

Gain of function

Improved cheese-making
properties, increased Ca?*
content

Improved heat stability,
reduced micelle size,
reduced coagulation

Increased Ca** content,
improved cheese ripening

Increased temperature sta-
bility, improved digestibility,
reduced allergenicity

Antimicrobial, increased
cheese yield

Antimicrobial

Reduced lactose

Reduced lactose

Reduced fat content

Passive oral immunization
Active oral immunization

Source of amino acids for
patients suffering from
phenylketonuria

Fatty acid pattern of benefit
to cardiovascular health

Improved technical
processing

Improved technical
processing

Improved technical
processing

Improved technical
processing and/or
humanized milk

Improved technical
processing and/or
humanized milk

Humanized milk

Improved nutri-
tional value

Improved nutri-
tional value

Improved
nutritional value

Nutraceutical
Nutraceutical

Nutraceutical

Nutraceutical
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Lactose is the major sugar present in milk and is synthesized by the lactose
synthase complex comprising a galactosyltransferase and alpha-lactalbumin. Most
of the adult population suffers from intestinal disorders as a consequence of lac-
tose maldigestion that results from physiological downregulation, at weaning, of
the intestinal lactose-hydrolyzing enzyme. Low-lactose milk in vivo has been gen-
erated by partial inhibition of the alpha-lactalbumin gene by an RNA-antisense
approach [127] and by the mammary gland-specific expression of an intestinal
lactase [128].

Milk seems to be an ideal vehicle for development of nutraceuticals, i.e. dietary
supplements and functional and medical food [129]. Examples of the use of milk
as a nutraceutical are listed in Table 1.2.

The enzyme stearoyl-CoA desaturase converts specific medium-chain and long-
chain saturated fatty acids into their monounsaturated forms. Transgenic goats
expressing this enzyme in the mammary gland produce milk in which the fat has
a less saturated and more monounsaturated fatty acid profile at some stages of
lactation. Milk containing higher proportions of monounsaturated fatty acids and
conjugated linoleic acid may benefit human cardiovascular health [130].

Bovine alpha-lactablumin gene transgenic pigs have been generated in an at-
tempt to increase milk production and lactose content for the benefit of suckling
offspring. Enhanced lactation performance and, consequently, enhanced litter
growth performance were observed (a review is available elsewhere [131]).

1.9
Improved Animal Health

In contrast with selection for production performance, attempts to select for im-
proved disease resistance by conventional breeding programs have not been suc-
cessful. Reduction of the susceptibility of livestock to disease will be of benefit to
animal welfare and will also be of economic importance. Improved health status in
animal production results in improved production and reproduction performance.
Both somatic and germ-line gene transfer can be used. To introduce new disease-
resistance traits to farm animals, germ-line transmission is required. Strategies
for enhancing disease resistance by transgenesis have been extensively reviewed
elsewhere [14, 132, 133]. Somatic gene transfer mainly focuses on DNA vaccines
(genetic immunization, see above). Integration, stable germ-line transmission,
and, occasionally, expression of gene constructs designed to confer disease resis-
tance have been demonstrated. The final proof of successful generation of resistant
farm animals, i.e. challenge with an infectious pathogen, has not, however, been
reported until recently. In a breakthrough experiment, genetically engineered cows
were shown to have enhanced resistance to mastitis [134]; reviews are available
elsewhere [99, 135].
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1.9.1
Additive Gene Transfer of Resistance Genes

The term “intracellular immunization” was originally used to denote the overex-
pression in the host of an aberrant form (dominant-negative mutant) of a viral
protein that can interfere severely with replication of the wild type virus. This defi-
nition has since been extended to all approaches based on intracellular expression
of transgene products which inhibit the replication of pathogens in host organ-
isms (Ref. [133] and references cited therein). Initial studies with farm animals
included the “classical” approach of overexpression of a viral protein in transgenic
sheep [136], transgenic rabbits expressing antisense constructs complementary to
adenovirus RNA [137], and the transfer of the specific disease resistance gene Mx1
of mice into swine [138]. The mouse Mx1 gene is one of the few examples of a sin-
gle genetic locus encoding a disease resistance trait. Mice carrying the autosomal
dominant Mx1 allele are resistant to influenza viruses and transfer of the Mx1 gene
into susceptible mice that lacked the Mx1 allele was sufficient to restore virus resis-
tance [139]. Swine are susceptible to influenza and provide a substantial reservoir
for swine influenza viruses. Different gene constructs containing the mouse Mx1
cDNA controlled by two constitutive promoters and the inducible murine Mx1 pro-
moter were transferred into swine. Constitutive Mx1 expression was found to be
detrimental to the organism and the inducible Mx1 construct responded to stimuli
by RNA synthesis, although at levels insufficient to produce detectable amounts of
Mx1 protein. This again emphasizes the importance of tight transgene regulation
to a positive outcome from gene-transfer experiments [138].

“Congenital immunization” is defined as transgenic expression and germ-line
transmission of a gene encoding an immunoglobulin specific for a pathogen and
therefore providing congenital immunity without prior exposure to that pathogen.
The approach was tested in farm animals by expressing the gene constructs en-
coding mouse monoclonal antibodies in transgenic rabbits, pigs, and sheep [140,
141]. Both experiments resulted in transgene expression but revealed also some
unexpected findings, e.g. aberrant sizes of the transgenic antibody or little anti-
gen-binding capacity. Following this idea, preformed antibodies against a virus
causing a neonatal disease were expressed in the mammary gland of mice. Trans-
ferred to farm animals this could improve the protection of suckling offspring by
use of colostral-delivered antibodies [142]. It remains to be investigated, however,
whether the efforts required to optimize the concept of “congenital immunization”
are justified by its benefits in terms of increasing disease resistance in a particular
species. When following this route one has must also remember that a given in-
fectious pathogen will be readily able to escape the transgenic animal’s immunity
by changing its antigenic determinants. Transfer of antibody-encoding genes into
farm animals is, in general, of great importance for production of therapeutic anti-
bodies for human medicine (Refs [90, 143] and references cited therein).

“Extracellular immunization” refers to transgene products with extracellular
antipathogenic function. This strategy includes the systemic or local expression
of immunomodulatory cytokines and pathogen defense molecules of the innate
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immune system [132]. Peptide-based antimicrobial defense is an evolutionarily an-
cient mechanism of host response found in a wide range of animals from insects
to mammals. The small lytic peptides interact with lipid bilayer membranes to
cause osmotic disruption and cell death. Bacterial, protozoan, fungal, and dam-
aged eukaryotic cells are most susceptible to disruption [144]. Experiments with
transgenic mice and fish have revealed the power of overexpressing antimicrobial
peptides in generating enhanced resistance of the animals against invading mi-
crobes [145-147]. Lysostaphin is a potent bacterial peptidoglycan hydrolase with
specific bactericidal activity against Staphylococcus aureus, the major contagious
mastitis pathogen. Mammary gland-specific expression of lyostaphin could there-
fore enable production of mastitis-resistant cows and reduce the major economic
burden of the dairy industry. Proof of principle of mammary gland-expressed lyso-
staphin conferring protection against stapylococcal infection has been obtained for
mice [148]. By use of gene transfer via cloning by nuclear transfer this concept was
successfully extended to cows [134]. Transgenic mice expressing a soluble form
of a protein known as herpesvirus entry mediator were generated. The transgenic
mice had nearly complete resistance to challenge with the alpha-herpesvirus, sug-
gesting the potential of the approach for generating pseudorabies-resistant live-
stock [149].

1.9.2
Gene Targeting of Susceptibility Genes

Another potential means of improving disease resistance is the removal of dis-
ease susceptibility genes by homologous recombination to create null alleles or
to replace a disease allele by a resistance allele [14]. This concept is discussed for
generation of cattle and sheep resistant to spongiform encephalopathies caused
by infectious prion particles. Mice devoid of the endogenous prion protein PrPc
cannot be infected with the infectious particles and the loss of function mice now
have gross abnormalities [150]. Targeted inactivation of the gene encoding PrPc
in cattle and sheep might therefore create BSE or scrapie-resistant animals. Suc-
cessful targeting of the PrP locus in sheep and bovine fetal fibroblasts for use of
nuclear transfer has been reported, and living PrP-deficient sheep and cattle are to
be obtained [67, 70]. The physiological role of the endogenous prion protein and
the genetic components of susceptibility to the disease are still largely unknown.
(More information is available elsewhere [151, 152]). Future experiments will show
whether fundamental differences between mice and ruminants will prevent the
generation of such loss of function animals.

An attractive alternative to gene targeting by homologous recombination is pro-
vided by RNAi technology which, in future, should enable modulation or down-
regulation of the genes involved in disease processes (see the discussion above and
Ref. [153]).
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1.10
Improved Biochemical Pathways

Transgenesis enables the transfer of genetic information across species barriers.
Combined with functional promoter elements, nonmammalian genes can be
expressed in farm animals to modify intermediary metabolism. To address the
problem of environmental pollution with manure in pig production, transgenic
pigs were produced which express the Escherichia coli phytase gene in the salivary
gland. Consequently, the transgenic pigs can digest the phosphorus in phytate,
the most abundant source of phosphorus in the pig diet, and so fecal phosphorus
excretion by transgenic pigs is substantially reduced [154]. “Phosphorus-friendly”
pigs contributing to solution of a common form of environmental problem might
also help overcome public skepticism toward transgenic livestock (see below and
Ref. [155]).

The introduction of new biochemical pathways to increase the availability of
specific nutrients that are currently rate-limiting in animal production is a chal-
lenging task. Research programs on transferring prokaryotic genes to ruminants
to introduce cysteine, threonine, and lysine biosynthesis or a functional glyoxylate
cycle (for conversion of the major rumen metabolite acetate to glucose) have so far
failed [156].

The first example of a plant gene expressed in a complex mammalian system
was provided by Saeki et al. [157]. The work of the group is part of an international
effort to improve pig meat quality (carcass composition, see also above). A fatty
acids desaturase gene from spinach, functionally expressed in pigs, led to an sig-
nificant increase of polyunsaturated fatty acids in pork. This success may pave the
way toward production of healthier porcine meat and to diversification of the range
of products available from livestock [106, 157].

1.1
Improved Wool Production

Improvement of wool production by transgenesis can be achieved by generating
an abundant supply of the cysteine required for keratin synthesis. Keratins are the
major structural proteins of wool fibers and cysteine is the rate-limiting amino acid
in wool production. Dietary addition of cysteine does not increase wool production
because of digestive degradation of the compound. When bacterial cysteine bio-
synthesis genes were transferred into sheep, however, improved wool growth was
not observed, because transgene regulation was not adequate to integrate the novel
pathway into the existing biochemical homeostasis [158].

The second attempt at improving wool quality was directed at modification of
the protein composition of the wool fiber. The gene encoding the wool intermedi-
ate filament keratin was overexpressed in transgenic sheep and alteration of the
fiber ultrastructure was observed. The changes did not have a positive effect on the
processing quality of the wool [159]. Further investigations are in progress, using
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transgenes encoding keratins rich in the amino acids which have a positive effect
on wool quality [160].

The third approach used to improve wool production is the targeted overexpres-
sion of growth factors (EGF, IGF-1) in wool follicles or skin [161, 162]. So far, none
of the approaches has resulted in a novel transgenic breed with improved wool
production traits.

1.12
Transgenic Farm Animals, Biosafety Issues, Animal Welfare, and Ethics

The biosafety of transgenics concerns the consumer and affects the environment
and the transgenic animals. Evaluation of the food safety of transgenic animal
products (novel food, nutraceuticals) is handled by national and international au-
thorities (a review is available elsewhere [129]). Theoretically, meat or milk from
transgenic farm animals generated for nonfood purposes could also be consumed.
For example, the transgene in the “phosphorus-friendly” pig is expressed exclu-
sively in the salivary gland; the meat, therefore, contains only the transgene DNA
not the transgene product. For consumers’ safety, the risk of toxicity and of transfer
of the ingested transgenes must be assessed. DNA is an essential part of nutrition
and is not usually toxic upon uptake through the digestive tract. Large alimentary
DNA fragments seem to survive gastrointestinal passage, enter the blood stream,
and can be found in the nuclei of a variety of types of cell [163]. It is obvious, how-
ever, that this does not lead to vertical gene transfer and there is no reason why
a transgene should integrate into a consumer’s genome preferentially compared
with nonrecombinant DNA. Nevertheless, especially with regard to the relevance
and frequency of transfer of selectable DNA sequences from genetically modified
plants in the gut of mammals to bacteria the debate is still ongoing (Ref. [164] and
references cited therein).

The biorisks resulting from transgenesis in farm animals depend on the animal
species, the method of gene transfer, the nature of the transgene, and the fate
of the transgenics. Genetically modified organisms are not allowed to multiply
uncontrolled in the environment. Large farm animals have little opportunity to
escape and no chance of crossing with wild animals. More concern is warranted
over possible escape of transgenic growth-enhanced fish from cage culture with
access to free waters [165] and subsequent spread of the transgene into the natural
population [166]. The fish in such cages must therefore be rendered sterile or they
must be kept in artificial containment facilities.

Physiochemical gene-transfer methods and cloning by nuclear transfer do not
have intrinsic biorisks, because the DNA is stably integrated into the host genome.
Viral vectors are generally liable to the risk of recombination with wildtype viruses
that in turn might create the means to spread the transgene.
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The major biorisks arising from transgenes are to the animals themselves (see
below). All transferred DNA fragments should be characterized by sequencing.
This may be not always be possible, however, especially for large gene constructs,
for example artificial chromosomes. Transgenic animals designed for human con-
sumption will be devoid of marker genes and other sequences not required for
transgene function. Methods for the removal of such sequences are available (see
above).

A transgenic founder animal has, a priori, unknown biological properties and
must be tested for stable integration and transmission of the transgene. The F1
generation can be tested for stable and promoter-specific, i.e. nonectopic expres-
sion of the transgene. Homozygous animals are produced to prove the freedom of
insertional mutagenesis. It is obvious that before use of the transgenic animal for
production purposes wanted and possible unwanted transgene effects are thor-
oughly checked by laboratory and veterinarian methods. Programs for the system-
atic assessment of risks associated with transgenic farm animal welfare and breed-
ing have been developed and must be applied rigorously [167].

Environmental issues and animal welfare are the most serious public concerns
about animal biotechnology. Scientific uncertainty often hinders good risk assess-
ment of animal biotechnology. Ethical assessments must openly address these un-
certainties, with the precautionary principle providing a good criterion for respon-
sible policies. A practical method for ethical assessment of animal biotechnology
has been proposed [168].

1.13
Conclusion

Gene-transfer technology enables the direct introduction of novel traits into farm
animals. The biological performance of the transgene in the animal can be mea-
sured in a few generations. Breeding success can be achieved in a shorter time
compared with classical breeding programs. Gene transfer can, however, be only
performed in a limited number of animals. When a positive biological outcome
of the artificially added or altered allele in the founder animal’s offspring is estab-
lished, the novel trait has to be spread in the production population by conven-
tional strategies. So far no genetically engineered food from farm animals has been
made available commercially. This is because of the above mentioned difficulties
in the generation of transgenic farm animals, the frequent failure to transfer the
proof of principle success in basic research models to farm animals, and the lack
of public acceptance of novel food. The reasons for this lack of acceptance, and the
ethics of transgenics are discussed elsewhere [168, 169].

Farm animal transgenics is undoubtedly important for biomedicine. Even if
public perception moved in favor of transgenic food and if optimized gene-trans-
fer technology increased efficiency in the generation and exploitation of transgen-
ics, most livestock-derived products would still be for niche markets only, mainly
because of limitations in the dissemination of the transgene (introgression).
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Farm animal transgenics, farm animal reproductive biotechnology, and farm
animal genomics have developed in parallel [170-173]. These three important
aspects of the technology will develop further in the years to come and the tools,
taken together, will eventually lead to genetically modified farm animals that meet
the demands of productivity and biosafety.
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