
Introduction

Transgenic animals and genetically modified or-
ganisms (GMOs) are organisms with a segment
of foreign DNA incorporated into their genome,
or with any modification introduced artificially
in their genome sequence. Similarly to the tech-
nology of recombinant DNA, the GMOs have
been studied for more than 30 years (Jackson
et al. 1972; Cohen et al. 1973). Escherichia coli

was the first genetically modified bacteria (Co-
hen et al. 1973). Since then, the technology of ge-
netic manipulation of organisms has had
a remarkable progress with a variety of bacteria,
fungi, protists, plants and animals as GMOs. Re-
garding transgenic animals, the first genetically
modified mouse was obtained by Jaenisch and
collaborators 3 decades ago (Jaenisch et al.
1975). Even today, the mouse is the most impor-
tant model for genetic studies in mammals.
In 2002 the sequencing of the mouse genome was

finished (Waterston et al. 2002), providing
valuable knowledge for genetic engineering in
livestock animals, such as cattle, pig, sheep and
goats (Table 1). The initial effort of animal
transgenesis was to produce pharmaceuticals on
a large scale and at low cost through the injection
of foreign DNA into a zygote pronucleus, but this
technology has proved to be inefficient and expen-
sive for largemono- ovulatory animals. The devel-
opment of the nuclear transfer technique using
mammal somatic cells (Wilmut et al. 1997) has
opened a new perspective, allowing to generate
transgenic livestock animals at lower time and
costs (Polejaeva and Campbell 2000). Hence,
a new era of animal transgenesis has been initi-
ated, with special interest in modifications that im-
prove quantitative and qualitative traits of
livestock. The objective of this review is to present
the most relevant advances in techniques of ge-
netic engineering and its recent applications in
livestock production.
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State of the art

The first successfully reported foreign DNA trans-
fer to a mammal with germ-line transmission was
obtained by using a retrovirus (Jaenisch et al.
1975). Retrovirus is an RNA virus that can infect
mammals, causing several diseases (like herpes,
cancers and immunodeficiency syndromes). Dur-
ing infection the virus fuses with the cell mem-
brane and when the viral RNA is in the cytoplasm,
it is converted into a DNAmolecule that integrates
into the host-cell genome. Therefore the retrovirus
is an efficient transgene-delivery vehicle and it has
been used to infect the bovine embryo when in-
jected into the perivitelline space, between the sur-
face of the fertilized egg and the zona pellucida
(Chan et al. 1998). However, DNA transfer by
a retrovirus has some limitations, such as: (1) pref-
erential integration of retroviruses into dividing
cells; (2) recognition of specific target cells; and
(3) high probability of chimeric animal produc-
tion, which is incapable of transferring the
transgene to the next generation. Actually, studies
are continued with the use of lentivirus vectors
(family Retroviridae) in order to overcome some
of these limitations, since lentiviruses do not re-
quire dividing cells for their integration and have
a wide spectrum of target hosts cells. Nevertheless

some lentiviruses cause serious infectious dis-
eases, e.g. the equine infectious anemia virus
(AIEV) and the immunodeficiency viruses of cat-
tle andman (BIV andHIV, respectively). That still
hinders the commercial production of transgenic
livestock by this technology (Clark and Whitelaw
2003).

The sperm-mediated DNA transfer in rabbits,
during in vitro fertilization, was the pioneer exper-
iment to produce transgenic animals (Brackett
et al. 1971). However, the generated animals were
generally mosaic for the transgenes, so the genes
were not always expressed in the second genera-
tion. The transformed sperm have been used for
in vitro fertilization (Maione et al. 1998). Never-
theless this technique has a limited capability to
incorporate the DNA into the host genome. In or-
der to improve the DNA incorporation it is possi-
ble to expose the sperm to electrical field
(electroporation), which has brought good results
in cattle (Rieth et al. 2000; Celebi et al. 2003).

An alternative technique of sperm-mediated
DNA transfer is through male germinal stem (GS)
cell transfection and transplantation into the recip-
ient seminiferous tubules (Nagano et al. 2001).
This technique was first utilized in mice and re-
cently has been successfully introduced in goats
and pigs (Honaramooz et al. 2002, 2003). Almost
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Table 1. Transgenic landmarks and reproductive technology in livestock animals (cattle,
goats, sheep and swine)

Year Important transgenic landmarks Reference

1985 transgenic pig and sheep Hammer et al. (1985)

1986 embryonic cloning by nuclear transfer in sheep Willadsen (1986)

1991 transgenic dairy cattle Krimpenfort et al. (1991)

transgenic sheep producing altered milk Wright et al. (1991)

1992 transgenic pigs resistant to viral infection Muller et al. (1992)

1994 pig expressing inhibitor of human complement system Fodor et al. (1994)

1997 somatic cloning by nuclear transfer in sheep (Dolly) Wilmut et al. (1997)

transgenic livestock production as a model of human disease Petters et al. (1997)

1998 transgenic cattle produced by nuclear transfer Cibelli et al. (1998)

2000 transgenic sheep produced gene targeting McCreath et al. (2000)

2001 “ecologically correct” transgenic pig Golovan et al. (2001)

2002 production of biopolymer fiber from transgenic cells Lazaris et al. (2002)

calf with human artificial chromosome Kuroiwa et al. (2002)

2003 transgenic cattle producing altered milk proteins compounds Brophy et al. (2003)

complete gene inactivation in pigs Phelps et al. (2003)

2004 sequential inactivation of 2 bovine genes Kuroiwa et al. (2004)

2005 transgenic cow resistant to bacterial infection (mastitis) Wall et al. (2005)



5% of the male progeny from mice transplanted
with transformed GS cells were transgenic and
transmitted the gene to subsequent generations
(Nagano et al. 2001), making this methodology
very promising.

The production of transgenic animals by em-
bryonic stem (ES) cells, generates chimeric em-
bryos composed of 2 distinct cell lines, and 1 of
them carries the desired gene(s). ES cell lines are
pluripotent cells derived from the inner cell mass
of the blastocysts, and are capable of producing all
tissues of an individual, including the germinative
tissue. This gene transfer method involves the in-
jection of transgenic ES cells into expanded
blastocysts, and was first utilized in mice. This
method is feasible in all animals in which ES cells
can be manipulated and transfected in vitro (Rob-
ertson et al. 1986). Mice were the first mammals
from which ES cells were isolated and cultured
(Evans andKaufman 1981;Martin 1981). Some of
their advantages for the production of transgenic
animals include the fact that ES cell lines can be
targeted through homologous DNA recombina-
tion, which can be screened and selected for the in-
corporation of the foreign DNA before the
transgenic embryo production. Moreover, the site
of transgenic integration in the genome can be
controlled to replace existing genes. Hence human
gene function can be studied by knockout or
knockin of candidate genes (Thomas and
Capecchi 1987; Capecchi 1989). One of the limi-
tations of this technique to produce transgenic
livestock is that chimeric products must be cross-
bred to carry the transgene in all tissues, which can
take a long time in animals like cattle. Addi-
tionally, the isolation and establishment of the
livestock ES cell culture in vitro are still an incipi-
ent techniques for some species, like swine and
cattle, and further studies are needed to fully es-
tablish the proper in vitro manipulation of ES cells
from such species (Shim et al. 1997; Saito et al.
2003).

Another method for introducing foreign genes
into animals is by direct pronuclear injection,
where the gene of interest is directly injected into
one of the pronuclei of a zygote. This technique
was first developed in mice (Gordon and Ruddle
1981; Palmiter et al. 1982) and is still the main
choice in production of transgenic rodents. Subse-
quently, the pronuclear injection was responsible
for the first successful attempt to produce trans-
genic livestock species (including rabbits, sheep
and swine) with the rat and human growth hor-
mone gene (Hammer et al. 1985), as well as the

first transgenic bovine (Krimpenfort et al. 1991).
However, this technique has serious limitations,
such as: (1) impossibility to produce knockouts by
homologous recombination; (2) inefficiency in
generating embryos in which the injected DNA
was stably integrated into the host genome (Nottle
et al. 2001); and (3) production of chimeric trans-
genic embryos resulting in a mosaic animal with
some cells containing the transgene and others not
(Keefer 2004); (4) unpredictability of the site of
transgene integration in the host genome and the
resulting variation in transgene expression be-
cause of the position effect (Clark et al. 1994). Due
to the low efficiency of this technique, around
1000 bovine, and 300 ovine, and 200 goat zygotes
must be microinjected to produce one founder
transgenic animal (Seidel 1993), so this increases
the costs of producing large transgenic animals.

Recently, the first successful nuclear transfer
(NT) using somatic cells from the mammary gland
has lead to the birth of the famed clone Dolly
(Wilmut et al. 1997). In this method, DNA from
the MII oocytes is removed (enucleation), leaving
only the cytoplasm (the cytoplast). Following
enucleation a donor nucleus, which can be almost
any cell of the body, is injected into the
perivitelline space and fused to the cytoplast by
electrofusion. After fusion, the zygote clone is ac-
tivated by either chemical or mechanical stimula-
tion in order to initiate embryo development
(Campbell et al. 1996; Wilmut et al. 1997).
This process is known as cloning, since a series of
identical individuals can be generated from a sin-
gle DNA donor cell line.

The great impact of NT on transgenic livestock
production is due to the possibility to cultivate pri-
mary cells in vitro during a long lifespan without
loss of viability (Kasinathan et al. 2001a), and to
execute the genetic manipulation before NT in or-
der to produce transgenic embryos with the same
rate of non-transgenic ones (Iguma et al. 2005).
However, a good cell transfection system and the
isolation of a transgenic cell line derived from
a unique transfection event (clonal origin) must be
efficiently conduced before the NT (Melo et al.
2005). A variety of methods for transfection into
mammalian cells have been reported: microinjection
(Sikes et al. 1994), particle bombardment (Williams
et al. 1991), calcium phosphate (Chen and Okayama
1988), viral infection (Kovesdi et al. 1997), and
liposomes (Caplen et al. 1995). However, the easy
cell manipulation and the uniform transfection ef-
ficiency make the cationic liposome-mediated
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gene transfer the most appropriate method for
many livestock species (Oliveira et al. 2005).

The NT associated with in vitro cell culture
manipulation resulted in the first livestock animal
(sheep) expressing human clotting Factor IX
(Schnieke et al. 1997). Afterwards, 5 transgenic
bovine clones resistant to antibiotic G418 were
successfully produced by NT (Cibelli et al. 1998).
Since then, many other transgenic animals have
been generated by this technique (Keefer 2004;
Kues and Niemann 2004). A great advantage of
producing transgenic animals by NT, in compari-
son to pronuclear microinjection, is the possibility
of gene targeting through homologous recombina-
tion between the exogenous and the host DNA
producing knockouts and knockins (McCreath
et al. 2000). Although being a recent technique,
with low efficiency, the NT associated with
transgenesis enables the production of transgenic
embryos without chimeric hazards. Then, it is ex-
pected that all generated embryos will be trans-
genic, reducing the time and the cost of transgenic
animal production, compared to other methods
(Polejaeva and Campbell 2000; Melo et al. 2005).
In order to increase the production of clones by
NT, the use of synchronized G1 fibroblasts as nu-
cleus donors (Kasinathan et al. 2001b; Gibbons
et al. 2002), and treatment of nucleus donors by
mitotic cell extracts to improve the nucleus repro-
gramming, are currently in use (Sullivan et al.
2004). At present, NT associated with transfection
of cells cultured in vitro is the most important
technique to obtain transgenic livestock.

Applications

Since the first reports about transgenic animals,
published in the late 1970’s and early 1980’s, a va-
riety of technical applications of transgenic ani-
mals have been suggested. Many of those
applications are still waiting for scientists and en-
trepreneurs to solve technical challenges, and
probably some of themwill never be applied. How-
ever, several studies have been done and very soon
products of transgenic livestock technology will be
in the market. In the following sections of this arti-
cle, we focus on 4 major fields of transgenic live-
stock applications: production of pharmaceuticals
and biomolecules, livestock production, xeno-
transplants, and transgenic animals as a model for
human diseases. However, our main goal is not to
present general information about livestock
transgenesis, but only the recent work that has
shown the development of promising products,
which are likely to be in the market in the near fu-
ture.

Production of pharmaceuticals and biomolecules

Due to the high cost, the production of transgenic
animals such as pig, goat, sheep and cattle must
bring an elevated profit in order to be a feasible
economical investment. For this reason, the pro-
duction of high-value pharmaceutical substances,
which correspond to a billion dollars market (Wall
et al. 1997; Miller 2002), is actually the principal
and most promising application for animal
transgenesis. Despite the lower costs of producing
biomolecules in microorganisms, like bacteria and
yeast, these organisms do not properly execute
several post-translational modifications, such as
N-linked glycosylations, authentic O-linked
glycosylations, and correct folding in order to pro-
duce a wide range of fully active human proteins.
Therefore, many human polypeptides must be pro-
duced in mammalian cell systems to be recovered
with their full activities. However, principally due
to the low productive capacity, the price of human
biomolecules produced in vitro by mammalian
cell culture is extremely high. For this reason
many biotechnology companies have been focus-
ing on the production of biopharmaceuticals,
at high concentrations, in transgenic livestock
bioreactors. Worldwide those companies are in-
vesting great effort in this promising technology.
Among them we may mention PPL Therapeutics
(UK), GTC Biotherapeutics (USA), Hematech
(USA), Genzyme (USA), ZymoGenetics (USA),
Nexia Biotechnologies (Canada), Pharming (Neth-
erlands), BioProtein Technologies (France),
Avigenics (USA), Viragen (USA), and
TranXenoGen (USA). Pharmaceutical products
can be produced in a variety of biological fluids
such as milk, urine, saliva, blood and seminal fluid
(Dyck et al. 2003), and their expression can be
driven by tissue-specific promoters. Generation of
transgenic mice expressing therapeutic heterologous
proteins in urine, such as human recombinant eryth-
ropoietin (rhEPO) and human alpha1-antitrypsin
(alpha1AT), using a uromodulin promoter has been
demonstrated recently (Zbikowska et al. 2002a;
Zbikowska et al. 2002b). Protein expression into
the urine-based system has some advantages, in-
cluding the expression in both sexes; low contami-
nant-protein content in urine; it can be harvested
soon after birth and expressed throughout the life
of the transgenic animal. However, the use of this
system may be significantly more time- and
cost-consuming than the mammary gland- based
system.
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Due to its large-scale volume production, milk
is the preferred vehicle to express proteins in
transgenic animals. Table 2 lists biomolecules ex-
pressed in the mammary glands of livestock,
which are at an advanced stage of clinical trials,
and the respective holders of their commercial
rights. The mammary gland can express more than
2 g of heterologous recombinant proteins per liter
of milk (Velander et al. 1992; van Berkel et al.
2002). Based on the assumption of average ex-
pression levels, daily milk volumes and purifica-
tion efficiency, 5400 cows would be needed to
produce the 100 000 kg of human serum albumin
that are required worldwide per year, 4500 ewes
would be required for the production of 5000 kg of
�-antitrypsin, 100 goats for 100 kg of monoclonal

antibodies, 75 goats for 75 kg of antithrombin III
and two sows to produce 2 kg of human clotting
factor IX required per year (Rudolph 1999).
Therefore, a small herd of transgenic livestock
could supply the world demand for
pharmaceuticals, which cannot be expressed by
other systems such as bacteria or fungi, mainly
due to the necessity of complex post-translational
possessing to ensure their proper function.

Studies have reported the use of transgenic rab-
bits, as bioreactors, using a rat whey acidic protein
(WAP) promoter to produce the human growth
hormone (hGH) in milk (Lipinski et al. 2003).
In order to simplify the purification of the hGH,
a sequence encoding 6 histidine residues and a site
for thrombin digestion was added to the 5’ end
of the gene. The peptide was purified frommilk by
affinity chromatography, reaching a level of

0.5–1.0 μgmL–1 from F1 females during lactation.
A further study using the same animals has dem-
onstrated the stability of transgenesis insertion
at the chromatin level (Michalak et al. 2006). Be-
sides the fact that foreign DNAwas integrated into
the rabbit genome in many copies, those authors
showed that the hGH transgene was only actively
expressed in the mammary gland. However, prob-
lems regarding regulatory elements required for
a high expression level of genes encoding milk
protein still need to be investigated.

Some biopharmaceutical products are
well-advanced in clinical trials or are to be regu-
lated by the US Food and Drug Administration
(FDA), such as: (1) the production of anti-
thrombin III in dairy goats (GTCBiotherapeutics),

which is a potent inhibitor of the coagulation cas-
cade used to treat patients with genetic heparin re-
sistance and thrombosis; (2) the production of
human polyclonal antibodies in cows aiming
at therapeutic application (Hematech); (3) the pro-
duction of human serum albumin in cows (GTC
Biotherapeutics), which is a blood derivate with
a high market price; (4) the production of
�-antitrypsin in sheep (PPL) for treatment of lung
emphysema, cirrhosis, and cystic fibrosis; (5) the
production of recombinant human factor IX pro-
tein in sheep (PPL) and human factor VIII in
swine(Paleyanda et al. 1997) for the treatment of
hemophilia B and A, respectively; (6) the produc-
tion of human lactoferrin in cows (Pharming),
which has a bacteriostatic, antiviral, and antifungal
activity, and also acts as a natural stimulator of the
innate immunological defense. Nevertheless, not
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Table 2. Human proteins secreted in the milk of transgenic livestock

Pharmaceutical Bioreactorspecies Application/treatment Company Reference

Antithrombin III Goat thrombosis, pulmonary em-
bolism

GTC Biotherapeutics (USA) Ebert et al. (1991),
Denman et al. (1991)

tPA goat thrombosis PPL Therapeutics (UK) Ebert et al. (1994)

�-antitrypsin sheep emphysema and cirrhosis PPL Therapeutics (UK) Wright et al. (1991)

Factor IX sheep hemophilia b PPL Therapeutics (UK) Schnieke et al. (1997)

Factor VIII sheep hemophilia a PPL Therapeutics (UK) Paleyanda et al. (1997)
Niemann et al. (1999)

Polyclonal anti-
bodies

cattle vaccines Hematech (USA) Kuroiwa et al. (2004)

Lactoferrin cattle bactericide Pharming Group (NED) van Berkel et al. (2002)

C1 inhibitor rabbit hereditary angioedema Pharming Group (NED) van Doorn et al. (2005)

Calcitonin rabbit osteoporosis and
hypercalcemia

PPL Therapeutics (UK) McKee et al. (1998)

Note: The Pharming Group Co. is the current holder of most patents developed by PPL Therapeutics



all attempts to produce bioproducts in animal milk
have been successful. Frequently the protein syn-
thesized in milk causes side effects, such as for in-
stance: (1) the erythropoietin effect leading to
problems in hematopoiesis and rabbit fertility
(Massoud et al. 1996); (2) the premature cessation
of lactation in the goat expressing the tissue
plasminogen activator (tPA) (Ebert et al. 1994);
and (3) low yields of biologically active recombi-
nant human factor VIII produced in sheep
(Niemann et al. 1999).

The production of a transgenic animal express-
ing the bioactive recombinant protein with a con-
centration of at least 1 mg mL–1, and with the
transgene stably transferred to the offspring,
is a goal that requires a lot of time, knowledge,
and effort (Wall et al. 1997). Moreover, another
challenge regarding the production of recombi-
nant proteins in milk is the purification process,
where recombinant proteins must be isolated from
several undesirable milk components. In order to
clone goats that are capable of producing recombi-
nant spider silk proteins in milk, Lazaris and col-
laborators (Lazaris et al. 2002) performed studies
with epithelial cells from the mammary gland ex-
pressing spider thread genes. Afterwards, by puri-
fying the recombinant proteins, those authors
obtained spider silk fibers. Nevertheless, the fiber
product did not meet the tenacity and resistance
characteristics present in the natural spider silk.
Therefore, the purification step might be critical to
the generation of a feasible product.

Livestock production

The emergence of the first transgenic mice ex-
pressing the rat growth hormone fused to
the metallothionein promoter sequence, during
the 1980’s (Palmiter et al. 1982), opened the possi-
bility to use transgenesis as an instrument to in-
crease meat production. However, high profits
forecasted with the application of bio-
pharmaceuticals set aside transgenic research to
improve livestock production. On the other hand,
the recent boom of biotechnology companies ob-
served in the last decade, together with the enor-
mous cost to produce a pharmaceutical in
transgenic livestock, made this trade more com-
petitive and less profitable. Facing this unfavor-
able view, PPL Therapeutics, the company that
holds most of the patents on pharmaceuticals pro-
duced by transgenic livestock (Table 2), declared
bankruptcy in 2004 because of financial difficul-
ties (www.onescience.com/forum/). Nowadays,
the US FDA demands a variety of clinical, labora-

tory and environment trials bringing the average
cost to place a new drug on the market upwards of
US$800million. Moreover, the total time required
for drug development, from the synthesis of the
molecule to market approval is, right now, around
15 years (Miller 2002). The high competition and
regulation of the pharmaceutical sector, together
with the current progress in animal transgenesis
techniques, allows a significant reduction in pro-
duction costs, and has offered new prospects for
transgenesis aiming at high productivity in live-
stock. Thus, the application of livestock
transgenesis could promote the improvement of
carcass composition, meat quality, milk produc-
tion, wool quality, increased prolificacy and dis-
ease resistance, besides other economically
important characteristics.

Milk is a complex biological fluid with signifi-
cant importance as a food source for many societ-
ies. The annual production exceeds 400 × 109

liters and accounts for around US$400 billion
at the global dairy product market (Karatzas
2003). Approximately 80% of milk proteins are
composed of caseins, which are the most valuable
components of milk. The casein fraction of bovine
milk is comprised by �S1-, �S2-, �- and �-casein,
encoded by one-copy genes (Karatzas and Turner
1997). Caseins are aggregated into large colloidal
micelles. Themicelle structure and stability can be
affected by small changes in the casein ratio, lead-
ing to substantial effects on the physicochemical
properties of milk. Cheese is manufactured by the
aggregation of casein micelles into protein net-
works that entrap some water and most of the fat
from milk. Increased �-casein content has been
linked to a reduction of the micelle size and to im-
proved heat stability, which are of huge impor-
tance in cheese making industry (Kang et al.
1986). Recently, genetically modified bovines
were generated by introducing additional copies of
genes CSN2 and CSN3, which encode bovine �-
and �-casein, respectively (Brophy et al. 2003).
Overexpression of CSN2 and CSN3 resulted in an
up to 20% increase in �-casein, and a 2-fold in-
crease in �-casein levels in milk. These results
demonstrated that it is possible to alter milk com-
position by the transgenic approach. Moreover,
it also can increase the efficiency of cheese pro-
duction, which is a billion dollar market.

Another target that can be altered is related to
milk constituents. Around 70% of the world popu-
lation, especially from Asia, experience a defi-
ciency in the lactase enzyme. This enzyme is
responsible for lactose digestion (lactose is the
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main milk sugar), and a low expression of this en-
zyme can potentially limit milk consumption.
In 1994, studies with �-lactalbumin-deficient
mice allowed the lactose synthase complex to be
analyzed (Stinnakre et al. 1994). The results from
these experiments showed a 20% reduction in
milk lactose levels in mice with the monoallelic
expression of the gene, while knockout mice pro-
duce no lactose (Stinnakre et al. 1994; Stacey et al.
1995). However, those mice demonstrated an in-
tense modification in the physicochemical proper-
ties of their milk, which presented a rise in the total
solids and a decrease in milk quantity. Despite
these results, the market still has an economic in-
terest in producing low-lactose milk using other
techniques, such as the production of transgenic
animals with a lactase enzyme gene, which is re-
sponsible for lactose degradation (Jost et al. 1999).
An increase of milk production in pigs is also an-
other goal to be reached, with an expected out-
come of an improved value of the piglet per dam
per year parameter. The selection pressure, in or-
der to anticipate weaning, produces sows with
a shorter lactation period. This leads to a negative
effect in litter growth performance not only before
weaning, but also persisting throughout the grow-
ing period until slaughter (Wheeler 2003). Due to
the fact that enhanced �-lactalbumin synthesis is
closely correlated with an increase in milk produc-
tion, copies of the bovine �-lactalbumin genes
were introduced in swine (Bleck et al. 1998).
The results of this work showed an increased milk
production during the first 9 days of lactation in
transgenic sows, as well as a significant increase
in piglet growth rate in transgenic gilts (Noble
et al. 2002). This effect can easily mean a profit of
millions of dollars for the pig industry.

The implications of modifying milk properties
by transgenesis go beyond just dairy products. Hu-
manized bovine and goat milk can bring several
benefits to human health. An example of this is the
expression of human lactoferrin in milk. Antibac-
terial, antifungal and antiviral proprieties have
been demonstrated for human lactoferrin (Soukka
et al. 1992; Hasegawa et al. 1994; Nibbering et al.
2001). Moreover, human lactoferrin stimulates the
growth of the intestinal biota of healthy breast-fed
infants, as well as promotes intestinal cell growth
in vitro (Nuijens et al. 1997). The production of re-
combinant human lactoferrin in milk of 4 trans-
genic cows at a concentration of up to 2mgmL–1 is
a promising step to improve infant innate defense
(van Berkel et al. 2002). Using DMSO-sperm-
mediated gene transfer human lactoferrin was also

expressed in transgenic rabbits, where 81% of
transgenic females obtained could express human
lactoferrin in their glands (Li et al. 2006), with
a mean expression level of 103 � 20 μg mL–1.
However, this level of expression declined gradu-
ally after the third week.

The potential to increase disease resistance is
another very important aspect of agricultural
transgenic market. Mastitis is an inflammatory re-
action of the mammary gland caused by a micro-
bial infection. Five bacterial species are related to
the bulk of bovine mastitis cases: Staphylococcus

aureus, Streptococcus uberis, Streptococcus

dysgalactiae, Streptococcus galactiae and Esche-

richia coli. However, S. aureus is responsible for
the majority of the clinical cases and, because of
its resistance to a variety of antibiotics, has been
difficult to control (Kerr and Wellnitz 2003).
Therefore, mastitis is one of the most harmful dis-
eases for the dairy industry, and the estimated an-
nual loss caused by this disease in the USA is over
$1.7 billion (Kerr and Wellnitz 2003).
Lysostaphin is a potent peptidoglycan hydrolase
naturally secreted by Staphylococcus simulans,
and has a bactericidal effect against other
Staphilococci, such as S. aureus. The efficacy of
lysostaphin protection against S. aureus conferred
to the mammary gland has been demonstrated us-
ing transgenic mice that expressed lysostaphin in
the mammary gland cells (Kerr et al. 2001). Re-
cently, the same research group obtained transgen-
ic cows secreting lysostaphin at concentrations
up to 14 mg mL–1 in their milk (Wall et al. 2005).
Those authors also infiltrated S. aureus into
the mammary glands of 3 transgenic and
10 nontransgenic cows. Although none of the
transgenic animals showed mastitis symptoms,
all of the nontransgenic cows developed mastitis.

The most feared bovine disease in countries
of the Northern Hemisphere is bovine spongiform
encephalopathy (BSE), also known as mad cow
disease. This disease resulted in the cremation of
millions of animals at an estimated final cost
of billions of dollars in the United Kingdom
(Detwiler and Rubenstein 2000). The cause
of BSE probably lies in a mutation of the prion
protein (PrPC), which is found in the outer surface
of neurons. This prion disease is generated by
a switch from the normal PrPC to a modified form
of PrP (PrPSC). Healthy animals fed a diet supple-
ment produced with animal by-products could de-
velop BSE (Weissmann et al. 2002). During the
early 1990’s transgenic mice were generated by
knocking out the PrPC gene (Bueler et al. 1992).
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The obtained mice presented normal development
and were resistant to spongiform encephalopathy,
even after inoculation with PrPSC prions (Bueler
et al. 1993). Afterward, knockout of the prion gene
in transgenic sheep and cattle have opened a new
perspective to create animals non-susceptible to
spongiform encephalopathy (Denning et al. 2001;
Kuroiwa et al. 2004). Animals with deleted PrPC

were generated by multiple gene targeting events,
which removed not only the PrPC gene, but also
changed the entire bovine immunoglobulin gene
loci for the human correspondent. This manipula-
tion makes it possible to produce human
immunoglobulins in cattle safe from BSE
(Kuroiwa et al. 2004).

Brucellosis is an important disease worldwide,
caused by Brucella bacteria, some of the world’s
major zoonotic pathogens. Brucellosis resistant
animals have been identified, and this resistance
has been related to the presence of the NRAMP1
variant gene in bovine. Recently, the NRAMP1
gene was introduced into mice macrophage cell
lines in order to evaluate its protection conferred
during Brucella infection (Barthel et al. 2001).
The introduction of the NRAMP1 allele offered
new promising prospects for brucellosis resis-
tance.

Improvement of carcass quality as well as meat
production is an important application of
transgenesis in livestock. One of the first attempts
in this field was the production of mice that ex-
press the rat growth hormone. Those mice showed
a remarkable increase in growth rate and body
weight (Palmiter et al. 1982), and were the pioneer
transgenic mice. However, transgenic pig express-
ing the growth hormone exhibited only a slight in-
crease in growth and a high incidence of collateral
effects, such as gastric ulcers, arthritis,
cardiomegaly, dermatitis, and renal disease
(Pursel et al. 1989). Studies performed in the Bel-
gian Blue and Piedmontese bovine breeds re-
vealed that mutations in the myostatin gene
(GDF-8) are related to the double-muscled pheno-
type (Grobet et al. 1997; McPherron and Lee
1997).Myostatin is a negative regulator of skeletal
muscle mass in mammals, and its deficiency leads
to a dramatic and widespread increase in skeletal
muscle mass. Myostatin null mice generated by
gene targeting demonstrated the same dou-
ble-muscling phenotype observed in bovine
(McPherron et al. 1997). Muscles in myostatin
null mice weighed 2 to 3 times more than their
counterparts in wild-type mice. Those studies re-
ported that the myostatin gene is highly conserved

among vertebrate species and have offered new
prospects for transgenic animals with this pheno-
type.

Characteristics such as prolificity may be per-
ceived as one of the many transgenic applications.
Some sheep breeds present multiple ovulations
due to the mutations in genes involved in follicular
development and growth, such as GDF9, BMP15
and ALK6/BMPR1B (Souza et al. 2001; Juengel
et al. 2002; Hanrahan et al. 2004). Furthermore,
production of bulls expressing “suicide genes”,
which are capable of generating just spermato-
zoids with the X chromosome or even sheep with
higher quality and quantity of wool (Powell et al.
1994) are other possible applications of animal
transgenesis. The production of transgenic pigs
expressing salivary phytase would provide essen-
tially complete digestion of dietary phosphorus,
reducing phosphorus output by up to 75%
(Golovan et al. 2001). Therefore, the use of these
transgenic pig could result in a significant de-
crease of phosphorus pollution from pig industry,
with a great impact on the reduction of environ-
mental pollution. Nowadays, many applications in
animal livestock transgenesis have been explored
and soon some of them will be ready to use.

Xenotransplant

Due to successful transplants of human organs
(allotransplants), roughly 250 000 people are alive
today. Around 75–90% of patients survive the first
year after transplant. The average survival rate of
a heart, liver or kidney transplanted patient is
about 10–15 years (Kues and Niemann 2004).
Nevertheless, the availability of organ donors is
always insufficient in relation to the number of pa-
tients that need transplants. The National Trans-
plant System in Brazil, created in 1997, has
performed more than 60 000 transplants. How-
ever, 63 000 patients are still on the waiting lists
and need to be attended urgently (http://dtr2001.
saude.gov.br/transplantes). In the USA the wait-
ing list exceeds 88 000 patients and the ratio be-
tween donor organs and patients is 1 : 4
(http://www.unos.org). Therefore, an alternative
source of organ donors could reduce the growing
gap between the demand and the availability of or-
gans. The possibility of xenotransplants as an al-
ternative source of organs has been investigated
for decades. In 1963, a kidney transplant from
a chimpanzee to a human was the first attempt of
a xenotransplant (reviewed in Auchincloss and
Sachs 1998). Nowadays, studies have shown that
the pig is the animal considered the best choice
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as an organ donor for humans. This fact is based
on: (1) their organs being similar in size, anatomy
and physiology to human organs; (2) pigs growing
rapidly and being a prolific species; (3) the main-
tenance of high hygienic standards possible
at a relatively low cost; (4) established transgenic
techniques to modify immunogenicity of porcine
cells and organs. Themain immunologic obstacles
to xenotransplants include the hyperacute rejec-
tion response (HAR), which occurs within sec-
onds or minutes, the acute vascular rejection
(AVR), which occurs within days, and the cellular
and potentially chronic rejection, which occurs
within weeks after the transplant (Auchincloss and
Sachs 1998). Several transgenic approaches have
been developed to overcome the immunological
response that activates the complement cascade,
which is activated by the antigen-antibody com-
plex and is responsible for the induction of HAR
and AVR. The production of a transgenic pigs, ex-
pressing human proteins that inhibit the comple-
ment cascade such as hCD59 (Fodor et al. 1994),
hCD46 (Diamond et al. 2001) and hDAF (Zaidi
et al. 1998), are examples of attempts to overcome
this problem. In those experiments a survival rate
of 23 days was reachedwhen transplanting a trans-
genic pig heart into primates (Diamond et al.
2001). Another promising strategy to avoid HAR
is the knockout of antigenic structures on the sur-
face of porcine organs such as 1,3-�-gal-epitopes,
absent in the human species. 1,3-�-gal-epitopes
are primarily produced by the activation of
1,3-�-galactosyltransferase. Transgenic piglets
with a disruption of both alleles of 1,3-�-
galactosyltransferase by homologous recombina-
tion were generated and their use have been re-
ported (Phelps et al. 2003). Xenotransplants using
transgenic bovine nervous-system cells were suc-
cessfully used to reduce the symptoms of Parkin-
son’s disease in rat models (Zawada et al. 1998).
Likewise, transgenic pig neurons promoted axonal
regeneration in rat spinal cord lesions (Imaizumi
et al. 2000). Nevertheless, the prevention of
zoonosis transmission is a critical point for the
clinical application of xenografts. In 1997, it was
reported by an in vitro assay that the PERV retro-
virus, carried by porcine host cells, could infect
human cell lines (Patience et al. 1997), but a sub-
sequent study did not detect the presence of PERV
in patients, that had received porcine tissues trans-
plants, for up to 12 years (Patience et al. 1998;
Paradis et al. 1999). However, during the past few
years, the accelerated progress in human stem-cell
research, as a way of in vitro production of human

tissue and organs for transplants, significantly re-
duced the effort into xenotransplant research as
a safer and more promising technology (for an up-
dated review see Wobus and Boheler 2005).

Transgenic animals as a model

for human diseases

There are around 20 000–25 000 human genes re-
sponsible for the formation and maintenance of
human body (Human Genome Sequencing 2004).
So far, thousands of human diseases have been
characterized based on Mendelian genetic inheri-
tance (OMIM 2006). Many of these diseases are
caused by genetic mutations already characterized
in mice models by knockout through gene target-
ing. Those animals are valuable experimental
models to study the symptoms and causes of a va-
riety of human diseases, such as cancer (Marx
2003). However, mouse anatomy, physiology and
lifespan differ significantly from those of humans.
Therefore, the use of mice as a genetic model has
shown some limitations regarding the study of
several human traits. Hence, farm animals, such as
pigs, sheep or cattle, could be more appropriate
models to avoid some problems, for example, the
requirement of longer observation periods in stud-
ies of many human diseases. The use of transgenic
pigs as experimental models was an advance in the
study of retinitis pigmentosa, a rare human syn-
drome. Transgenic pigs express a mutated rhodop-
sin gene, responsible for night blindness, and
show a great similarity with the human phenotype
(Petters et al. 1997) . The alteration of the growth
hormone releasing hormone (GHRH), which is
observed in patients with Turner’s syndrome,
Crohn’s disease, renal insufficiency, and
intrauterine growth retardation, was also studied
in a porcine model (Draghia-Akli et al. 1999).
A diversity of neurodegenerative human disorders
such as the Gerstmann-Straussler-Scheinker syn-
drome, Creutzfeldt-Jakob disease or fatal familial
insomnia were related to a defective prion protein
(PrPC) gene. Deletions in the PrPC allele using
mice or cattle models can be useful models to
study related anomalies (Bueler et al. 1992;
Kuroiwa et al. 2004), and also create resistant ani-
mals (Bueler et al. 1993).

Another promising research field using trans-
genic animals as models is the study of ageing.
Telomeres are highly repetitive DNA sequences
present at the end of all chromosomes, and are es-
sential for their structural integrity and function.
As DNA replicates, during successive mitoses,
the telomere structure has its size continuously re-
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duced. Telomere shortening is correlated with se-
vere limitations of the regenerative capacity of
cells and ageing, with a significant impact on hu-
man lifespan (Djojosubroto et al. 2003). Human
telomerase reverse transcriptase (hTERT) plays
a role in promoting telomere revitalization and cell
proliferation. Delivery of the hTERT gene by an
adenovirus has been shown to improve ischemic
wound healing in an aged rabbit model (Mogford
et al. 2006). Furthermore, no deleterious immune
response was induced in aged rabbits, being an im-
portant implication for the field of gene therapy.

Many cancer cell lines showed alterations in
the size and structure of their telomeres, and this
fact can be related to the origin of some types of
cancer (Rudolph et al. 2001; Cawthon et al. 2003).
The TERT enzyme, which is responsible for the
formation and rebuilding of telomeres, is
postnatally suppressed in most somatic cells
(Djojosubroto et al. 2003). Symptoms of early
ageing were observed in cloned sheep (Dolly) and
were related to telomere shortening. The hypothe-
sis was that Dolly could have inherited the adult
cell telomere size and could have been born as be-
ing of the same biological age as the original mam-
mary gland cells, used as DNA donors (Shiels
et al. 1999). However, studies in mice and cattle
refuted this hypothesis, showing that telomeres
can regenerate during successive cloning of senes-
cent donor cells, with no difference in age from the
matched controls (Lanza et al. 2000; Wakayama
et al. 2000). This observation may be explained by
recent studies that have showed the reactivation of
clone embryo telomerase, during the nuclear re-
programming process, where the original telomere
size could be restored (Betts et al. 2001). Further
investigations on telomerase gene mutations will
broaden our knowledge on cancer and ageing.

Nowadays the vascular endothelial growth fac-
tor (VEGF) is one of the most important
pro-angiogenic cytokines. It has been used largely
to stimulate therapeutic angiogenesis. One of the
investigations in this field reported the use of
transgenic rabbits to express in vivo recombinant
VEGF in the carotid artery (Suda et al. 2005).
The study suggested that the expression of recom-
binant VEGF in the vascular endothelium stimu-
lates the generation of the superoxide anion in the
arterial wall. This is an important finding for
the treatment of cardiovascular diseases, since the
superoxide anion seems to be a significant media-
tor of the regenerative vascular effects of VEGF in
vivo.

Concerns and prospects for the future

Since the domestication of first animals humans
have been introducing genetic modifications by
assisted breeding in a variety of species. Cur-
rently, the major difference observed between ge-
netically modified species and their wild relatives
is not due to the transgene effect, but to the pro-
found alterations that were introduced during the
domestication process. It also reflects a continu-
ous co-evolution of the human society and the do-
mesticated organisms, such as plants, animals,
and microorganisms. Those modifications were
most often performed based on the observation
of the phenotype without any knowledge on inher-
itance mechanisms behind selection. Nowadays
with the advances of scientific knowledge we can
have a better understanding of inheritance mecha-
nisms and make punctual and specific alterations
in DNA sequences to meet our requirements.
Therefore, discussions on ethics arising with the
first GMOs demonstrated the continuity of the hu-
man activity in altering the environment, as well as
organisms, for our own benefit. Notwithstanding,
it does not exempt us from the responsibility for
our actions and a recent research field, named
biosafety, has been created to manage the ecologi-
cal impact of GMOs.

Regarding individual characteristics of live-
stock, although we have to consider the low re-
sponse to artificial selection compared to changes
obtained with transgenesis, a continuous applica-
tion of the former for many generations can intro-
duce huge genetic modifications. Therefore, when
an animal is out of a genetic breeding program,
in order to insert any genetic modification, the re-
sult is an intrinsic loss of the productive ability
conferred to their assisted selected counterparts.
The time estimated to generate transgenic live-
stock, e.g. cattle, is about 5–7 years. Taking this
in consideration, the economic profit introduced
by the new characteristic should be significant to
compensate for the loss of productivity provoked
by the exclusion from the artificial selection pro-
gram (Karatzas and Turner 1997; Clark and
Whitelaw 2003). Moreover, the high cost involved
in the transgenic process allows us to obtain only
few animals for each genetic modification event.
For this reason, a laborious process of reintroduc-
tion of those animals in the herd by backcrossing
is required. In order to make this process economi-
cally feasible, it is essential to have in-depth
knowledge about the recent advances in assisted
reproduction techniques, such as artificial insemi-
nation associated with embryo transfer, or in vitro
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embryo production. Nevertheless, some degree
of inbreeding is inevitable, which leads to a loss
of genetic variability.

Another consequence of the introduction of
new characteristics to a livestock product, e.g.
milk or meat, is the public perception related to the
emergence of new products on the market.
The pharmaceutical industry has a history of ob-
taining products through a variety of microorgan-
isms, plants, animals and human tissue sources.
Therefore, the isolation of biopharmaceutical
products frommilk derived from genetically mod-
ified animals does not require significant changes
in the production system or market perception by
the consumers. However, the prospect of livestock
animals with new properties and characteristics
would have an enormous impact on the structure
of agricultural industry. For example, the goal for
dairy industry has been high milk production to
meet the consumers’ demand. Nevertheless,
transgenesis can offer the possibility for dairy pro-
ducers to have milk with higher �-casein levels,
which is good for cheese production, or milk with
specific characteristics to supply population defi-
ciencies, such as: lactose-free milk, destined for
the Asian market; milk without lactoglobulin des-
tined for allergic consumers; or milk with the hu-
man lactoferrin protein, to ensure newborns’
health. As a result new niches would be created
and, consequently, the market will be segmented,
revolutionizing the entire milk production chain.
The benefits of this segmentation can be con-
firmed by the profitable market of crops in the ag-
riculture sector. But a question remains: is
the livestock industry prepared for such changes?
This and other questions will be answered as the
technical and scientific progress reduces the costs
of transgenic livestock and makes it even more
feasible and accessible for the production sector.
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