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Introduction

Genome modification has the potential to positively im-
pact nearly every aspect of animal agriculture. Until recently,
practical technologies to accomplish sophisticated genome
modification have been successful only in the mouse. How-
ever, with the birth of the sheep named Dolly (Wilmut et al.,
1997), the first mammal produced by somatic cell nuclear
transfer, it was illustrated that range of genome modifications
that can be performed in mice may also be accomplished in
livestock. The intent of this paper is to describe the current
state and power of gene transfer and other genome modifica-
tions in livestock, primarily mammals. Included are descrip-
tions of the primary techniques, the variety of genetic enhance-
ments that are possible, and a sample of potential and
demonstrated applications genome modification for the meat
animal industry. In this paper, only permanent germline modi-
fications will be considered. There will be no discussion of
transient or in vivo somatic cell transfer of genes (gene therapy).

Genome modification is a phrase used to describe any al-
teration to a genome including addition of genes otherwise
not found in the species of interest, addition of more copies
of an endogenous gene, gene modification, or gene deletion.
Gene additions are generally called transgenes and gene
modifications or deletions are generally called targeted gene.
It is important to establish the basic aim of genome modifica-
tion. In scientific forums, popular press, electronic media, and
around dinner tables, gene transfer discussions revolve around
genes. On one level that fact is perfectly appropriate. Gene
transfer, genome modification, transgene, gene knockout—
all of these terms have “gene” at their root. However, the gene
per se is not of great importance to any measurable pheno-
type or characteristic of food animals. The important factor is
the gene product—the structural protein, the enzyme activity,
the developmental signal, the growth factor, etc. The level,
potency, half-life, time of expression and interactions of the

gene product(s) are the factors that effect economically im-
portant traits. For example, transgenic pigs have been pro-
duced (Pursel et al., 1998) with the coding region of human
prepro insulin-like growth factor I (IGF-I). The final product of
the transgene is IGF-I. Since the mature protein is identical
between human and pig, a species designation for the gene
does not fully describe the situation. In addition, to say that
the transgene is from the human genome would also be in-
complete. The majority of the transgene in this case is the
regulatory elements from chicken skeletal alpha-actin. So, most
of the transgene is from the chicken genome, some of it is
from the human genome, and the final processed product is
identical to pig IGF-I. Since one cannot differentiate human
and porcine IGF-I due to identical amino acid sequences,
should we be concerned that the coding region originated
from an anonymous human? The point of this illustration is to
demonstrate that source DNA and its presence in the genome
is much less important than the product for which it encodes.
And for all genome modifications, the gene product produces
the phenotype. Table 1 illustrates the differences in one car-
cass characteristic, loin-eye area, between the three classes
of animals produced from the transgenic project above—non-
transgenic, non-expressing transgenic, and expressing
transgenic.

What Types of Genome Modifications
Can Be Made?

Two major types of genetic modifications are possible. These
modifications include introduction of a new or redundant gene
and modification of an endogenous gene. In nature these oc-
cur by horizontal gene transfer (usually involving virus or bac-
teria) or by random nucleotide changes (replication/repair
errors or environmental DNA damage). Under laboratory con-
ditions, strategies can be developed to increase the frequency
or specificity of these events as well as to isolate and/or iden-
tify extremely rare events. By making or isolating valuable
genome modifications, one can accelerate the rate of genetic
improvement. With the completion of various genome se-
quencing projects and progress in mapping of genes for quan-
titative traits, much of the work historically performed by quan-
titative geneticists may move to the realm of genetic engineers.
Superior alleles found in one breed could be moved to an-
other breed without the numerous back-crosses required to
recover the original phenotype. For example, identification
of a rare allele for disease resistance in a dairy breed could be
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moved in a single generation into a beef breed without dilu-
tion of the “beef genetics.” Traditional selective breeding could
eventually reach the same goal. Genetic engineering simply
changes the time required. However, other genome modifi-
cations are not possible through traditional selection. Only
genetic engineering allows that same gene or allele to be
moved into another species. The sort of bovine genes respon-
sible for a generic resistance to viral infection such as an in-
terferon allele for example would probably be useful in swine
and poultry in addition to cattle. Such genes have been tested
in transgenic mice (Arnheiter et al., 1990; Thimme et al., 1995;
Haller et al., 1995). Though genetic engineering will eventu-
ally provide an alternative to traditional selective breeding in
specific circumstances, introduction of new genes and unique
changes to endogenous genes will be the more valued role of
genetic engineering.

Random Integration

Any DNA introduced into the germline of an organism by
means other than normal reproduction can be considered a
transgene. Transgenes can therefore originate from the host
species and thus represent additional copies of an endogenous
gene. In addition, transgenes can be homologues from a dif-
ferent species. They can even be from unrelated species, en-
tirely synthetic, or modified versions of genes found in the
host species.

Often, the goal of a genome modification is to obtain a
somewhat different pattern or level of gene expression than
the endogenous gene can provide. To accomplish this, previ-
ously characterized regulatory sequences that are known to
provide the expression pattern desired can be combined with
the coding region of the gene of interest. In this strategy as an
example, one could create a transgene that expressed addi-
tional growth hormone from the liver in response to a reduc-
tion in pituitary growth hormone. This strategy has been used
to express growth hormone throughout the year instead of
seasonally in transgenic fish (Du et al., 1992).

The process of random integration can be used to provide
alternative expression patterns of endogenous genes or their
homologues as noted above. While useful for modification of
endogenous functions, this strategy can also be used to intro-

duce entirely new capabilities into cells, tissues, or organs.
For example, transgenic mice have been produced that ex-
press a bacterial enzyme (lysostaphin) that degrades the cell
wall of Staphylococcus species (D. Kerr, personal communi-
cation). There is no mammalian counterpart to this enzymatic
activity. In this situation, the enzyme activity was targeted to
milk by combining the bacterial coding region for lysostaphin
with coding region for the secretory signals of human growth
hormone. The coding region for this fusion protein was then
combined with the mammary specific regulatory elements of
beta lactoglobulin to provide mammary specific expression
of the bacterial enzyme that had been modified for secretion
into milk. As a result of introducing this transgene, the
transgenic mice are resistant to experimentally induced S.
aureus mastitis while the control mice are susceptible. S.
aureus is also incapable of growing in the milk from these
animals. A similar strategy is currently being investigated in
transgenic dairy cattle (Wells et al., unpublished). The ramifi-
cations of this strategy to the meat industry is discussed later.

Random integration is not limited to single genes. Multiple
transgenes can also be simultaneously introduced into
transgenic organisms. In animals, the transfer of sets of genes
for biosynthetic pathways to provide biosynthesis of essential
amino acids are under investigation. The feasibility of intro-
ducing entire biosynthetic pathways has been demonstrated
in transgenic mammalian tissue culture (Rees; Hay, 1995; Rees
et al., 1994; Rees; Hay, 1993), transgenic mice (Ward; Brown,
1998; Bawden et al., 1995), and transgenic plants (Ye et al.,
2000). These strategies allow one to consider the introduction
into an animal product of a nutritional or otherwise benefi-
cial factor that is not encoded by any gene. The summation of
the enzyme activities produce the novel product.

Introduction of new or additional genes is not limited to
gain-of-function phenotypes. Transgenes can also be engi-
neered to provide an inhibitory effect on an endogenous gene
or gene product. By expressing an antisense RNA or ribozyme,
the effective expression of endogenous genes can be reduced
(Sokol et al., 1998; L’Huillier et al., 1996; Luyckx et al., 1999).
Similarly, expression of antagonists can reduce the effective
expression of an endogenous gene. For example, a mutant
human growth hormone has been engineered and expressed
in transgenic mice (Chen et al., 1991). This dominant nega-
tive mutant transgene produces a dwarf phenotype due to
competition for growth hormone receptors between the
transgene product and native growth hormone (Sotelo et al.,
1998). Similar strategies can be developed for protein that act
as part of a larger complex by expressing a protein that make
the complex non-functional.

Like traditional genetic selection, gene addition through
random integration can be used to increase or decrease the
level of a native gene product. In contrast to traditional breed-
ing, gene addition also offers the opportunity to add new gene
products or add homologous gene products from a different
species. The technique is very powerful and versatile. How-
ever, this technique does allow precise modification of en-
dogenous genes. For that, one needs to be able to make very
specific changes to the sequence of endogenous genes through
homologous recombination.

TABLE 1.  Expression of IGF-I transgene is required for
increased loin-eye area.

 Transgene Status Loin-eye Standard Percent
(cm2)a Error Change

Non-transgenic 33.0 ±1.2 0.0
Transgenic 32.4 ±2.0 2.0

 (Non-expressing)
Transgenic 38.0 ±1.2 15.2

(expressing)

aExpression of transgene increased loin-eye area, least squares
means,  P < 0.0002.
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Homologous Recombination

With homologous recombination, the genetically modi-
fied animal does not necessarily contain a transgene. In this
strategy, precise targeted changes can be made to endogenous
genes. Homologous recombination allows one to change an
allele. For example, if laboratory experiments had discovered
amino acid changes to a particular protein that affected the
half-life, activity, or flavor of the protein, those changes need
not occur in nature to be used in animal agriculture. Instead,
specific changes could be made to the coding region for that
protein to provide an allele that expressed the newly discov-
ered alteration. Once enhanced in a founder animal, the al-
lele could then be introduced into commercial populations
by traditional breeding.

With the ability to make precise changes to genes, comes
the opportunity to disrupt or “knock-out” a gene. An example
of a knock-out gene with agricultural relevance is the prion
protein gene. This gene is required for susceptibility to bovine
spongiform encephalopathy (BSE). In mice, disruption of the
prion protein gene has proven the utility of this knock-out to
agriculture (Manson et al., 1994). Through homologous re-
combination, a marker gene was inserted into the prion pro-
tein gene to create a non-functional, disrupted gene. These
animals are incapable of contracting or propagating prions
(Moore; Melton, 1997). Cattle with this characteristic could
be valuable in halting transfer of BSE.

Until recently, it was thought that embryonic stem cells
(ES-cells) were required to accomplish targeted homologous
recombination in livestock. ES-cells can be maintained in
culture in a non-differentiated state. They can be genetically
manipulated, selected, and analyzed without the need to pro-
duce transgenic animals. When the desired modification has
been made and confirmed at the laboratory bench, the cells
can be re-introduced into another embryo where they can
contribute to all of the tissues of the body, including the
germline. When the resulting animals reach sexual maturity,
a proportion of their offspring are produced from gametes that
originated from the ES-cells. These animals have the genetic
modification in every cell and transmit that trait in a Mende-
lian fashion. In addition to maintaining the ability to contrib-
ute to the germline, ES-cells also offer the opportunity to ob-
serve and select very rare events.

When attempting to target a specific gene, one can expect
about 1 in every 1,000 cells to integrate the transgene into
their genome. Of those 1,000 transgenic cells, one can ex-
pect about 1 in 1,000 to integrate in the desired location and
manner. So, a homologous recombination event is a 1 in
1,000,000 cell event. Genetic selection strategies can be de-
vised that enrich for particular integration events. In this way,
a researcher can start with tens of millions of ES-cells and
have a very small population of likely candidate cells to ana-
lyze at the end of the procedure. The ability to isolate these
very rare events is a requirement for homologous recombina-
tion in livestock. To this date, germline modification via ES-
cells has only been demonstrated in mice. However, the quest
for ES-cells or functionally equivalent primordial germ cells

continues in livestock (Mueller et al., 1999; Piedrahita et al.,
1998).

Somatic cells can also be cultured under laboratory condi-
tions. The selection schemes that allow enrichment of homolo-
gous recombination events in ES-cells can also be used for
somatic cells. With the introduction of Dolly (Wilmut et al.,
1997), the first clone produced from a somatic cell, ES-cells
were illustrated to not be required for homologous recombi-
nation in livestock. It is now apparent that transgenic, knock-
out, and targeted animals can be made via somatic cell clon-
ing. An outline of this procedure is shown in Figure 1.

Techniques

Several techniques exist for transgenic animal production.
Each technique offers different advantages. The difference in
efficiencies, repeatability, and complexity are illustrated in
Figure 2. Each of the major methodologies are discussed be-
low.

Pronuclear Microinjection

Pronuclear microinjection is the standard method of pro-
ducing transgenic animals when a simple gene addition is
required. Originally described by Gorden et al. (Gordon et
al., 1980) and adapted to livestock by Hammer et al. (Ham-
mer et al., 1985), this procedure involves direct injection of

FIGURE 1.
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the transgene into the pronucleus of zygotes. DNA introduced
into the zygote by this method integrates at random. The effi-
ciency of successful integration varies between transgenes,
between experiments, and especially between species. Table
2 illustrates the range of efficiency that can be expected from
microinjection. Most transgenic livestock have been produced
with this procedure.

Somatic Cell Nuclear Transfer

The use of cloning via somatic cell nuclear transfer to
enucleated oocytes is relatively new and is still being devel-
oped. However, it is clear that somatic cell nuclear transfer
can be an alternative to pronuclear microinjection in some
species. Offspring have been produced from this procedure

in sheep (Wilmut et al., 1997), cattle, goats (Baguisi et al.,
1999), mice (Wakayama et al., 1998), and pigs (PPL Thera-
peutics, R. Page, personal communication). Since somatic cell
culture is amenable to both random integration strategies and
homologous recombination strategies, one can expect that
somatic cell nuclear transfer will enable nearly any genome
modification desired. This procedure is much more involved
than pronuclear microinjection. First, the nuclear material of
an unfertilized ovum must be removed. The nucleus of a ge-
netically modified cell can then be used to replace the dis-
carded genome. An intracellular calcium oscillation is induced
in the reconstructed embryo to emulate fertilization so that
development is initiated. Functionally, this procedure pro-
duces a zygote that has been constructed from an ovum and
a somatic cell. This procedure is still inefficient and expen-
sive. However, overall efficiencies may be higher for somatic
cell nuclear transfer than for pronuclear microinjection in
some species. Table 3 shows a comparison of the efficiency
of production of transgenic cattle by these two procedures.
Unlike pronuclear microinjection, all animals born from ge-
netically modified somatic cell nuclear transfer are transgenic.
Since the transgene integration step is performed in cultured
cells, the inefficiencies in integration are removed in this strat-
egy. Instead, the reconstruction of embryos and the develop-
mental potential of those embryos represent the majority of
the expense. As Table 3 illustrates, approximately 1/2 the num-
ber of oocytes and 1/5 the number of recipients can be re-
quired for nuclear transfer as compared to pronuclear micro-
injection. Though this strategy is sufficiently efficient to be
used to make valuable animals, improvements in the full-
gestation development will be necessary for somatic cell
nuclear transfer to become widespread and cost effective for
basic science.

Other Strategies

Two other techniques have been demonstrated for produc-
tion of transgenic livestock, but have yet been well accepted.
The first of these is viral transfer (Jaenisch; Mintz, 1974;
Soriano; Jaenisch, 1986). This strategy has been further de-
veloped with modern viral vehicles to produce transgenic
cattle (Chan et al., 1998). The size of the transgene is limited

FIGURE 2.
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TABLE 2. Efficiency of transgenic animal production*.

Animals produced Transgenic animals produced
No. of
transferred % of % of % of

Species embryos No. Transferred No. born Transferred

Mice 12,314 1,847 15.0 321 17.3 2.61
Rabbits 1,907 218 11.4 28 12.8 1.47
Rats 1,403 353 29.6 62 17.6 4.42
Cattle 1,018 193 19.0 7 3.6 0.68
Pigs 19,397 1,920 9.9 177 9.2 0.91
Sheep 5,242 556 10.6 46 8.3 0.88

*Adapted from Bondioli and Wall, 1998.
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by the size of the viral particle, but with appropriately de-
signed constructs, viral transfer could be a valuable, cost-ef-
fective tool (Wells et al., 1999).

The second procedure is sperm-mediated gene transfer. Two
modifications of this theme have been successful. The first is
the use of live sperm that have been incubated in DNA are
used to fertilize a normal ovum (Nakanishi; Iritani, 1993;
Lauria; Gandolfi, 1993; Gandolfi, 1998). This strategy appears
to have low repeatability and has therefore not been well ac-
cepted. The second variation on this theme involves soaking
dead sperm in DNA and then using the dead sperm for intra-
cytoplasmic sperm injection (ICSI). Thus far, this technique
has only been successfully performed in mice (Perry et al.,
1999).

Opportunities for the Meat Scientist

Genetic Regulatory Elements/Target Tissues

For gene addition experiments, genetic regulatory se-
quences that will provide the desired expression level and
pattern are required. For the meat industry, transgene expres-
sion targeted to muscle will often be the objective. Such regu-
latory elements have been described and can provide speci-
ficity of expression down to the level of specific muscle
fiber-types. For example, the muscle-specific promoter of the
aldolase A gene is expressed mainly in fast-twitch glycolytic
fibers in adult body muscles. Transgenic animals have been
produced which demonstrate that much of this specificity can
be conferred to transgene expression (Spitz et al., 1998). Simi-
larly, regulatory elements from the troponin genes have been
identified that allow transgenes to be slow or fast muscle spe-
cific (Nakayama et al., 1996; Corin et al., 1995). Other regu-
latory elements have been demonstrated to provide transgene
expression preferentially to fast-twitch Type IIB fiber
(Donoghue et al., 1991) and almost exclusively to fast twitch
Types IIA and IIX fibers (Neville et al., 1996). Several promot-
ers have been used for generic skeletal muscle specificity.

As an example, fast-twitch specific transgene expression
has been used to express myogenin (a muscle-specific tran-
scription factor normally regulated by electrical activity) in
fast-twitch fibers (Hughes et al., 1999). The fast muscles of
such transgenic mice have elevated oxidative mitochondrial
enzymes, reduced glycolytic enzymes, and reduced fiber size.
Much of the current use of the fiber-type-specific regulatory
elements is for basic science questions. However, the tools
are available to begin to enhance muscle characteristics with
specificity to the level of fiber-type.

Phenotypes

Food Safety

As the quality of handling and packaging of meat products
has increased, potential for longer storage time has also in-
creased. Likewise, mechanization has afforded the opportu-
nity to process meat from larger numbers of carcasses. These
factors now interact to provide an opportunity for pathogen
introduction (increased chance of cross contamination) and
longer incubation times for any contaminants. Complete ster-
ilization of meat products may prevent pathogen contami-
nant that originate from processing plants, but this strategy
poses increased risks “downstream” of the processing plant.
Meat products that are contaminated by the grocer or con-
sumer and then receive a temperature insult may be at risk of
bacterial bloom due the absence of non-pathogenic competi-
tion. A strategy to retain sterility or at least reduced bacterial
numbers could circumvent these risks. An animal that pro-
duced meat that was inhospitable to microbes could be use-
ful.

In nature, this strategy has been exploited by many organ-
isms. Many frogs for example live in ecosystems with very
high bacterial loads. However, these same frogs are resistant
to bacterial infections. One of the reasons is the presence of
antimicrobial peptides. These small peptides are pore form-
ing molecules that interact with bacterial and fungal cell mem-
branes. If such peptides were expressed in the muscle of
transgenic livestock, one may expect meat products from these
animals would have much reduced risk of allowing bacterial
growth. This strategy would also provide disease resistance
and reduced transmission of zoonotic organisms. This model
has been tested in transgenic mice and does provide resis-
tance to Brucella abortus (Reed et al., 1997). Any peptide that
is gene encoded, non-allergenic, and not harmful to the
transgenic livestock could be used to increase disease resis-
tance, reduce livestock-human disease transmission, and re-
duce the risk of growth of contaminant bacteria in raw meat
products.

Similar strategies should be explored for reporter genes for
various status issues. For example, could a temperature sensi-
tive reporter gene be used to indicate complete cooking?
Would consumers or processors accept meat that changed
color in response to contamination? Would reporter genes
that could be used to indicate health status of the animal be
useful? In the end, can transgenic animals provide the meat
industry with “built-in” agents to reduce pathogens or report
on various conditions of the muscle or meat? Agents such as

TABLE 3. Oocytes required to rroduce one transgenic calf.

Somatic-cell Nuclear Pronuclear
Transfera Microinjectionb

Oocytes 1073 2022 Oocytes
— 1618 Injected
Metaphase II 718 —
Manipulated 455 —
Enucleated 411 —
Fused 283 —
Transferred Transferred
Blastocysts 32 147 Blastocysts
Total calves 1 28 Total calves

aK.D. Wells, unpublished.
bCalculated from Bondioli and Wall, 1998.  Assumed 80%
pronucleous formation rate.
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pH dependent fluorescence are being developed (Miesenbock;
De Angelis; Rothman, 1998).

Palatability

Though flavor may be important in the end product, and
may even be manipulated via gene transfer, flavor can also be
provided through any of many other strategies. However, ten-
derness remains to be an issue. If one produced transgenic
animals with a temperature sensitive collagen that depoly-
merized during cooking, would that animal be of increased
value? Are there other strategies that would be useful—re-
duced collagen crosslinking in the animal, post mortum pro-
tease expression, proteins that affect cold induced muscle
contraction? Gene transfer provides a tool to deliver a protein
to every cell of a tissue. This protein can be intra- or extracel-
lular. As more basic information is discovered on the factors
that affect tenderness, genetic engineering should be consid-
ered as a tool to modify the processes governing tenderness.

Nutriceuticals

The next wave of genetically modified crops will likely be
nutriceuticals. That is—the nutritional content of produce or
grain will be increased via transgene products. This can be
accomplished by introduction of novel or additional biosyn-
thetic pathways or by introduction of binding proteins. Would
the meat industry market meat with increased nutritional con-
tent? Are there specific nutrients that could induce consum-
ers to increase the consumption of meat products? This strat-
egy does not have to be limited to additions. Expression of
certain fatty acid synthases could be used to change the fatty
acid length or degree of saturation in transgenic animals. There-
fore, one could reduce particular fatty acids by increasing
others. This strategy would impact flavor, storage, and per-
ceived healthfulness of meat products. Modification of fat
composition via gene transfer has been successful in oil seed
crops (Knauf; Facciotti, 1995; Dehesh et al., 1996)

Growth

Growth has been a primary target phenotype of transgenic
livestock projects to date (Vize et al., 1988; Pursel et al., 1989;
Pursel et al., 1990; Pursel; Rexroad, 1993). Though this trait
can be significantly impacted by traditional breeding as well
as pharmacologically (Etherton, 1999), it will probably be of
continued interest for genetic engineers. As these projects
develop, one would expect feed efficiency, muscle size, ten-
derness, color, and other muscle characteristics may also be
affected (Solomon et al., 1994). However, with the refinement
of transgenic strategies to affect growth, specific types of growth
will need to be considered. Are there reasons to increase the
number or size of certain fiber-types? Are there benefits of
reducing certain fiber-types? Since specific fibers can be tar-
geted for transgene expression, more research is needed on
the role of specific fiber-types in economically important traits.

Other Applications

As mentioned above, one can use an antagonistic transgene
to reduce the effective expression of an endogenous gene.
Would leptin, an appetite regulatory, be a target for this strat-

egy? Would myostatin, the double muscling gene, be a target
for this strategy? What are the factors currently found in meat
that should be considered for reduction? Likewise, are there
factors that should be considered for increases through gene
transfer? As the science of muscle biology and meat process-
ing proceeds, gene transfer should be considered as a tool for
both investigation and meat modification. The potential of
this technology allows one to take a non-classical point of
view towards not only the problems, but also the definition of
a problem. The character of muscle needs to be considered
not only as a starting material for further processing, but also
as a material that can be manipulated prior to slaughter.

Summary

Until recently, papers such as this one would have offered
futuristic applications of gene transfer that seemed nearly fea-
sible. However, key elements of the proposed strategies would
have likely been still unattainable. In contrast, most applica-
tions of gene transfer are feasible in at least some of the live-
stock species and can now be realized. Several strategies ex-
ist for production of transgenic animals. Most rely on the direct
introduction of DNA into embryos. Genes can be added or
removed. They can be modified in expression level or timing.
Novel enzyme activities or end products can be introduced.
Though there are still inefficiencies and costs associated with
transgenic livestock production, the major limitation at this
time is no longer technological. Instead, the major limitation
is imagination and consideration. Have you considered ge-
nome modification to help answer your scientific question?
Can genetically enhanced animals provide your stakeholders
with improved, safer, healthier, better quality products? The
genetic engineers cannot sufficiently answer these questions.
Each scientific field must address these issues independently.
However, gene transfer offers a very powerful technology that
has the ability to significantly impact animal agriculture in a
positive way.
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