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Genetically  modified  animals  as  potential  genetic 
resources
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ABSTRACT

Recent genome programs in livestock animals revolutionized genetic selection. Genomic selection is a form of marker-assisted 
selection in which genetic markers covering the whole genome are used to estimate genomic breeding values.
Recombinant proteins produced by GMO livestock animals with high pharmaceutical value are already reached the market 
and these products expected to spread in the forthcoming years. Unfortunately even this approach, namely the production of 
recombinant proteins by livestock animals is developing more slowly than it potentially could. Pharmaceutical companies may be 
reluctant to adopt these techniques just because they are new and because they suffer from the GMO negative image but perhaps 
also because they presently make substantial profit with proteins prepared from cultured cells.
With the advent of novel transgenic technologies the number of valuable GMO large animals as models of human diseases for 
translational research has been growing exponentially. The emerging novel method, genome editing, which enables the targeted 
transfer of a favourable allele, leaving unaltered otherwise the genome of the animal and therefore rising less bioethical and 
regulatory issues might contribute to increase productivity and in parallel sustainability of livestock production  in the near 
future.
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INTRODUCTION

Although population growth in developed 
nations has reached a plateau, no slowdown is predicted 
in the developing world until about 2050, when the 
population of the world is expected to reach 9 billions 
(United Nations, 2008). To meet the global food demand 
will require nearly double the current agricultural output, 
and 70 % of that increased output must come from 
existing or new technologies (United Nations, 2002).

Recent genome programs in livestock animals 
revolutionized genetic selection. Genomic selection is 
a form of marker-assisted selection in which genetic 
markers covering the whole genome are used to estimate 
genomic breeding values. Although predicting genetic 
merit using DNA diagnostics may be less precise than 
directly testing the performance of every animal, 
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the reduction in generation interval by far offsets it. 
However even this approach has limitations, since 
relies on existing genetic variation. If a trait such as 
disease resistance does not exist in the population it 
is not possible to select for it. The characterization of 
novel, economically important allelic forms of genes, 
or newly described genes in disease resistance could 
be the outcome of research with genetically modified 
model organisms where their effect on fitness can be 
evaluated.

Phenotypic effects of different genes are variable, 
therefore genetic modification is appropriate to add major 
effect genes, whereas genetic selection is applied to all 
genes including the lesser-effect genes. 

Transgenic technology has been originally 
developed in basic research to examine gene functions 
in model animals, but scientists proposed that this 
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technology might have immediate applications for both 
biomedical and agricultural purposes, when extended to 
livestock animals. 

The applications of transgenic (GMO) livestock 
technology in biomedicine are in more advanced 
stage due to greater economical incentive and public 
acceptance. The main biomedical applications of GMO 
livestock are (1) biopharming (live bioreactors) for 
large scale production of pharmaceutically important 
proteins, (2) xenotransplantation: animal to human 
transplantation of “humanised” organs and (3) livestock 
animal models for human diseases.

The main areas of agricultural applications of 
transgenic technology are (1) increased production 
efficiency, (2) improved animal welfare and health, 
(3) improved food safety and quality and (4) reduced 
environmental footprint.

Biomedical  applications

(1) Biopharming
Recombinant protein expression in milk of GMO 

animals has been extensively studied in the last twenty 
years and underwent improvement recently both from 
methodological point of view and in terms of reaching 
market. The U.S. FDA issued its first approval for a 
biological product produced by genetically engineered 
animals in 2009, for ATryn (human antithrombin III) to 
treat a rare clotting disorder 
www.fda.gov/NewsEvents/Newsroom/PressAnnouncements
/2009/ucm109074.htm.

Patients suffering from hereditary antithrombin 
deficiency are at high risk of blood clots during invasive 
medical interventions, such as surgery, and during and 
after childbirth. ATryn is a therapeutic protein derived 
from the milk of goats; the current manufacturer is 
rEVO Biologics - formerly GTC Biotherapeutics, Inc. - 
(www.gtc-bio.com). The amount of ATryn purified per 
year from transgenic goats is equivalent to those obtained 
from 90 000 human blood samplings. Other recombinant 
proteins produced in bovine, goat or rabbit milk are in the 
pipeline, at different phases of clinical trials.  Ruconest™ 
(Rhucin® in non-European territories) is a recombinant 
human C1 inhibitor approved for the treatment 
of angioedema attacks in patients with hereditary 
angioedema in all EU countries and produced in rabbit 
milk by Pharming Group (http://www.pharming.com/). 

Transgenic rabbits carrying a 110 kb rabbit 
genomic fragment encoding the IgG binding Fc receptor 
(FcRn) were created (Catunda et al., 2012). The FcRn 
transgenic rabbits showed improved IgG protection and 
augmented humoral immune response indicating that 
FcRn overexpression on a large genomic fragment brings 
significant advantages for the production of polyclonal 
antibodies (http://www.immunogenes.com). 

(2) Xenotransplantation 
The gap between the number of patients suffering 

from complete organ failure and the number of donors 
is increasing in Western populations and became a life 
threatening problem for them. The chronic shortage 
of human organs for transplantation initiated research 
alternatives to human organs, namely the use of organs 
from animals as xenografts and stem cell therapy. Pigs 
are currently thought to be the best candidates for 
xenotransplantation. The risk of cross-species disease 
transmission is decreased because of their phylogenetic 
distance from humans. They are readily available; pig 
organs are similar in size and physiology to human 
organs. New infectious agents are less likely since they 
have been in contact with humans through domestication 
for many generations. The importance of this research 
field is underlined by the 4936 publications in PubMed 
(http://www.ncbi.nlm.nih.gov/pubmed).

Current experiments in xenotransplantation 
most often use GMO pigs as the donor, and baboons 
as human models. The most profound barrier to pig-
to-primate xenotransplantation is the rejection of the 
grafted organ by a cascade of immune mechanisms 
commonly referred to as hyperacute rejection, acute 
humoral xenograft rejection, immune cell-mediated 
rejection, and chronic rejection. The protective efficacy 
of all strategies is strictly dependent on a sufficiently 
high expression level of the respective factors with the 
required spatial distribution. Multi-transgenic pigs for 
clinical xenotransplantation which combine the most 
important genetic modifications with three, four, or five 
different genetic modifications were produced recently 
(Ayares et al., 2013). The islets of the multi transgenic 
pigs were tested in diabetic monkeys and demonstrated 
prolonged survival, function and complete normalization 
of blood glucose levels for up to 1 year.

(3) Livestock animal models for human diseases
The domesticated pig has turned into an important 

disease model, and preclinical testing of novel therapies 
in human disorders.  The cystic fibrosis model pig, 
created with recombinant adeno-associated virus vector 
and somatic nuclear transfer to delete the porcine gene 
developed a disease remarkable similar to human 
(Rogers et al., 2008; Stoltz et al., 2013). Using Sleeping 
Beauty DNA transposition and cloning by somatic cell 
nuclear transfer, minipigs expressing a human gain-of-
function mutation in the proprotein convertase subtilisin/
kexin type 9 gene were created. Initial characterization 
revealed severe hypercholesterolemia, and spontaneous 
development of progressive atherosclerotic lesions 
(Al-Mashhadi et al., 2013). Duchenne muscular 
dystrophy and diabetes porcine models were created in 
E. Wolf’s laboratory with  targeted gene mutation and 
somatic nuclear transfer (Klymiuk et al., 2013; Renner 
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et al., 2013). An autosomal dominant mutation resulting 
retinitis pigmentosa in humans was modelled in minipigs 
with somatic nuclear transfer (Ross et al., 2012).

Like pig, the rabbit is more prosperous as an 
experimental animal model than the rodents in different 
biomedical aspects. Long-lasting effects of early 
prenatal development on health and complex diseases 
(hypertension, atherosclerosis, diabetes mellitus, 
hyperlidemia, and obesity) cannot be adequately 
mimicked in mice (Duranthon et al., 2012). Transgenic 
rabbits expressing GFP (green fluorescent protein) 
provide a way to visualisation of fine anatomical 
structures and cell morphology through in vivo imaging 
(Katter et al., 2012). Beyond that GM rabbit models of 
human cardiac disorders-cardiac electrophysiology and 
cardiac hypertrophy- turned out to be extremely useful in 
pharmacological studies and disease prevention (Senthil 
et al., 2005; Bentzen et al., 2011). The first transgenic 
rabbit model of retinitis pigmentosa (Kondo et al., 2009), 
carries a 100 kb long rabbit rhodopsin BAC clone which 
was modified to model a dominant negative human 
mutation. Contrary to rodent models rabbit has large eye 
and the scientific community has substantial knowledge 
on its anatomy and ophthalmology (Jones et al., 2011), 
therefore more useful in translational experiments into 
clinical practice.

Agricultural  applications

(1) Increased production efficiency
There are theoretical limitations to the production 

capacity of livestock because of the limits of genetic 
diversity that is available for selection and propagation. It 
is unlikely that existing genetic variation will continue 
to generate the rate of gain obtained in the past. It is 
very likely that genomic selection and genetically-
modified animals will be required and that they will 
may be accepted. After more than 15 years of research 
and development the transgenic atlantic salmon 
expressing the chinook salmon growth hormone gene 
(AquAdvantage salmon developed by AquaBounty 
Technologies), are already on the way to the table, 
albeit with considerable opposition from environmental 
groups (Ledford, 2013). By the end of May 2013, 
the public comment period officially ended. The FDA is 
now scheduled to finalize its assessment.

(2) Improved animal welfare and health
A recent publication with the title: New 

phenotypes for new breeding goals in dairy cattle  
stated that „New breeding goals should be defined 
in dairy cattle to face new challenges for sustainable 
production, to restore functional traits and to address 
societal demands” (Boichard et al., 2012). Among others 

this publication proposes that global climate change will 
increase pathogen pressure, raising new questions to be 
answered.

Transgenic cattle produced in the USA express 
antibacterial protein lysostaphin in their milk, which 
dramatically enhanced the resistance of these cows to 
infection by Stapylococcus aureus, the most common 
cause of mastitis. This genetic improvement could 
improve the well-being of millions of dairy cattle and 
decrease the economical costs of mastitis ($2 billion per 
year in the USA). 
The two main limitations of the agricultural approaches 
are:
i.; 	 the dissemination of the transgene in herds through 	

artificial insemination is slower than in plants; 
ii.; the lack of public acceptance, which may shy away 	

potential producers.
Beyond that, any GMO strategy would need to be 

more cost effective than vaccination and other disease 
prevention strategies to compete and to become the 
preferred disease prevention policy. Currently, there are 
no treatments for more than 50 % of all livestock diseases. 
Even for those diseases for which treatment is available 
some issues limit their effectiveness e.g. virus serotypes 
against which the vaccine is not protective or the global 
concerns about the expansively use of antibiotics (Wall 
et al., 2009). Transgenic technology offers novel disease 
prevention strategies using RNA interference. This 
strategy is very promising to attack virus-caused diseases 
(foot and mouth disease, avian influenza, porcine 
reproductive and respiratory syndrome). 

(3) Improved food safety and quality
Current production systems provide safe animal 

food products with good nutritional qualities but there is 
room for improvement. Functional foods are increasingly 
fashionable in the industrialized world. Milk is an 
important food and therefore introduction of antimicrobial 
properties into milk could be beneficial for the consumer. 
GMO goats that are producing the human antibacterial 
protein lysozyme in their milk were created in the USA 
(Maga et al., 2006). Their milk was consumed by pigs as 
a human model of the gastrointestinal tract and showed 
beneficial effect on their intestinal microflora. This GMO 
goat milk could be left at room temperature for at least 
two days, which is especially important in developing 
countries (Wall et al., 2009).

Transgenic cattle were created in China, which 
express human lactoferrin and alfa-lactoglobulin to 
make it more similar for human milk. Genetically 
modified goat expressing a converting enzyme in its 
milk, to decrease long-chain saturated fatty acids content 
and increase to their monounsaturated forms, was 
created in California. Consumption of this milk with 
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higher proportions of monounsaturated fatty acids might 
have beneficial effect on human cardiovascular health 
(for review: Fahrenkrug et al., 2010). A transgenic rabbit 
model was created to illustrate the unique ability of 
transgenic technology to provide novel foods tailored for 
specific dietary requirements of patients suffering from 
the genetic disorder phenylketonurea. In this study, a low 
phenylalanine mutant rabbit κ-casein was expressed at 
high level in milk and this modified κ-casein could be 
purified with a simple one step purification step in the 
Agricultural Biotechnology Centre, Gödöllő, Hungary 
(Baranyi et al., 2007).

(4) Reduced environmental footprint
Livestock transgenesis could contribute to 

keep agriculture sustainable. The main objects are the 
following: more effectively utilize both feed and animal 
resources and reduce pollution. In the intensive pork 
industry the manure-based environmental pollution 
is a critical problem. The transgenic pig producing 
phytase enzyme called Enviropig was developed 
at the University of Guelph by Canadian scientists 
(http://www.uoguelph.ca/enviropig/). The pigs are 
expressing phytase in a saliva specific way, which 
allows the pigs to digest phytate, the most abundant 
plant derived source of phosphorus in the pig diet. 
Phytate passes undigested into manure without this 
enzyme, increasing the environmental load of pork 
production. This genetic modification reduces the 
excretion of undigested phosphor in faces by 30-60 %, 
which could ameliorate surface water eutrophisation and 
the environmental footprint of phytase production as 
food supplement (Golovan et al., 2001). In 2010, Canada 
has approved limited production of the Enviropigs, in 
strictly controlled environments for further research. 
It seemed to be one of the first approval for a meat 
originated from genetically engineered livestock for 
human consumption.

The University of Guelph stopped the program 
and euthanized the pigs, in 2012 after it couldn’t find any 
partner to fund the project. However, the genetic material 
will be stored at the Canadian Agricultural Genetics 
Repository Program.

Ecotoxicological studies resulted transgenic 
fishes which produce special reporter proteins upon 
environmental stress (Seok et al., 2008). 
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