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Preface

The domestication of farm animals was a seminal advance that laid the foundation 
stone for agriculture as it is known today. Compelling evidence is now available that 
the domestication process started about 10–15,000 years ago at various locations in 
the world. Choice of breeding stock was initially made by visual selection for spe-
cific phenotypes and/or traits, science-based selection only emerging in the sixteenth 
to nineteenth century with the advance in statistical and genetic knowledge. Progress 
in selection and propagation of superior genotypes by conventional breeding prac-
tices was glacially slow and remained so until the introduction of assisted reproduc-
tive technology (ART), most notably Artificial insemination (AI), in the first half of 
the twentieth century. Artificial insemination remains the most widely used of these 
technologies and has and continues to play a central role in the dissemination of 
valuable male genetics around the globe. A means of increasing the rate of propaga-
tion of female genomes was only achieved relatively recently with the development 
of multiple ovulation (MO) and embryo transfer technology (ET) in the immediate 
post world-war II period. The full potential of MOET is still yet to be realized as it 
plays a key enabling role in the development of the next generation of technologies, 
including in vitro production of embryos, somatic cloning and precise genetic mod-
ification. Advances in DNA methodology in this century have been truly remark-
able. The result is genomic maps now being available for all the major farm animals 
together with tools that allow precise genome editing at specific genomic loci at 
even the single base pairs. When combined with ART, this integration of molecular 
and reproductive technologies has resulted in the development of an impressive 
range of innovative breeding concepts aimed at improving genetic gain through 
precise editing of the genome and its rapid dissemination made possible through a 
dramatically shortened generation interval. In addition to the enormous potential of 
these advances in agriculture they also open up the prospect of generating new ani-
mal products, for example the provision of new models of disease for the health 
sciences or recombinant pharmaceutical proteins and even regenerative tissue or 
functional xenografts for medicine. Arguably, the only limit to the scope of animal 
biotechnology is the human imagination.

However, experience has revealed that translation of these developments into 
product is not straight-forward; their transformative potential raising many expected 
and unexpected ethical and legal questions that have already sparked a heated public 
debate, much of it ill-informed.
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This book is designed to provide the reader with the information needed to fully 
appreciate what is being achieved through the exciting advances in research and 
application of animal biotechnology with specific focus on the key developments in 
reproductive and molecular biology that underpin these advances. The book also 
seeks to address the major issues of concern raised by the public in relation to the 
social impact of these new methodologies together with the many legal and ethical 
aspects emerging from this. Gaining a broader public understanding and acceptance 
of animal biotechnology is seen by the authors as critical to the full realization of 
the potential of the remarkable scientific advances to address the challenges to food 
security raised by the ever-accelerating growth in human demand within the produc-
tion constraints imposed by the diminishing availability of arable land and climate 
change.

The editors trust that a better appreciation of these technologies and their poten-
tial, when applied responsibly, to combat the looming agricultural challenges faced 
by mankind, will enhance rational debate on these issues.

The editors are extremely grateful to Susanne Tonks who provided major 
assistance in preparation of this book.

Mariensee, Germany� Heiner Niemann 
Giessen, Germany�  Christine Wrenzycki 

Preface
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1Cloning of Livestock by Somatic Cell 
Nuclear Transfer

Kenneth R. Bondioli

Abstract
Since the cloning of “Dolly” by somatic cell nuclear transfer in 1996, numerous 
articles have been published concerning the application of this technology to a 
large variety of mammalian species including all the major livestock species. 
While live births have been obtained for many species, the efficiency of cellular 
reprogramming essential for success has not been significantly improved. This 
chapter will attempt to address the inputs utilized for this procedure and the 
major manipulation steps with the objective of identifying the major factors 
which might affect this efficiency of reprogramming and some of the studies 
addressing these factors. Finally, the challenging task of setting optimum end-
points for experiments involving domestic species will be discussed.

The first nuclear transfer experiments were conducted in amphibians (Briggs and 
King 1952) and involved the transfer of a nucleus from a differentiated cell into an 
enucleated mature oocyte. The essence of nuclear transfer is to reprogram the genome 
of a differentiated cell, and development from the one-cell zygote through to term is 
recapitulated. The first somatic cell nuclear transfer (SCNT) in a mammal was 
achieved in sheep with the birth of “Dolly” (Wilmut et al. 1997). This achievement 
was remarkable because a fully differentiated somatic cell from an adult animal was 
used as the donor nucleus. Complete reprogramming of a differentiated cell by nuclear 
transfer had previously been opinioned to be “biologically impossible” (McGrath and 
Solter 1984). Except for this dramatic difference involving the donor cell nucleus, the 
techniques used in this experiment were very similar to those previously used to clone 
livestock utilizing embryonic cells (Willadsen 1986; Prather et  al. 1987; Bondioli 
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et al. 1990). Since the birth of “Dolly,” SCNT has resulted in live birth in a large num-
ber of mammalian species (Edwards and Schrick 2015). It appears that SCNT can be 
successful in terms of resulting in live birth in all mammalian species. While SCNT is 
very successful in this respect, the overall efficiency of the procedure remains low in 
all species and generally is less than 5% when calculated as proportion of cells fused 
to oocytes resulting in live birth surviving more than a few days. This efficiency is in 
comparison to the more than 40% birth rate obtained with embryos for in vitro fertil-
ization using the same in vitro procedures of in vitro oocyte maturation and in vitro 
embryo culture. In addition, offspring, especially those from livestock species, have a 
high incidence of abnormalities including large offspring syndrome (LOS), severe 
placental abnormalities, respiratory problems, prolonged gestation, and dystocia 
(Young et al. 1998; Yang et al. 2007; Edwards and Schrick 2015). This overall low 
efficiency and incidence of abnormal development are likely due to incomplete and/
or incorrect nuclear epigenetic reprogramming.

In all livestock species, the procedures are basically the same, consisting of enu-
cleation of a mature metaphase II oocyte, fusion of an intact somatic cell by electro-
poration followed by some sort of activation treatment, and in vitro culture prior to 
transfer into a recipient for development to term. Exact protocols for SCNT in pigs 
(Giraldo et al. 2012) and cattle (Ross and Cibelli 2010) are published and will not 
be repeated here. This chapter will discuss the key inputs and major steps, highlight-
ing different approaches (between and within species), and how each of these inputs 
and steps may contribute to the overall low efficiency observed for this procedure.

1.1	 �Oocytes Used for SCNT

The oocytes used in nuclear transfer are a key biological component for the proce-
dure. Largely unknown components in the cytoplasm of the oocyte are responsible 
for the genomic reprogramming allowing development to be directed by the genome 
of a differentiated somatic cell. The reprogramming events in SCNT have a lot in 
common with those occurring after fertilization. All evidence points to the fact that 
the same characteristics of an oocyte important for developmental competence after 
SCNT are the same as those required for developmental competence following fer-
tilization. The oocytes used in the nuclear transfer procedure represent a major input 
that usually accounts for the greatest cost associated with application of the technol-
ogy. The oocytes also contribute one of the largest sources of variability. Since the 
procedure has a low overall efficiency, a relatively large number of oocytes are 
required to produce live offspring or conduct meaningful experiments. This require-
ment for large numbers and a general lack of knowledge concerning what is a “good 
oocyte” makes acquiring this input problematic and variable. In contrast to the situ-
ation in rodents, essentially all SCNT in livestock use abattoir-derived in  vitro 
matured oocytes. Completely in vivo matured oocytes are not a particularly viable 
option for livestock. Recovery of mature oocytes with expanded cumulus cells is 
very difficult in livestock species, and attempts to recover in vivo matured oocytes 
by ultrasound guided aspiration in cattle (Sarmiento 2014) resulted in low 
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efficiency. A few studies in pigs (Bondioli et al. 2001) and goats (Reggio et al. 2001) 
have utilized oocytes recovered from midsize to large follicles following gonadotro-
pin stimulation. Oocytes recovered in this manner are still immature (germinal ves-
icle stage) and require in vitro maturation but are from larger more mature follicles 
than typically recovered from abattoir-sourced ovaries. There are too few studies of 
this nature to determine if this partial in vivo maturation yields a higher efficiency 
for SCNT, and the vast majority of procedures both commercial and research have 
relied upon the abattoir-derived in vitro matured oocytes.

Both abattoir sourcing and in vitro maturation can contribute to the variability 
and overall low efficiency of SCNT. When ovaries obtained from an abattoir are 
used for follicular aspiration, little to nothing is known about the animals they came 
from. This can lead to extreme variability due to seasonal differences, nutritional 
status, animal age, and management practices (culling rate). An example of the lat-
ter might be that when milk or calf prices are high, producers cull fewer animals, 
and those that are culled may be older or reproductively unfit. The majority of pigs 
slaughtered in the USA and in Europe are prepubertal at the time of slaughter. While 
oocytes from prepubertal or peripubertal pigs have been used for in vitro fertiliza-
tion and pronuclear injection, they are not very suitable for the type of manipulation 
required for SCNT. Oocytes for porcine SCNT are preferably recovered from older 
sows, which significantly complicates the task of abattoir sourcing. The small rumi-
nant livestock industries are not well developed in the USA; thus slaughter facilities 
for these species are generally small and not uniformly distributed regionally with 
the USA. Slaughter of horses for food is no longer allowed in the USA, so abattoir-
sourced equine oocytes are not an option in the USA. All of these factors combine 
to make abattoir-sourced oocytes of sufficient quantity for SCNT problematic and a 
source of significant variability. The ability to cryopreserve oocytes could alleviate 
many of the difficulties. While cryopreservation of human oocytes by vitrification 
and subsequent fertilization or intracytoplasmic sperm injection has become a com-
mon clinical procedure, far less research has been conducted with cryopreservation 
of oocytes from domestic species. Oocytes cryopreserved by vitrification have been 
used for SCNT in cattle (Hou et al. 2005; Yang et al. 2008) and sheep (Moawad 
et al. 2011). Use of vitrified bovine oocytes resulted in live birth (Hou et al. 2005) 
and late-term pregnancy (Yang et al. 2008), and the experiments in sheep produced 
blastocysts. In each case in vitro and in vivo development rates were lower with 
vitrified oocytes compared to non-cryopreserved oocytes.

The difference in developmental competence between in vitro matured oocytes 
and in vivo matured oocytes has been established, with in vivo matured oocytes 
reaching higher rates of embryo development following fertilization than their 
in vitro matured counterparts. (Labrecque and Sirard 2014). While embryo develop-
ment following fertilization is not the same as embryo development following 
nuclear transfer, there are many similarities. Both situations require extensive 
genome reprogramming, and nonnuclear cytoplasmic organelles are crucial for 
both. The sub-optimum developmental competence of in  vitro matured oocytes 
compared to in vivo matured oocytes can certainly contribute to the overall low 
efficiency of SCNT.  Factors affecting the developmental competence of in  vitro 
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matured oocytes have been a major area of investigation because they also contrib-
ute to poor developmental potential of in vitro fertilized oocytes in domestic animal 
breeding. These factors and their optimization particularly for bovine oocytes are 
dealt with in other parts of this volume and will not be repeated here. It is likely that 
improvements made for in  vitro maturation of immature oocytes will enhance 
developmental potential for SCNT embryos as well as in vitro fertilized embryos.

In addition to the genomic reprogramming function of the oocyte cytoplasm, the 
oocyte utilized in SCNT is also the source of numerous cytoplasmic organelles cru-
cial for embryo development. Of particular significance in this regard are the mito-
chondria contributed by the oocyte in a nuclear transfer procedure. The special role 
of mitochondria in this discussion results from two factors: (1) the important role of 
mitochondria in controlling cellular metabolism and the proposed link between 
metabolism, pluripotency, and reprogramming following nuclear transfer (Folmes 
et al. 2011; Esteves et al. 2012) and (2) the fact that mitochondrial function requires 
coordinated activity between mitochondria factors and nuclear-encoded proteins. 
Abnormal mitochondria function has been proposed to directly impact reprogram-
ming in SCNT (Hiendleder et al. 2005), and aberrant mitochondria-nucleus cross-
talk is a contributing aspect of this disturbed function (Lloyd et al. 2006). In the case 
of SCNT, not only is there a possibility of aberrant cross-talk because of the differ-
ence between somatic cell mitochondria function and embryonic mitochondria func-
tion but also a very real possibility of aberrant cross-talk due to genetic distance 
between the oocyte donor and the nuclear donor. Some degree of genetic distance is 
essentially guaranteed in the case of outbred domestic animals and accentuated by 
the likelihood of there being dramatic breed differences between oocyte and nuclear 
donors. When bovine oocytes are abattoir sourced for SCNT, they frequently are col-
lected from the ovaries of dairy (primarily Holstein in the USA) breeds. This is sim-
ply because production dairy cattle are most commonly culled because of milk 
production, rather than reproductive failure making oocyte recovery more effecient. 
Production beef cattle on the other hand are frequently culled because of sub-opti-
mum reproductive performance and are generally older, making oocyte recovery less 
effecient. Many beef breeds that may be used for nuclear donor cells are hybrids of 
Bos taurus and Bos indicus breeds and thus would represent considerable genetic 
distance if these donor cells are fused into an oocyte from a Holstein cow. An exam-
ple of extreme genetic distance between the donor nucleus and the recipient oocyte 
could exist for porcine SCNT as well. In some cases, it is preferable to create porcine 
biomedical models in one of the breeds of miniature pigs that have been established 
(Cho et al. 2007). When these cells from the miniature pigs are used for SCNT fol-
lowing genetic manipulation, they would likely be fused into oocytes recovered for 
domestic pigs. This would most likely represent considerable genetic difference 
between the donor nucleus and the recipient oocyte and may lead to aberrant cyto-
plasmic-nuclear cross-talk. The possible effect of genetic distance between nuclear 
donor cells and recipient oocytes on cytoplasmic-nuclear cross-talk is an understud-
ied potential complication of SCNT in domestic species.

The nuclear transfer procedure most commonly used for livestock involves the 
fusion of an intact cell with the enucleated oocyte. This procedure creates the 
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possibility of mitochondria heteroplasmy or a mosaic mitochondria population in 
nuclear transfer-derived embryos and offspring. The fate of the somatic mitochon-
dria from the donor cell in the oocyte cytoplasm has been studied in livestock spe-
cies (Meirelles et al. 2001). While some degree of mitochondrial heterplasmy has 
been detected in nuclear transfer embryos and offspring, in the majority of cases, 
the mitochondria population of the oocyte predominates, and the mitochondria from 
the donor cell do not replicate.

1.2	 �Donor Cells Used for SCNT

The first example of SCNT in a mammal, the birth of “Dolly,” utilized a mammary 
epithelial cell as a donor cell. This choice of cell type was driven more by a com-
mercial interest than a biological choice of what cell type would most likely be 
successful. There are more than 200 cell types distinguishable by morphology in 
mammals, and less than 5% of these have been tested as nuclear donors. Of those 
tested all support development to blastocysts, but some repeatedly failed to generate 
viable offspring (Kato et al. 2000; Wakayama and Yanagimachi 2001; Oback and 
Wells 2002). The large majority of SCNT experiments in livestock have been con-
ducted with skin fibroblasts, and the majority of these experiments have used skin 
fibroblasts recovered from early pregnancy fetuses. Very little specific information 
is available concerning what makes the ideal donor cell. The decision of what cell 
type to use is generally made from three considerations: (1) the objective of the 
SCNT procedure, 2) the ease of collecting the tissue from the donor animal, and 3) 
the ability to culture various cell types in a particular laboratory environment.

To date the majority of SCNT procedures with domestic livestock have been exper-
imental in nature aimed at investigating factors that may affect the efficiency of the 
procedure. In these cases, the objective does not greatly influence the choice of donor 
cell type and cells that have been selected on an assumption of which cells will be 
most successful. In these cases, the choice has generally been skin fibroblasts from 
early pregnancy fetuses. A second objective, primarily for porcine (Polejaeva et al. 
2016) but in a few cases for bovine (Kuroiwa et al. 2002), has been to use SCNT to 
support genetic manipulation particularly for gene knockouts in order to create bio-
medical models. This is similar to the situation for purely experimental objectives, and 
fetal fibroblasts have generally been used. A very different situation exists if the objec-
tive is to use SCNT in animal breeding to duplicate a specific genome demonstrated 
to be of value. This situation virtually dictates the use of cells from an adult animal 
and perhaps from an aged or even deceased animal. There have been reports of using 
skin fibroblast cells from adult animals for SCNT (Li et al. 2013), but most of the 
information we have about the procedure has been derived from experiments utilizing 
fetal fibroblasts. Factors to consider which could be very different in cells from aged 
animals include incidence of genetic mutations, altered epigenetic profiles, and lack 
of maintenance of parental imprinting patterns. If the goal of using SCNT in livestock 
breeding programs is to be realized, these factors will need to be investigated in the 
context of which cell types should be used as donor cells.

1  Cloning of Livestock by Somatic Cell Nuclear Transfer
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Ease of collecting the tissue has certainly been a factor in the choice of skin fibro-
blasts particularly if tissue from adult animals is collected. Skin biopsies such as a 
simple “ear notch” are readily collected from livestock species and seldom require 
any sort of anesthesia. The initial difficulty of collecting fetal tissue is understood, 
but once a fetus is recovered, the collection of skin fibroblasts from that fetus is 
simple and straightforward. Related to the ease of collection is the relative ease and 
success of establishing cultures from skin tissue. Viable cell cultures can be estab-
lished from skin by either enzymatic digestion or simple outgrowth for tissue pieces. 
There does not seem to be any difference in the viability of cultures established by 
these two methods in cattle (Giraldo et al. 2007a). Once established skin fibroblast 
cultures are easily maintained with the use of standard tissue culture media (such as 
DMEM or TCM 199), supplemented with 10–15% bovine serum and passage by 
trypsinization. These cells also survive cryopreservation by routine methods very 
well. What is not assured by these routine cell culture methods is long-term culture 
without development of chromosomal abnormalities. It is not entirely clear what the 
average incidence of chromosomal abnormalities is in cultured fibroblasts, but the 
incidence of chromosomal abnormalities in the form of aneuploidy can be high in 
cell populations after repeated passage (Giraldo et al. 2007a). This can be a very 
important factor if genetic manipulation in the donor cell population is conducted 
prior to SCNT because these procedures often require long-term culture. If a donor 
cell with a gross chromosome abnormality such as aneuploidy is used for SCNT, the 
resulting embryo would have little or no chance of development. It is not clear how 
much this contributes to the inefficiency of the procedure.

Related to in vitro culture conditions are the dynamics of the cell cycle. When 
skin fibroblasts are cultured with the conditions described above, they display a long 
cell cycle (2–3 days) with up to 70% of the cells at any time being in the G1 phase 
of the cell cycle (Giraldo et al. 2007b). This is advantageous for their use as donor 
cells for SCNT because G1/G0 is the preferred cell cycle stage. The work of Keith 
Campbell and associates (Campbell et al. 1996a) established the importance of cell 
cycle synchrony between the donor cell and the oocyte in nuclear transfer proce-
dures with embryonic and somatic cells. Cellular reprograming is enhanced if the 
donor nucleus is exposed to the reprogramming factors of the oocyte cytoplasm 
immediately after transfer. This is accomplished by fusion of donor cells into 
oocytes when MPF is high which leads to nuclear envelope breakdown and prema-
ture chromosome condensation (Campbell et al. 1993). A decrease in MPF consis-
tent with oocyte activation will lead to DNA replication in preparation for the first 
mitotic division. If the transferred nucleus has begun (S phase) or completed (G2 
phase) DNA replication, this replication will be reinitiated (Johnson and Rao 1970) 
which leads to a chromosome content inconsistent with a normal mitotic division. 
When a donor cell is fused with an oocyte with high MPF levels, it is optimum for 
that cell to be in G1 or the quiescent G0 stage of its cell cycle to ensure a normal 
DNA replication producing a 4C nucleus consistent with a normal first mitotic divi-
sion in the nuclear transfer embryo. The skin fibroblast cultured under normal con-
ditions with approximately 70% of cells in G1 at any time produces this condition 
with minimal manipulation.

K. R. Bondioli
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Of particular interest as donor cells for SCNT are stem cells. It has been pro-
posed that stem cells would be more reprogrammable and thus lead to greater effi-
ciency when used as donor cells. At least one study in mice (Rideout et al. 2000) 
resulted in higher cloning efficiency with embryonic stem cells. Attempts to isolate 
embryonic stem cells comparable to those used in the mice experiments (capable of 
generating germline chimeras) have not been successful in livestock. Recent 
descriptions of induced pluripotent stem cells which are essentially the same as 
embryonic stem cells in mice have likewise led to the hypothesis that these cells 
would more reprogrammable when used at donor cells. These cells have not been 
thoroughly described for livestock species, and this hypothesis has yet to be tested. 
Somatic stem cells for many tissues from various species including livestock have 
been described. While these cells display some cell-type plasticity in culture, “lin-
eage plasticity” of these cells remains controversial, and the use of these cells as 
nuclear donors has not led to any increase in cloning efficiency (Oback 2008).

1.3	 �Treatment of Donor Cells Prior to Fusion

A number of treatments have been applied to donor cells prior to fusion for nuclear 
transfer. The first such treatment for SCNT in livestock was inducing cells to exit the 
growth cycle and arrest in the G0 quiescence state by culture in low serum condi-
tions, “serum starvation” as described by Keith Campbell (Campbell et al. 1996b; 
Wilmut et al. 1997). The value of this treatment is unclear (Kasinathan et al. 2001), 
and one study (Kues et al. 2000) has shown that serum starvation can induce DNA 
fragmentation in bovine fibroblasts. As discussed above, fibroblasts in culture have 
an elongated G1 phase, and culturing these cells to confluence can create a popula-
tion with a high incidence of G1 without serum starvation. A recent report has shown 
that induction of quiescence by serum starvation results in hypomethylation of DNA 
and lysines 4, 9, and 27 of histone H3 resulting in a more relaxed chromatin structure 
and enhanced reprogramming following nuclear transfer (Kallingappa et al. 2016).

The process of cellular reprogramming is an epigenetic event, and the incom-
plete and/or incorrect reprogramming as the root of low efficiency with SCNT 
involves incomplete and/or incorrect epigenetic remodeling. Epigenetic marks, 
being a posttranslational modification, are created and altered by enzymatic reac-
tions. A variety of molecules and procedures have been developed which affect the 
activity of these enzymes and are referred to as epigenetic modulating agents. A 
variety of these agents has been used to treat somatic cells prior to fusion with 
oocytes in an attempt to correct epigenetic marks. One of the most prevalent exam-
ples of these is trichostatin A (TSA), a potent inhibitor of the histone deacetylase 
enzymes (HDACs). Inhibition of the deacetylase enzyme would be expected to 
increase the level of histone acetylation which is an epigenetic mark which increases 
gene expression. A second prevalent epigenetic modulator is 5-aza-2′-deoxycytidine 
(5azadC) which is a DNA methyltransferase inhibitor. Inhibition of DNA methyl-
transferase (DNMT) especially the “maintenance enzyme” DNMT1 will decrease 
DNA methylation, which is also an epigenetic mark usually consistent with 
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increased gene expression. If cellular differentiation is characterized as sequential 
inhibition of gene expression, particularly those genes necessary for early embryo 
development, removal of those epigenetic marks to allow those genes to be expressed 
would be fundamental for the reprogramming during SCNT. These agents alone or 
in combination have been used to treat bovine cells (Enright et  al. 2003, 2005; 
Giraldo et al. 2007b; Ding et al. 2008; Wang et al. 2011; Fig. 1.1).

Fibroblasts cultured for an extended period of time have increased levels of acet-
ylated histones and decreased levels of methylated DNA (Enright et  al. 2003; 
Wilson and Jones 1983). Giraldo et al. (2008) compared bovine fibroblasts after 5 
and 35 population doublings (PD). Cells at 35 PD had reduced levels of transcripts 
for DNMT 1 and 3A with constant levels of transcript for DNMT 3B. Fibroblasts at 
35 PD also had lower levels of methylated DNA than at 5 PD. A higher proportion 
of SCNT embryos from PD35 donor cells developed beyond the 8–16-cell stage. 
When day 7 SCNT embryos were transferred to recipients and recovered at day 13, 
a higher proportion of those reconstituted with PD35 donor cells showed subse-
quent development with larger conceptuses.

In addition to extended culture or chemical inhibitors of epigenetic-modifying 
enzymes, small interference RNA (siRNA) can be used to reduce transcript levels 
encoding these enzymes and thus reduce the levels of the modifying enzymes 
(Giraldo and Bondioli 2011). This approach utilizing siRNA directed against 
DNMT1 in bovine fibroblasts resulted in a reduction of the transcript encoding this 
enzyme and hypomethylation in the treated cells (Giraldo et al. 2009). Use of these 
cells as donor nuclei in nuclear transfer resulted in reduced methylation levels in 
early SCNT embryos (Fig. 1.2).

a b

c d
Level of methylated DNA

100 101 102 103 104

100 101 102 103 104

Untreated5-AZA

c

Level of acetylated histone H3

TSAUntreatedf

Fig. 1.1  Bovine cells incubated with anti-methylcytidine antibody, labeled with Alexa Fluor 488 
(a) and counterstained with propidium iodide (b). Level of methylated DNA after incubation with 
1 μM of 5-azacitidine for 48 h (c). Cells incubated with anti-acetyl-histone H3, labeled with Alexa 
Fluor 488 (d) and counter stained with propidium iodide (e). Level of acetylated histone after 
incubation with 1 μM of trichostatin (TSA) for 12 h (f). From Giraldo et al. (2007b)
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The use of chemical agents such as TSA for inhibition of HDACs in cultured 
cells was discussed above. These chemical agents are inhibitors of the entire family 
of 18 different HDACS which have been shown to regulate many cellular functions 
including cell proliferation, differentiation, and development (Yang and Seto 2008). 
Staszkiewicz et al. (2013) used siRNA targeting specific HDACs in bovine fibro-
blasts and studied the effect on expression of pluripotency genes. Their data sug-
gests that reduction in the activity of SIRT3, one of five members of the sirtuin 
family of HDACs could play a role in upregulation of the Oct4-Sox2-Nanog tran-
scriptional network. SIRT3 is preferentially localized to mitochondria and is associ-
ated with energy metabolism (Ahn et al. 2008). Energy metabolism and promotion 
of glycolysis have been linked to establishment of pluripotency and cellular repro-
gramming (Folmes et al. 2011; Esteves et al. 2012).

1.4	 �Oocyte Enucleation

For the majority of nuclear transfer procedures, oocytes are enucleated as mature 
metaphase II oocytes, with the manipulation setup depicted in Fig. 1.3 using the 
approach depicted in Fig. 1.4. The process involves location of the extruded first 
polar body, puncturing the zona pellucida with a beveled pipet and aspiration of the 

21.44 µm 37.5 µm

37.5 µm 37.5 µm 37.5 µm

37.5 µm

a b c

d e f

Fig. 1.2  (a) Bovine cells incubated with anti-methylcytidine antibody and (left) labeled with 
Alexa Fluor 488 and (right) counterstained with propidium iodide. Methylation patterns of fibro-
blast cells treated with (b) non-silencing and (c) DNMT1-specific siRNA 24 h post-transfection. 
Level of DNA methylation of 4-cell-stage embryos produced by (d) IVF and nuclear transfer using 
donor cells treated with (e) non-silencing or (f) DNMT1-specific siRNA.  From Giraldo et  al. 
(2009)
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a b

c d

Fig. 1.3  Manipulation equipment used for somatic cell nuclear transfer. (a) Inverted microscope 
equipped with hydraulic-controlled micromanipulators. (b) Orientation of micromanipulator-
controlled micropipettes used for oocyte enucleation and insertion of donor cells. (c) Square wave 
pulse generator used for fusion of enucleated oocytes and donor cells. (d) Two examples of fusion 
chambers used with pulse generator shown in c

a b c

e f g

d

Fig. 1.4  Porcine somatic cell nuclear transfer. (a) Mature unfertilized porcine oocyte on holding 
pipette with the polar body in the “3 o’clock position” and beveled micropipette used for enucle-
ation. (b) Enucleation of Hoechst 33342-stained oocyte by withdrawing the polar body and adja-
cent cytoplasm. Polar body and adjacent cytoplasm in enucleation pipette. (c) Illumination with 
visible light. (d) Illuminated with UV light. (e) Porcine fetal fibroblasts. (f) Injection of fibroblast 
donor cell between the enucleated oocyte and the zona pellucida. (g) Enucleated oocyte and donor 
cell in fusion chamber (see Fig. 1.1d) with oocyte and donor cell oriented for fusion
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polar body and a small amount of adjacent oocyte cytoplasm. The process is com-
plicated for oocytes of domestic species due to the inability to visualize the meta-
phase spindle. Enucleation in this manner relies upon the assumption that the 
metaphase spindle will be adjacent to the first polar body. This assumption is true 
for a period after extrusion of the polar body but becomes less likely as oocytes age 
post-maturation. Prior to enucleation oocytes are stained with a membrane-
permeable fluorescent DNA stain such as bisbenzimide (Hoechst 33342) by incuba-
tion at a low concentration for 10–15 min. It is possible to visualize the metaphase 
chromosomes directly by excitation with UV, but this is usually avoided because of 
concern for damaging effects to the oocyte from the energy released in the form of 
heat with UV excitation (Li et  al. 2004b). Alternatively, “blind” enucleation is 
attempted without UV excitation and then confirmed by visualization of the spindle 
in the pipet as depicted in Fig. 1.2, and UV excitation of the oocyte is avoided. If the 
spindle is not observed, a second attempt can be made, or the oocyte is rejected. If 
oocytes are enucleated immediately after extrusion of the first polar body, this 
approach will be highly successful. A limited number of studies have been con-
ducted to determine the effect of staining and UV illumination on the viability of 
oocytes with varying results dependent upon species and length of UV irradiation. 
In a study conducted with porcine mature oocytes, the combination of exposure to 
Hoechst 33342 and UV irradiation decreased subsequent development following 
in vitro fertilization and was more pronounced with increased exposure to the UV 
illumination (Maside et al. 2011). The in vitro fertilization model is clearly different 
from the SCNT procedure because of the likely effect on the oocyte nuclear compo-
nent, which is essential for development after fertilization but not essential for 
nuclear transfer. In a study of bovine nuclear transfer utilizing embryonic cells, 
Westhusin and colleagues (Westhusin et al. 1992) found that development to term 
was not affected by either exposure to the DNA stain or irradiation with UV.

An alternative method of enucleation is utilized in the zona-free and manipulator-
free system of cloning referred to as “handmade cloning” (Vajta et al. 2005). In this 
system the oocyte zona pellucida is removed, and a small segment of the oocyte 
adjacent to the polar body is cut with a handheld razor blade. One of the possible 
consequences of this approach to oocyte enucleations is a decrease in oocyte cyto-
plasmic volume. This could affect the ability of the oocyte to reprogramming the 
donor nucleus and affect the nuclear/cytoplasmic volume ratio of blastomeres in the 
developing embryo. Attempts at chemical enucleation and PolScope microscopy 
enucleation have been described but have not been adapted to a repeatable method 
of livestock SCNT (Li et al. 2004a).

1.5	 �Oocyte and Donor Cell Fusion and Activation

For livestock species, fusion of the oocyte and donor cell is accomplished by elec-
troporation of the two adjacent cells. A typical electrofusion instrument and fusion 
chambers are shown in Fig. 1.3. Electroporation instruments used for cell fusion are 
square wave generators that produce a square-shaped pulse as opposed to the 
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exponential decay-type curves normally used for cell electroporation. In most cases, 
the donor cell is placed between the oocyte and the zona pellucida, and the zona 
pellucida is important to ensure contact. The electrofusion instrument shown in 
Fig. 1.3 has an alternating current (AC) cell alignment function, but this function is 
of questionable use for nuclear transfer because of the large difference in cell size. 
For SCNT, alignment of the oocyte and donor cell fusion plane perpendicular to the 
electrical field is essential but is accomplished manually. The AC alignment func-
tion may serve to enhance contact between the oocyte and donor cell once proper 
alignment is accomplished manually. In the case of the zona-free “handmade clon-
ing” described earlier, contact is enhanced by the use of the lectin phytohemagglu-
tinin (PHA). No advantage has been reported for the use of PHA for fusion in the 
presence of a zona pellucida. An alternative cell fusion system is available and is 
generally referred to as the “Chop Sticks” approach. With this system, fusion is 
conducted with the aid of micromanipulators, and the electrodes are placed next to 
the oocyte/cell combination that is held in proper alignment on a holding pipet. This 
system can be highly successful but requires that fusion be conducted one couplet 
at a time as opposed to fusion in a chamber where multiple oocyte/cell couplets can 
be fused simultaneously. Fusion is accomplished in a nonionic solution consisting 
primarily of a sugar such as mannitol, sucrose, or sorbitol. These solutions typically 
have a low concentration of calcium. If ionic strength of the fusion medium is too 
high, it will generate heat which can be detrimental to the embryos. The strength of 
the electrical field, which induces electroporation, is expressed in volts per centime-
ter where volts are the voltage applied and centimeter is the distance between the 
electrodes. Numerous fusion protocols have been reported for livestock species, 
which vary between laboratories and between species. In general, electrical fields of 
1.2–1.5 kV/Cm are applied in single or multiple pulses of less than 100 microsec-
ond duration.

It is possible at least for some species to induce oocyte activation with the elec-
troporation pulse used for fusion if the calcium concentration in the fusion medium 
is high enough. In most cases fusion is induced with conditions (low calcium con-
centration) that do not induce activation. This allows for MPF levels in the oocyte to 
induce nuclear envelope breakdown and exposure of the donor chromatin to the 
oocyte cytoplasm. Oocyte activation is then induced several hours later. For porcine 
SCNT, this activation is induced with the same electroporation pulse used for fusion 
but with a higher concentration of calcium in the medium. For ruminant species, 
especially cattle, some sort of chemical activation is required. This normally 
involves a two-step process consisting of brief exposure to a calcium transporter 
such as ionomycin followed by an extended exposure to the protein kinase inhibitor 
6-dimethylaminopurine (6-DMAP) (Susko-Parrish et al. 1994) or the protein syn-
thesis inhibitor cycloheximide (Presicce and Yang 1994). The effect of these chemi-
cal activation procedures on subsequent embryo development is not known. One 
study utilized cRNA encoding the sperm activation factor phospholipase C zeta 
(Ross et al. 2009) for bovine SCNT. Further studies utilizing alternative activation 
procedures for bovine SCNT are warranted.
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1.6	 �Treatment of Nuclear Transfer Embryos Post Fusion 
and Activation

There have been a number of investigations involving treating nuclear transfer-
derived embryos after fusion and activation with epigenetic modulating agents. The 
majority of these treatments have involved inclusion of histone deacetylase inhibi-
tors in culture medium after fusion and activation during the first cell cycle of the 
reconstructed nuclear transfer embryo. Histone acetylation appears to be a key epi-
genetic modification for reprogramming. Hyperacetylation of histones brought on 
by inhibition of the deacetylase enzymes corresponds to chromatin relaxation creat-
ing a transcriptionally permissive state (Rybouchkin et al. 2006; Zhao et al. 2010). 
While creation of the transcriptionally permissive state is not sufficient for repro-
gramming, it is likely that it facilitates and may be necessary for reprogramming to 
occur. A number of histone deacetylase inhibitors (HDACi) such as TSA (Cervera 
et al. 2009; Ding et al. 2008; Enright et al. 2003; Wee et al. 2007), valproic acid 
(VPA) (Costa-Borges et al. 2010; Huang et al. 2011), Scriptaid (Wang et al. 2011; 
Zhao et al. 2010), sodium butyrate (Das et al. 2010; Shi et al. 2003), suberoylanilide 
hydroxamic acid (Ono et al. 2010), m-carboxycinnamic acid bishydroxamide (Dai 
et al. 2010), and oxamflatin (Hou et al. 2014; Mao et al. 2015) have been applied to 
nuclear transfer-derived embryos post fusion and activation to modify the epigene-
tic pattern of the donor chromatin and enhance in vitro and/or in vivo development. 
The majority of these studies have investigated in vitro development to the blasto-
cyst stage, but some (Zhao et al. 2010; Mao et al. 2015) have shown modest improve-
ments in in vivo development of porcine SCNT embryos. The optimum duration of 
treatment has been reported to be between 14 and 16  h for VPA and Scriptaid 
(Huang et al. 2011; Whitworth et al. 2011), and exposure to TSA for longer than 
14 h has been detrimental to cloning efficiency (Kishigami et al. 2006).

1.7	 �Culture and Transfer of Cloned Embryos

Post fusion in vitro culture and transfer of cloned embryos are related topics for 
domestic animal species because the type of transfer for each species determines the 
length of in vitro culture. For those species which nonsurgical embryo transfers are 
efficient (cattle and horses), SCNT embryos are cultured in vitro to the late morula 
or blastocyst stage and transferred to the uterus of recipients. Gestation and delivery 
of twins frequently result in life-threatening results for mother and/or offspring in 
both cattle and horses; thus the best procedure is to transfer only one embryo per 
recipient. In vitro culture to the blastocyst stage allows for some selection of SCNT 
embryos prior to transfer which is an important efficiency consideration. Despite 
the fact that cloned embryos maintain some metabolic features of somatic cells 
rather than early-stage embryos, embryos from SCNT are cultured to the blastocyst 
stage using media shown to be most efficient for culture of mammalian embryos 
produced by in vitro fertilization (Ross and Cibelli 2010; Arias et al. 2013). 
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In domestic species for which nonsurgical embryo transfer is not an option such as 
the pig, SCNT embryos are transferred to recipients shortly after fusion. In pigs it is 
common to transfer large numbers (over 100) of SCNT embryos to a single recipi-
ent to produce litters of approximately eight piglets (Giraldo et al. 2012).

1.8	 �Evaluation of Cloning Efficiency

Probably the most difficult aspect of research concerning SCNT is how to evaluate 
efficiency and determine if specific treatments or conditions enhance reprogram-
ming and subsequent embryo development. Clearly, the result of a successful SCNT 
procedure is the birth of full-term offspring with normal survival and lacking any 
abnormalities. Studies with full-term birth and survival as endpoints are limited 
even with laboratory animals and extremely limited with livestock species. Most of 
the studies with domestic animal SCNT that include full-term development result in 
less than five surviving offspring spread over multiple treatments. While such a 
result does demonstrate that full-term development is possible, this is not a statisti-
cally meaningful result concerning the treatments and involves a significant expen-
diture of time and resources.

A large number of SCNT experiments have in vitro development to the blasto-
cyst stage as an endpoint for evaluation of reprogramming efficiency. In vitro devel-
opment to blastocysts following parthenogenic activation alone at rates similar to 
those for SCNT has been reported for cattle (Wang et al. 2008) and pigs (Cheng 
et al. 2007). Since these blastocysts have no chance of producing full-term offspring 
upon transfer, it is highly questionable if this endpoint accurately reflects develop-
mental potential for SCNT embryos. It is conceivable that some cases of incomplete 
reprogramming might enhance development to blastocysts yet decrease the effi-
ciency of full-term development. Many of the studies that have used in vitro devel-
opment as an endpoint have included total blastocyst cell numbers and/or the inner 
cell mass to trophectoderm cell ratio. While this added data has some value, there is 
no data showing that a statistically significant increase in cell number at the blasto-
cyst stage will lead to a statistically higher rate of development to term. In the 
bovine commercial embryo transfer industry, extensive data have shown essentially 
normal pregnancy rates and full-term development for half embryos created by 
embryo splitting (Gray et al. 1991). In addition to cell number data, many studies 
ending at the blastocyst stage have included gene expression data at the blastocyst 
stage. Most of these studies have measured transcript levels for the major pluripo-
tency genes, Oct 4, Nanog, and Sox 2. This is potentially valuable information but 
requires careful interpretation. In addition to the reservation that transcript levels do 
not necessarily equate to protein levels, particularly during early embryo develop-
ment, there is no clear picture of what are “normal” expression levels for these 
genes in embryos, and it is not clear if statistically significant increase reflects 
higher development potential (Radzisheuskaya et al. 2013).

One of the characteristics of SCNT procedures is a high rate of loss between the 
blastocyst stage and early fetal development at or around the time of implantation 
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(Edwards and Schrick 2015). The long gestation period for livestock species and the 
cost of transfer of embryos to be carried to term make any methods that extend 
development beyond the blastocyst stage valuable tools for determining SCNT effi-
ciency. Important to this aim is the ability to evaluate a large enough sample to 
achieve statistical significance. This is crucial for bovine nuclear transfer because 
single embryos are transferred to each recipient if the embryos are to be carried to 
term. Giraldo and colleagues (Giraldo et  al. 2008) transferred up to 25 SCNT 
embryos to single synchronous recipients at the blastocyst stage and recovered elon-
gated and ovoid embryos (Fig. 1.5) at day 13 or 14 by nonsurgical flushing. Survival 
of the SCNT embryos was estimated from the number of advanced-stage embryos 
collected and the presence of an embryonic disc. These embryos can also be used 
for gene expression analysis, and the embryonic disc can be separated from the 
trophectoderm and analyzed separately. There is clearly extensive embryo loss 
beyond the elongation stage for SCNT embryos, but for cattle, this system can be an 
efficient method to extend the development period beyond the blastocyst stage with-
out requiring a large number of live animals. In pigs where nonsurgical embryo 
transfers and recovery are not an option, large numbers of SCNT embryos can be 

a b

c d

Fig. 1.5  Bovine embryos collected on day 13 postestrus. Elongating in vivo embryos (a) with an 
identifiable embryonic disc (b). Spherical and ovoid cloned embryos reconstructed using cells with 
high and low levels of DNMT1 mRNA, respectively (c, d). Arrows indicate the presence of an 
embryonic disc in in vivo embryos. From Giraldo et al. (2008)
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transferred and conceptuses recovered by euthanasia at approximately day 25. At 
this stage of development, the number of surviving conceptuses and the presence or 
absence of a normal amount of fetal tissue within the conceptus can be evaluated.

1.9	 �Future Directions

Application of SCNT in domestic livestock is limited by the low efficiency and the 
high incidence of developmental abnormalities leading to low survival. It is very 
likely that these two factors are closely related, and as efficiency increases, the inci-
dence of developmental abnormalities will decrease. It is clear that the low efficiency 
and developmental abnormalities result from incomplete and/or incorrect epigenetic 
reprogramming of the donor cell genome. Improvements in reprogramming of the 
donor cell genome can be achieved in the donor cell prior to fusion and in the oocyte 
after fusion. The ability to improve reprogramming after fusion is limited by the low 
number of cell divisions before the embryonic genome is activated. Major improve-
ments in reprogramming will come from reprogramming in the donor cell prior to 
fusion. The success with induced pluripotency of somatic cells in some species sug-
gests that this will be a fruitful approach for SCNT in livestock. Increased expression 
of key pluripotency genes, facilitated by epigenetic modifiers, is a promising 
approach. These epigenetic modifiers can also facilitate reprogramming in the oocyte 
after fusion of an induced pluripotent cell. It is important to consider that as somatic 
cells are induced into pluripotency, it can be expected that the cell cycle will be more 
like that of embryonic stem cells and cell cycle synchrony between the donor cell and 
the oocyte will become more critical and challenging.

Improvement in the developmental competence of in vitro matured oocytes also 
has the potential of significantly improve the efficiency of SCNT. Developmental 
competency of oocytes and the ability to reprogram an incoming genome probably 
have multiple pathways in common. Controlling the genetic distance between the 
donor cell and the recipient oocyte is an important consideration. Refinement in 
procedures for oocyte enucleation, fusion, activation, and culture can impact the 
efficiency of SCNT, but they are secondary to the central issue of reprogramming 
the somatic cell nucleus.
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Abstract
For most people, the report of the birth of Dolly the sheep in 1996 was their first 
inclination that cloning animals was not science fiction. Dolly’s arrival was both 
a seminal moment in the science of reproduction and another step in the evolution 
of Advanced Reproduction Technologies (ART) in livestock. Somatic cell 
nuclear transfer (SCNT, aka “cloning”), the process that led to Dolly, is a form of 
ART that results in exact genetic copies of the donor animal. Livestock produced 
through cloning are no different than any other animal, and livestock products, 
e.g., meat and milk, from cloned animals, were found by regulators from Europe, 
Japan, and the United States to be identical to products from conventional ani-
mals. Companies in China, Australia, South America, and the United States pro-
vide cloning services to livestock producers and breeders. Cost, burdensome 
regulatory processes, and public antipathy, especially in Europe, have limited the 
impact of cloning.

2.1	 �Introduction

For most people the report of the birth of Dolly (Wilmut et al. 1997) was their first 
inclination that cloning animals was not science fiction. Although the general public 
was largely unaware of the full body of work that preceded Dolly’s birth, her exis-
tence represented the culmination of nearly a century of research in animal repro-
duction and reproductive physiology. Dolly’s arrival was both a seminal moment in 
the science of reproduction and another step in the evolution of advanced reproduc-
tive technologies (ARTs) in livestock.
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The work that eventually led to Dolly’s birth in 1996 began in 1891 when Hans 
Driesch divided an early-stage embryo from sea urchin to produce twins (Sunderland 
2012) and contributed to the work of Hans Spemann who proposed a “fantastical” 
experiment, to remove the nucleus from an unfertilized egg and replace it with the 
nucleus from a differentiated cell, that would answer the question of whether or not 
a differentiated nucleus could direct the development of an undifferentiated zygote 
(Spemann 1938).

The term “clone” was coined in 1903 by Herbert Webber, a plant physiologist, 
and JBS Haldane is credited with being the first to use the word in the context of 
making a genetic copy of an animal (Palca 2009; Thomas 2012).

Briggs and King developed the techniques required for successful nuclear trans-
fer and demonstrated the technique using embryonic tissue in leopard frogs (Briggs 
and King 1952), and the first animal to be cloned from an adult cell was a frog 
(Gurdon 1962). The last 20 years of the twentieth century saw a flurry of activity 
including Willadsen’s reports of producing sheep and calves from cloned embryos 
in 1986 and 1989, respectively, and advances in multigenerational embryo cloning 
(Barnes et al. 1990; Stice and Keefer 1993; Willadsen 1986, 1989). It was from this 
lineage of work that Dolly was born.

By 2007, 10 years after Dolly’s birth, an additional 18 mammalian species had 
been cloned from adult cells using somatic cell nuclear transfer (SCNT) including 
pig, cow, goat, and horse (Baguisi et al. 1999; Galli et al. 2003; Polejaeva et al. 
2000; Wells et al. 1999). The ability to produce genetic copies of adult animals was 
of interest in agriculture and the biomedical industry, and Dolly’s birth stimulated 
commercial interest in cloning in both sectors.

2.2	 �SCNT in Livestock Production

2.2.1	 �Before Dolly

To more fully appreciate the excitement Dolly’s arrival generated in the livestock 
industry, it is helpful to consider the role of ARTs in livestock breeding and 
production.

Successful livestock operations have the same basic goal as every other business: 
to produce a product consumers want at a cost that enables them to sell the product 
at a profitable and economically sustainable price point. In livestock production two 
important drivers of profitable production are genetics and reproductive success. 
ARTs are tools that enable livestock producers to improve average herd perfor-
mance by leveraging the most elite breeding animals and with some ARTs increase 
gain from selection by increasing selection intensity and shortening generation 
intervals (Faber et al. 2003).

When Dolly arrived in 1996, livestock producers were routinely using artificial 
insemination (AI) and embryo transfer (ET). The value proposition for AI is based 
on the relative ease of achieving high rates of genetic progress in males (in compari-
son to rates of gain in females) and through the use of AI extending the genetic 
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impact of high-merit sires across a large number of females. The majority of dairy 
producers in Europe and the United States routinely use AI to leverage the best male 
genetics available and improve average herd performance (Foote 2002; Khanal and 
Gillespie 2013). The adoption of AI by the swine industry, first in Europe and later 
in the United States, radically changed the nature of pork production (Dominiek 
et al. 2011).

While AI is an efficient method for leveraging the best male genetics, extending 
the value of high-merit females requires the use of ET or variations of ET including 
multiple ovulation and embryo transfer (MOET) and in vitro fertilization (IVF). 
The commercial use of these ARTs is driven by the high value of breeding animals 
and the much lower rate of gain achievable in female lines, the consequence of long 
gestation times and (predominantly) single offspring (Granleese et al. 2015; Hansen 
2006; Taylor-Robinson et al. 2014).

Commercial use of bovine ET began in the United States in the late 1970s. In 
1987 the concept of MOET was introduced and made it possible to increase the rate 
of genetic gain by producing multiple progeny from genetically elite females and 
reducing the generation interval. The use of MOET to produce multiple progeny 
from elite females is the functional equivalent of using AI to produce multiple prog-
eny from elite males (Hasler 2003; Mapletoft and Hasler 2005).

The use of ET by the cattle industry was driven in part by breeders desiring a 
higher rate of return on their investments in exotic cattle breeds (Hasler 2003). 
Advances in the ability to mature, fertilize, and culture embryos in vitro made it 
possible to reduce generation intervals by collecting oocytes from prepubertal 
females, extending the breeding life of high-merit females by collecting and storing 
embryos for later use and realizing the genetic potential of high-merit females that 
were reproductively challenged (Faber et al. 2003; Hasler 2003).

In the last half of the 1980s, the early successes with nuclear transfer (NT) in 
frogs were replicated in sheep, cattle, and pigs (Prather et al. 1989; Willadsen 1986, 
1989). The scientific advances in NT were key steps along the path to Dolly and of 
significant interest in the livestock community, especially in cattle. The successful 
production of sheep, cattle, and pigs cloned from embryonic tissues in the late 1980s 
along with progress toward repeated cycles of cloning embryos (“multigenerational 
cloning”) (Stice and Keefer 1993) stirred the imagination of cattle producers. In a 
paper given at a conference on reproductive strategies in cattle, Westhusin et  al. 
described the view of the cattle industry on the potential of NT this way: “With this 
approach, thousands of genetically identical embryos could be produced that when 
transferred into recipient females would result in thousands of genetically identical 
calves. The idea spawned visions of large herds of cloned bulls, cloned feedlot 
steers and cloned dairy cows” (Westhusin et al. 2005).

Livestock producers and genetics companies viewed NT as a tool analogous to 
AI, i.e., as a way to use the best genetics more broadly and improve the average 
genetic value of herds. Beef producers envisioned the same top performing bull in 
every pasture; dairy producers of having herds of uniformly high-merit milking 
cows and swine genetics companies could see the potential to clone the top few 
percent of their genetic pyramids and use the clones as commercial boars and 
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multiplier sows. Consistency of animal performance is a highly valuable attribute in 
livestock production, and NT offered a way to reduce some of the genetic variability 
that is introduced through conventional mating.

Although there was great interest in NT among livestock producers and several 
genetics companies added NT to their genetic toolbox, the high cost of cloning 
embryos, the low pregnancy and calving rates associated with the practice and the 
unsure genetic outcomes arising from cloning an embryo of unproven value, proved 
to be significant barriers to widespread commercial use of cloned embryos. By the 
time of Dolly’s arrival in 1996, interest in cloned embryos was in decline (Stice 
et al. 1998; Westhusin et al. 2005).

2.2.2	 �The Arrival of Dolly and SCNT

The ability to produce a clone from an adult cell line reignited interest in cloning in 
the livestock industry. The same vision of herds of cloned animals that attracted 
producers and genetics companies to NT was stimulated again by the announce-
ment of Dolly’s birth and fueled by two important differences between NT and 
SCNT: the ability to clone animals of proven genetic merit and the animals pro-
duced through SCNT would be exact genetic copies of the original.

A 2003 article appearing in the Louisiana Agriculture magazine described the 
potential of SCNT in livestock this way: “Cloning would provide the cattle producer 
an opportunity to reproduce genetically valuable seedstock animals, clone animals 
that have suffered a severe injury such as a fractured leg and can no longer repro-
duce, or clone males that had been prematurely castrated, such as a prize-winning 
show steer.” The authors went on to add “Cloning technology would also provide 
livestock producers with ready access to production-tested breeding stock, thus 
increasing the accuracy of selection in their breeding herds. It has been proposed 
that cloning F1 terminal-breed males to produce males for market steers might be 
the ultimate beef production management system” (Godke et al. 2003).

Although the cost of producing cloned animals is high and precludes the use of 
cloning for producing commercial animals, using SCNT to reproduce animals with 
proven breeding values can be economically advantageous when cloned animals are 
used as semen or embryo donors (Kinghorn 2000). Cloning has been used to repli-
cate genetically elite bulls and high-merit dairy cows, rare and endangered breeds, 
to maintain genetic diversity, and to increase the frequency of rare alleles associated 
with desirable traits (Loi et al. 2001; Stice et al. 1998).

A unique example of the potential of SCNT to capture the value of rare alleles 
that occur in production herds can be seen in the work underway by a team of sci-
entists in Texas who have produced a cloned bull from cells collected from the 
carcass of a slaughtered steer (castrated male used for beef production) after the 
quality and yield grade of the carcass were known. Tissue samples were collected 
from carcasses that graded prime (highest quality grade) and yield grade 1 (most 
muscle with least amount of waste fat), a combination of quality and yield obtained 
by only 3 of every 1000 fed cattle. The collected tissues were used to establish cell 
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lines and for DNA evaluation and cell lines from carcasses that also carried evi-
dence of genetic attributes associated with the carcass attributes were cloned 
(Hawkins and Lawrence 2013).

A frequently asked question is how many farm animals have been cloned and the 
answer is that no one knows for sure. Many farm animal species have been cloned 
commercially including cattle, pigs, sheep, goats, buffalo, and red deer (Oback 
2008). While there is no official tally of the number of animals cloned, it is safe to 
say that in cattle, which is undoubtedly the species most frequently cloned by the 
commercial sector, the total number of cloned cattle is quite small when compared to 
the total number of cattle. Most estimates put the total number of animals cloned thus 
far in the several thousands and continuing to grow (Michel 2014; Plume 2009).

Outside of farm animals, horses are cloned more frequently than many other spe-
cies. The first horse was cloned in 2003 (Galli et al. 2003), and high-value sporting 
horses are being cloned both for breeding and competition (Cohen 2015; Mander 
2013; Williams 2015). Companion animals have been and are being cloned com-
mercially including dogs by Sooam Biotech and ViaGen. ViaGen also clones cats as 
part of its companion animal business.

2.2.3	 �Cloning Challenges

Widespread adoption of SCNT by commercial livestock interests has been hindered 
by three important challenges: overcoming technical issues that keep cloning expen-
sive, having a clear regulatory pathway to the market, and gaining public acceptance 
for the use of cloned animals.

2.2.4	 �Technical Challenges of SCNT

The production of cloned animals using SCNT has never been efficient. The embryo 
that became Dolly was 1 of more than 250 implanted by the Roslin team, and while 
the efficiency of cloning has improved significantly since Dolly, it is still relatively 
low. In animal species that normally produce single offspring, e.g., cattle, sheep, 
and horses, efficiency of cloning is quantified as the proportion of all embryos trans-
ferred into recipients that produce live offspring. Cattle have been the primary focus 
of cloning research, and cloning efficiency in cattle has improved from 1 to 3% to 
5% to 10% on average with efficiencies as high as 45% reported (Faber et al. 2004; 
Kasinathan et al. 2015; Long et al. 2014; Wells 2005). Efficiency differences can be 
affected by the tissue from which cell lines are derived and by the stage of cycle of 
the donor and recipient cells and can vary significantly among different cell lines 
derived from the same individual (Kato et  al. 1998; Liu et  al. 2013; Wells et  al. 
2003). Cloning efficiency in horse has been reported to be 10% (Walton 2013).

The efficiency of cloning pigs is quantified differently because pigs are litter-
bearing animals. In cattle and horses, the common practice is to transfer one SCNT 
embryo into each recipient. In pigs the common practice is to transfer 100 or more 
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early- to late-stage blastocysts into a surrogate mother and quantify efficiency as the 
proportion of transfers that produce pregnancy and the number of live, healthy pig-
lets per litter (Petersen et al. 2008). In recent projects involving transgenic and gene-
edited pigs, 50–60% of transfers resulted in pregnancies; nearly 100% of pregnancies 
advanced to parturition, and on average pregnancies produced an average of five 
piglets per litter (Walton 2016).

Cloned animals can experience a wide range of pre- and postnatal developmental 
challenges including excess fluid in the allantoin of the surrogate dam, abnormal 
placentation, extended gestation periods, large offspring, cardiovascular and respi-
ratory distress, problems with tendons, and increased susceptibility to infection 
(Faber et  al. 2004; Niemann and Lucas-Hahn 2012; Panarace et  al. 2007; Wells 
2005). These challenges are most often seen in ruminant animals and are not as 
prevalent in non-ruminants (Walton 2013).

Epigenetic factors impacting nuclear programming are generally considered to 
be the primary causes of the problems seen in the cloning process and early life of 
the cloned animals (Chavatte-Palmer et al. 2012; Lee and Prather 2013; Long et al. 
2014; Niemann and Lucas-Hahn 2012). However, cloned animals that survive the 
perinatal period are generally healthy as evidenced in a recent paper by Polejaeva 
et al. in which they followed 96 cloned cows and their offspring (Polejaeva et al. 
2013). The longitudinal study compared the reproductive performance of the cloned 
cows and their offspring to conventionally bred comparators and found that repro-
ductive performance of the clones and their offspring was within normal parameters 
and not different than the reproductive outcomes of conventionally bred 
comparators.

2.2.5	 �Regulation of SCNT

Dolly’s birth generated a great deal of discussion about the ethics of cloning with 
most of the discussion driven by fears that scientists would take the lessons learned 
in producing Dolly and apply them to cloning humans. In the United States, that 
fear led to a 1997 presidential ban on the use of federal funds for research on human 
cloning (NIH 1997).

Although the primary focus of the ethics debate was human cloning, the concept 
of clones and the use of cloned animals in the food supply created unease among the 
public, and in 2001 the US Food and Drug Administration (FDA) asked livestock 
producers to voluntarily refrain from putting meat and milk from cloned animals or 
their offspring into the food supply, while the agency assessed the safety of meat 
and milk from clones and progeny of clones. In 2007 the FDA issued a draft risk 
assessment in which the agency concluded that the meat and milk from cloned cat-
tle, pigs, and goats were as safe as meat and milk from non-cloned animals. The 
final risk assessment was released in January 2008 with the FDA again stating that 
“Meat and milk from clones of cattle, swine, goats, and the offspring of all clones, 
are as safe to eat as food from conventionally bred animals” (FDA 2008; Rudenko 
and Matheson 2007).
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In addition to the FDA, the European Food Safety Authority (EFSA) and the 
Japan Food Safety Commission (JFSC) conducted cloning risk assessments and like 
the United States found no evidence that meat and milk from clones and the off-
spring of clones are less safe than meat and milk from non-cloned animals (EFSA 
2009; JFSC 2009).

The completion of three independent risk assessments led many countries, 
including the United States, Argentina, Brazil, Australia, New Zealand, and China, 
to remove (if they existed) any requirement for pre-market assessments of cloned 
animals. In the United States, the USDA continues to ask livestock producers to 
refrain from placing meat or milk from cloned animals into the food supply, osten-
sibly to provide sufficient time for a “smooth and seamless transition into the mar-
ket” (U.S. Department of Agriculture 2008). Given that clones are used as breeding 
animals, the voluntary moratorium poses no great barrier to the use of cloning. In 
those countries where cloning is in use, there is no requirement to label food from 
clones or their progeny as such.

Meat and milk from cloned animals and their offspring are considered novel 
foods in the European Union (EU) and Canada and as such would require regulatory 
review and approval before they can enter the market place. Research and use of 
cloning in food animals is essentially nonexistent in either Canada or the EU, and in 
2015 the European Parliament proposed a complete ban on farm animal cloning 
(Vogel 2015).

2.2.6	 �Public Acceptance

To quote The New York Times, Dolly’s birth “created a ruckus,” primarily over con-
cerns that the next step in cloning would be to clone humans (Nicholas 2013). In 
1998 the controversy grew along with the first report of deriving pluripotent cell 
lines from human blastocysts (Thomson et  al. 1998). Given this volatile mix of 
controversial issues and the general unease that cloning created in many people, it 
was impossible for livestock cloning to avoid becoming part of the discussion.

In addition to the early concerns about animal cloning leading to human cloning, 
as research finding on losses during pregnancy, reduced survival rates of cloned 
animals, and the physical and physiological issues affecting cloned animals were 
published in the scientific literature, they were also being reported in newspapers 
and popular magazines. These reports generated questions about animal welfare and 
the ethics of cloning became the focus of the livestock cloning debate (Fiester 
2005). In the year between publication of the FDA draft risk assessment and the 
delivery of the final risk assessment, both sides of the cloning argument intensified 
their efforts to either ensure the risk assessment was published or derail it and delay 
or prevent cloning from becoming officially declared safe.

The debate about cloning did not end after the FDA, EFSA, and the JFSC risk 
assessments were completed and communicated, but they did die down. In the 
United States and South America, several companies provide cloning services for 
livestock producers with very little public discussion. Only in Europe is cloning still 
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a contentious topic and that is almost exclusively in the context of cloning farm 
animals.

Although the public angst about cloning has subsided, getting to that condition 
has had a lasting effect on the use of cloning in the livestock industry. Two segments 
of the livestock industry that could benefit from the use of cloning, dairy and swine, 
have largely eschewed the technology. The dairy industry at one point was actively 
interested in cloning, and more than one clone of prize winning dairy cows have gone 
on to win prizes in their own right. However, the global dairy genetics industry has 
never used cloning to any great extent, and in some cases, cloning activities were 
stopped altogether, usually because customers in Europe were not willing to risk 
public outcry by using semen from cloned animals. These companies have chosen to 
forego the benefits of cloning rather than deal with the business and public relations 
challenges that would be required to use clones in only part of their program.

The pig genetics industry has never used cloning to any significant extent. 
Beyond a few research efforts relatively early in the history of livestock cloning, the 
pig industry has not attempted to introduce cloning into their operations. The deci-
sion to avoid the cloning debate made sense in light of the intense public scrutiny 
that was occurring, and the completion of the various cloning risk assessments was 
not sufficient to overcome concerns the companies had about public reactions to the 
use of cloning.

2.2.7	 �Commercial Delivery of ARTs

Livestock producers have long used castration and early weaning as tools for man-
aging the flow of genetics in their operations. These methods of reproductive con-
trol fall within the realm of standard animal husbandry practices and are implemented 
on the farm without the assistance of reproductive specialists. ARTs, however, 
require varying degrees of skill, expertise, and infrastructure that often fall outside 
the range of the livestock producer’s daily activities. The need for specialized exper-
tise and infrastructure to obtain the benefits of using ARTs has created a commercial 
sector focused on providing ARTs to livestock producers.

The business of ART began with AI in dairy production. Danish dairy producers 
established the first AI cooperative in 1933 and the United States followed suit in 
1937 (Foote 2002). By the time Dolly was born, 60–70% of American dairies used 
AI, over 90% of dairies in Europe employed the practice, and the first AI coopera-
tives had transformed into commercial businesses. Today over 90% of dairy cattle 
in Europe and North America are impregnated using AI, and bovine semen is col-
lected, sold, and distributed by regional and global genetics companies (Department 
of Animal Science 2000; Faber et al. 2003; Khanal and Gillespie 2013).

European pig producers began to adopt AI for commercial production of pork in 
the 1960s, and by 1996 AI was widely used in Europe (Dominiek et al. 2011). The 
adoption of AI by pork producers changed the face of the pig genetics industry from 
a focus on pure breeds to one based on sophisticated breeding programs working 
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with proprietary genetic lines. European breeders led the way in this change, and 
although the United States was slow to change, when it did, in less than a decade the 
US industry changed from fewer than 10% of sows being impregnated through AI 
to 70% in 2000 (Estienne and Harper 2009).

By the time of Dolly’s birth in 1996, ET was a well-established practice with 
hundreds if not thousands of ET practitioners in Europe, the United States, and 
South America. The development of nonsurgical embryo collection and transfer 
methods, cryopreservation of embryos, and various embryo manipulation tech-
niques including embryo splitting and embryo sexing helped to drive the use of 
IVF in dairy and high-value beef breeds (Hasler 2003). The International 
Embryo Transfer Society, founded in 1974, reported that more than 360,000 
bovine embryos, including both in vivo and in vitro produced embryos, were 
transferred in 1996 as were smaller numbers of ovine, caprine, equine, porcine, 
and cervid embryos (Thibier 1998). In 2016, over 965,000 bovine embryos were 
transferred of which 53% were in  vivo derived embryos and the rest IVF 
embryos (Perry 2017).

Commercial use of NT began shortly after Willadsen’s 1986 report of producing 
sheep from embryogenic cell lines when Granada Genetics began using NT in its 
cattle breeding program. Other cattle genetics companies including Alta Genetics, 
American Breeders Services, and GenMark also incorporated NT into their breed-
ing activities. By 1996 the commercial use of NT was almost nonexistent, a result 
of the high cost of producing clone embryos, the inefficiency of producing cloned 
animals, and highly variable outcomes (Westhusin et al. 2005).

The interest of the livestock industry in the use of SCNT was matched by com-
mercial interests ready to deliver cloned animals. Two years after the notice of 
Dolly’s birth, one of the first cloning companies, Infigen, had cloned Holstein heif-
ers on display at the World Dairy Expo in Madison, Wisconsin (Infigen 2001). In 
2001 three companies, Infigen, Advanced Cell Therapeutics (ACT), and ProLinia, 
were offering to clone cattle at prices around $20,000 per calf, and PPL Therapeutics, 
the Scotland-based company that had licensed the intellectual property generated by 
the Roslin Institute scientists working in SCNT, was actively cloning pigs for bio-
medical applications.

Not unexpectedly, by the time the final FDA risk assessment was released, the 
commercial cloning landscape had changed and two companies, ViaGen Inc. and 
Cyagra, had become the primary livestock cloning companies in North America. 
Small-scale commercial activities were getting underway in Argentina and Brazil, 
and there was some commercial cloning being done in Australia. The only company 
actively cloning in Europe at that time was Cryozootech, a French company that 
clones only horses.

In 2016 ViaGen, now a wholly owned subsidiary of Trans Ova Genetics, contin-
ues to provide cloning services in several species. Cryozootech and Crestview 
Genetics, a company that started in the United States but moved to Argentina, are 
cloning high-value sporting horses. Cabaña Milenium, another Argentine ART com-
pany, clones cattle and goats, and InVitro Brasil Clonagem Animal is active in Brazil.
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Sooam Biotech is a South Korean cloning company best known for its work in 
dogs that has cloned a diverse array of animal species (Baer 2015). Sooam and 
Boyalife, a Chinese biotechnology firm, have announced plans to build the largest 
animal cloning facility in the world and have announced their intent to produce one 
million cloned beef cattle per year for slaughter (Phys.org 2015).

2.2.8	 �SCNT and Genetic Modification of Livestock

Transgenic technology has been used to introduce genes of interest into livestock 
for over 30  years. After Gordon et  al. successfully introduced a transgene into 
mouse by injecting DNA into a single-cell zygote, pronuclear injection became the 
primary method for generating transgenic animals (Gordon and Ruddle 1981; 
Murray and Anderson 2000; Stice et al. 1998; Wheeler 2003). Although pronuclear 
transformation was effective, it was not efficient, and one of the drivers behind the 
development of SCNT was a search for more efficient methods of producing trans-
genic animals.

The efficiency of pronuclear injection was hindered by the difficulty of securing 
a sufficient number of embryos and the need to produce progeny of the putative 
transgenic animals before knowing if the transgene was both functioning and stable. 
SCNT provided an unlimited supply of cells for transformation and made it possible 
to screen the transformed cells before NT so that every animal produced is trans-
genic. SCNT-mediated transformation offered the additional advantage of being 
able to produce additional copies of the transgenic animal should that be necessary 
by cryopreserving the transgenic cell line and using it to produce new animals 
(Hodges and Stice 2003; Lai and Prather 2003; Stice et al. 1998).

The low pregnancy rates, low cloning efficiency, and physical challenges experi-
enced by some cloned animals that impact the utility of SCNT in livestock produc-
tion are much less important in the production of transgenic animals as only a small 
number of transgenic are needed to launch a transgenic program. When the trans-
genic animal is proven to be of value, it can be used as a breeding animal, and its 
traits passed to the next generation through conventional breeding.

The first transgenic animal produced using SCNT approved by the FDA was a 
transgenic goat in which a human therapeutic protein is produced (U.S. FDA 2009). 
In March 2016 the FDA granted authority through its enforcement discretion pow-
ers for transgenic pig models of cystic fibrosis and atherosclerosis to be sold com-
mercially (Intrexon 2016).

The value of SCNT as a tool for producing genetically modified animals will be 
even greater when it is combined with the gene technologies such as TALEN and 
CRISPR.  These methods are being used to make very precise genetic changes, 
including gene deactivation (knockout) and allele substitution. Gene-edited tech-
nologies can also be used to insert a transgene into a specific location in the 
genome, and the combination of SCNT and site-directed insertion will further 
enhance the efficiency of producing transgenic animals (Carlson et al. 2012; Tan 
et al. 2012, 2013).
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2.2.9	 �The Future of SCNT

In the 20 years that have elapsed since Dolly was born, there have been many sig-
nificant advances in livestock genetics, genomics, and reproduction. Animal breed-
ers in many species can use sexed semen or sexed embryos to preselect the sex of 
animal being produced; within days of birth, a Holstein calf can be genotyped and 
an accurate estimate of the calf’s breeding value known; and gene-editing methods 
are becoming practical tools for use by livestock breeders. These technologies, 
along with a number of other technological advances in genetics, genomics, and 
reproduction, will change livestock breeding and have a significant impact on live-
stock production. Does SCNT have a role to play in the future and if so what is that 
role? Two recent papers, one involving SCNT and genomic selection (GS) and the 
other a gene-editing paper, provide examples of how SCNT might be used in the 
future.

Kasinathan et al. have demonstrated a breeding approach that combines genome-
wide selection with MOET, ovum pickup, IVF using sex-sorted and non-sorted 
semen, and SCNT to reduce generation interval in the Jersey breed of dairy cattle, 
one of the two factors that determine gain from selection (Kasinathan et al. 2015). 
In the study elite Jersey dairy cows were treated to stimulate oocyte production 
which was collected and used to produce IVF embryos. Multiple IVF embryos were 
transferred into surrogate mothers and allowed to develop for 21 days then flushed 
and collected. Cell lines were generated from the collected fetuses and sent for 
DNA analysis. The cell lines identified as having high genetic merit were used to 
produce cloned calves using SCNT. 45% of the pregnancies produced healthy 
calves which were genotyped to confirm the genetic merit of the animal. This 
approach utilizes not just SCNT but several ARTs and genomic selection to reduce 
the generation interval in cattle, a major factor limiting gain from selection. The 
authors claim the method is scalable and provides a realistic way to overcome a 
biological barrier to more rapid genetic improvement.

In the second example, Carlson et al. combined gene editing with SCNT to sub-
stitute the polled allele from Angus cattle into a Holstein cell line (Carlson et al. 
2016). The polled allele is a variant that results in the absence of horns and is desir-
able because of the dangers to humans and other animals posed by the horns. The 
methods used to remove horns can induce stress, reduce performance, and are det-
rimental to the welfare of the animals. Most dairy breeds develop horns, and 
although the preferred polled variant is present in some dairy breeds, it occurs at low 
frequency and was introduced by crossing with beef breeds. The use of SCNT made 
it possible to introduce the Angus allele into a Holstein cell line and select those 
cells in which the desired allele was present to clone. SCNT can be used to intro-
duce the polled allele into high-merit dairy lines and significantly reduce the time it 
would take to introduce the trait through conventional breeding alone.

These examples provide some idea of the utility and value of SCNT in livestock. 
Until and unless cloning efficiency improves beyond the current levels and the 
health and welfare of cloned animals is equivalent to the welfare status obtained 
with other IVF and related ARTs, it will be difficult for livestock producers to utilize 
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SCNT for applications other than production of breeding animals. However, as 
shown in the two examples provided, SCNT does have an important role to play in 
livestock genetics and breeding today.
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3Epigenetic Features of Animal 
Biotechnologies
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Abstract
Epigenetic mechanisms play a crucial role in many biological processes, such as 
regulation of gene expression especially after fertilization and during early 
embryonic development. Indeed, the parental genomes that carry special epigen-
etic signatures undergo important chromatin remodelling through epigenetic 
modifications during the first embryonic cleavages, some of which are crucial for 
the production of healthy embryos.

It is therefore very important for breeders and embryologists to understand how 
parentally inherited genomes may be epigenetically altered by animal biotechnolo-
gies as it could affect embryo quality and further development. This chapter intro-
duces some of the basic epigenetic parameters underpinning early embryonic 
development and how they could be affected during the processes of embryo 
in vitro production, somatic cell nuclear transfer or stem cells derivation.

3.1	 �Introduction

Epigenetics include heritable changes of the phenotype, which do not involve 
changes in the DNA sequence itself (Kouzarides 2007; Greally 2018). Epigenetic 
control is usually based on chemical modifications, which can be transmitted to 
daughter cells through mitosis and sometimes through meiosis. Epigenetic modifi-
cations alter the chromatin structure and nuclear architecture to enable control of 
the “accessibility” to the DNA (genes) (Schneider and Grosschedl 2007). The 
major epigenetic modifications of the genome include histone posttranslational 
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modifications, DNA methylation and remodelling of the chromatin. These modifi-
cations, by causing structural changes of the chromatin, affect the expression or 
silencing of genes and thereby the access of transcription factors controlling gene 
expression (Kouzarides 2007). This kind of epigenetic regulation takes place in all 
types of cells, including gametes and embryos. It is now well established that epi-
genetic reprogramming of gametes and preimplantation embryos is crucial for nor-
mal development into a new organism (Beaujean 2014; Beaujean 2015; 
Sepulveda-Rincon et  al. 2016). Moreover, epigenetic modifications seem to be 
important factors in driving cell fate in mammalian embryos (Graham and 
Zernicka-Goetz 2016; Wu and Belmonte 2016). Due to the intensity of epigenetic 
reprogramming that occurs during preimplantation development, this period in 
particular is very sensitive (El Hajj and Haaf 2013; Anckaert and Fair 2015). 
Disruption of these control mechanisms can cause aberrant gene expression or 
silencing which could lead to epigenetic-related diseases. In the case of animal 
biotechnologies, such as embryo in vitro production (IVP), somatic cell nuclear 
transfer (SCNT) or stem cells derivation, several steps of the procedures may exert 
environmental stress on these epigenetic controls. Importantly, it is known that 
these modifications are dynamic and are rapidly changing within minutes when 
responding to an arriving stimulus (Kouzarides 2007). In this chapter, the potential 
epigenetic alterations that may/have been encountered in animal biotechnologies 
will be discussed.

3.2	 �Chromatin Compaction and Epigenetic Mechanisms

In eukaryotes, the DNA is packaged with histone proteins to form the chromatin 
(Margueron and Reinberg 2010). Originally described largely as a method of com-
paction, the structure of chromatin is now understood to direct and respond to gene 
expression patterns in a highly dynamic manner. Chromatin can be broadly divided 
into two categories. Euchromatin is the one with a more relaxed structure and there-
fore more accessible for transcription mechanisms. This permissive chromatin is 
usually related with a high gene expression activity although not all genes are neces-
sarily expressed. On the other hand, heterochromatin is considered as repressive 
because it has a very compact structure which is hard to access and few genes are 
expressed (Grewal and Jia 2007; Jost et al. 2012; Saksouk et al. 2015).

The histone protein family consists of the core histones H2A, H2B, H3 and H4 
and the linker histone H1. Histones are organized in octamers to form the so-called 
nucleosome, a structure around which linear DNA is wrapped. The different core 
histones have a similar structure consisting of a globular, hydrophobic internal 
region and the N-terminal histone tail. Histone tails are protruded from the nucleo-
some core particle and can be targeted by various enzymes to modify the histone 
characteristics of particular residues (Kouzarides 2007). These posttranslational 
modifications (PTM) include acetylation, methylation, ubiquitination and phos-
phorylation. Histone PTMs may exert their effects on chromatin by changing the 
relationship between DNA strands and the nucleosome. Acetylation, for instance, 
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decreases the affinity of the histones for DNA by neutralizing the basic charge of the 
lysine residues and is generally associated with chromatin “unfolding” (Hasan and 
Hottiger 2002). This open chromatin conformation is often more accessible for tran-
scriptional factors (in other words “permissive”) leading to gene expression 
(Fig. 3.1). On the other hand, histone methylation usually acts on chromatin through 
the recruitment of other proteins, such as the chromatin-containing CBX-protein 
family, that are capable of condensing the chromatin structure (Beaujean 2014). 
Histone methylation is therefore frequently found in condensed chromatin areas 
together with hypoacetylated histones (Schneider and Grosschedl 2007; Woodcock 
and Ghosh 2010). However, histone methylation may also promote gene expression 
depending on which residues are methylated (Kouzarides 2007). Histone methyla-
tion has indeed been identified on multiple lysine (K) and arginine (R) residues of 
histones H1b, H3 and H4; depending on the position of the modified residue, lysine 
methylation can be associated with transcriptional repression (H3K9, H3K27, 
H4K20) or activation (H3K4, H3K36 and H3K79). Arginine (R) methylation is also 
associated with regulation of transcription. Additional complexity is introduced by 
the possibility of mono-, di- or trimethylation at lysine residues and mono- or di-
methylation at arginine residues. Correlation of these histone PTMs with the gene 
expression status led to the proposal of a “histone code”, with different combina-
tions of PTMs leading to the recruitment of specific cofactors, with distinct down-
stream effects in various biological tasks (Turner and Group 2002).

Each one of these histone PTMs is catalysed by specific enzymes, capable of 
“writing” or “erasing” the modification. The acetylation status, for instance, is deter-
mined by a balance of enzymatic activity between histone acetyltransferases (HATs) 
and histone deacetylases (HDACs). More than a dozen HDACs have been discovered 
and several classes of HDACs can be distinguished: class I (HDAC 1–3 and 8), class 
IIa (HDAC 4, 5, 7 and 9), class IIb (HDAC 6 and 10), class III (SIRT 1–7) and class 
IV (HDAC 11) (Narlikar et al. 2002). Their importance has been reported in several 
studies, in particular in cell proliferation control. For this reason many researchers 
started to be interested in their mechanism of action and in the use of HDAC inhibi-
tors (HDACi), such as trichostatin A (TSA) that induce hyperacetylation of histones 

Permissive
Histone acetylation

Histone methylation (H3K4/H3K36)

Repressive
Histone methylation (H3K9/H3K27/H4K20)

DNA methylation

Chromatin unfolding

Gene expression

Chromatin condensation

Gene expression

Fig. 3.1  The impact of permissive and repressive epigenetic modifications will influence the equi-
librium between chromatin unfolding and chromatin condensation thereby leading either to gene 
expression or gene repression
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by blocking the access of HDAC to their active site (Kretsovali et al. 2012). Similarly, 
histone methyltransferases (HMTs) are predominantly catalysing methylation of his-
tones H3 and H4: histone lysine methyltransferases (KMTs) target lysine residues, 
whereas protein arginine methyltransferases (PRMTs) target arginine residues. There 
are two main families of KMTs: with a SET domain (Su(var)3-9, enhancer of zeste, 
Trithorax) or without (Dot1 lysine methyltransferases). In all cases, cofactor 
S-adenosyl methionine (SAM) serves as a cofactor and methyl donor group. On the 
other hand, the enzymes that promote histone demethylation can be broadly classi-
fied into the jmjC (jumonji) demethylases, the LSD1-type KDMs and the PAD-type 
arginine demethylases (Cyr and Domann 2011).

Apart from histone PTMs, DNA methylation is the other most studied and well-
characterized epigenetic modification. Methylation has been observed on cytosine, 
adenine and guanine, with cytosine methylation being the most abundant and widely 
studied modification (Auclair and Weber 2012). Cytosine methylation at CpG 
nucleotides has been well studied, but it is now clear that methylation also occurs in 
other contexts (Ramsahoye et al. 2000), including at CpA at specific loci on the 
embryonic genome (Haines et  al. 2001). DNA methylation inhibits transcription 
initiation and removes the engaged transcriptional machinery from active templates 
(Auclair and Weber 2012). Transcriptional repression depends on methylation den-
sity; and even 7% of methylation on CpG sites can cause dramatic transcriptional 
repression. Low levels of methylation were found to inhibit gene expression by 
67–90%, whereas higher levels of methylation were able to completely abolish gene 
expression. In one specific case, called “imprinting”, only one parental allele is 
silenced, usually by hypermethylation, leading to expression from the other non-
methylated parental allele (Reik and Walter 2001).

The enzymes responsible for DNA methylation, the DNA methyltransferases 
(DNMT), include DNMT1 that is mainly involved in the maintenance of DNA 
methylation through replication, DNMT3A and DNMT3B as well as the cofactor 
DNMT3L known as the de novo methyltransferases. Mechanisms leading to active 
demethylation have been extensively studied recently (Ficz 2015). One of them 
involves the oxidation of methylated DNA by enzymes of the ten-eleven transloca-
tion (TET) family. During this reaction, a hydroxymethyl group replaces the hydro-
gen atom at the C5 position in cytosine, thereby transforming the 5-methylcytosine 
(5mC) into to 5-hydroxymethylcytosine (5hmC) (Tahiliani et al. 2009).

3.3	 �Epigenetic Changes and Development: 
The Mouse Example

Prior to fertilization, the gametes carry the parental germline epigenetic signature. 
Interestingly, the spermatozoa nucleus exhibits a highly compacted chromatin stem-
ming from the replacement of histones by protamines and the high acetylation of 
residual histones associated with methylation of lysine residues (H4K20, H3K27 
and H3K9me3; Beaujean 2014) plus eventually with other new posttranslational 
modifications such as crotonylation (Tan et al. 2011) and high DNA methylation 
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(Reik and Walter 2001). During follicular maturation, the growing oocytes show a 
dynamic profile of the methylation with a clear increase of methylation level (from 
0.5% in young oocytes to 15.3% in ovulated metaphase II oocytes) that remains 
lower than in sperm (24.9%) (Smallwood et  al. 2011). Histone deacetylation 
(H4K12), removal of arginine methylation from histones H3/H4 and methylation of 
H3K9 are also important for the epigenome of female gametes (Bonnet-Garnier 
et al. 2012; Beaujean 2014).

From fertilization, both the incoming paternal DNA complement and that of the 
oocyte itself are reprogrammed in a number of steps, resetting chromatin to the 
embryonic form capable of undergoing further changes required during develop-
ment (Fig. 3.2) (Beaujean 2014; Beaujean 2015; Sepulveda-Rincon et  al. 2016). 
This results in a series of epigenetic modifications that start during the formation of 
the paternal and maternal pronuclei (PN) at the 1-cell stage (or zygote). These steps 
are particularly dramatic for the paternally inherited genome. The protamines asso-
ciated with the haploid paternal genome in the sperm head are rapidly replaced with 
histones, including histones H3 and H4 forms that are more acetylated than those 
associated with the maternal genome (Adenot et al. 1997). Within few hours, there 
is a widespread intense demethylation of both the paternal and the maternal genome, 
although both genomes are not similarly affected (Fig. 3.3): methylation is retained 
on intergenic regions such as constitutive heterochromatin in the paternal genome 
vs. intergenic regions in the maternal genome (Mayer et al. 2000; Salvaing et al. 
2012; Okamoto et al. 2016; Guo et al. 2017). The mechanism responsible for this 
rapid removal remains unclear: it is suggested that the dioxygenase Tet3 catalyses 
the oxidation of 5mC to 5hmC in this context (Gu et al. 2011), but other recent data 
suggest that the initial loss of paternal 5mC does not require 5hmC formation 
(Amouroux et  al. 2016). Imprinted genes are not affected during this wave of 
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oocyte
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Fig. 3.2  After fertilization of the oocyte by the sperm as well as after somatic cell nuclear transfer, 
important epigenetic reprogramming events will take place before EGA, involving epigenetic 
modifications as well as nuclear 3D reorganization. Further epigenetic changes will also occur at 
the blastocyst stage, either in the ICM or in the trophectoderm leading to cell fate bias. All these 
events will influence the potential of later development of the embryo
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genome-wide DNA demethylation, and parental imprints are maintained in the 
somatic tissues of the fets throughout life (Reik and Walter 2001).

In addition to the aforementioned asymmetry in histone acetylation, the profiles 
of several other histone modifications differ between maternally and paternally 
inherited genomes. In mouse, the paternal genome is initially associated with mono-
methylation of H3 and H4 (H3K9me1 and H4K20me), while the maternal genome 
is characterized by di- and trimethylation marks including H3K9me3, H3K27me2/3, 
H3K4me3 and H4K20me3. After fertilization, H3K9me3 is one of the modifica-
tions characterizing the maternal genome, with little H3K9me3 detected on the 
paternal genome. This asymmetry persists until the 4-cell stage (Liu et al. 2004). All 
these histones/DNA methylation changes are believed to participate in the onset of 
the embryonic genome activation (EGA). Indeed, EGA is characterized by a typical 
chromatin organization that is not observed in somatic cells or at later stages of 
development. It is believed that these special epigenetic features of the embryo lead 
to specific changes of gene expression during preimplantation development.

Trimethylation of lysine 27 of histone H3 (H3K27me3) is another histone 
modification associated with gene repression, but that does not seem to play a 
major role prior to EGA.  In mouse embryos, H3K27me3 is found only on the 
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Fig. 3.3  DNA methylation immunofluorescent detection at the 1-cell (zygote) stage in mouse and 
rabbit embryos showing the paternal and maternal genome in separated pronuclei. Due to the rapid 
replacement of histones by protamines, the paternal genome is always more decondensed and the 
pronucleus bigger than the maternal one. The remnant chromosomes expulsed from the oocyte at 
the end of the meiosis for the so-called polar body (PB) that can often be observed. In both species 
DNA demethylation is observed on both the paternal and maternal genomes although not to the 
same extent. In particular, pericentromeric constitutive heterochromatin that surrounds the nucleo-
lar precursor forming rings (white arrows) clearly maintains DNA methylation even in the paternal 
genome just before the first mitosis
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maternal genome at fertilization, with accumulation on the paternal genome 
occurring by the late pronuclear stage (Albert and Peters 2009). H3K27me3 is 
maintained until the morula stage, when a significant drop in levels has been 
observed (Zhang et al. 2009). This is followed by an increase at the blastocyst 
stage, in the inner cell mass (ICM) cells only (Bogliotti and Ross 2012). 
Differential H3K27me3 levels at the promoters of several key transcription fac-
tors have recently been shown to be functionally significant in determining 
whether cells assume an ICM or trophectoderm fate (Saha et  al. 2013). 
Immunostaining has shown H3K27me3 at the inactive X chromosome in extraem-
bryonic and embryonic cells (Plath et al. 2003), and whole genome analyses have 
indicated that its accumulation at the promoters of key developmental genes coin-
cides with their repression during differentiation (Pan et al. 2007; Hawkins et al. 
2010). Another epigenetic mark seems to play a key role in late preimplantation 
stages: analysis of the expression of Carm1, an enzyme mediating methylation of 
arginine residues on H3, has shown overexpression in the ICM of mouse blasto-
cysts (Torres-padilla et al. 2007), suggesting an epigenetic bias of the cell fate at 
the blastocyst stage (Parfitt 2010; Wu and Belmonte 2016). Indeed H3R26 meth-
ylation regulates Sox2 transcription factor binding to DNA as early as the 4-cell 
stage thereby modulating the balance between pluripotency (ICM cells) and dif-
ferentation (trophectoderm cells) (Goolam et  al. 2016; White et  al. 2016). 
Similarly, high levels of 5meC colocalize with the ICM in blastocysts (Ruzov 
et al. 2011), and knockdown of Tet1 in preimplantation embryos results in a bias 
towards trophectoderm differentiation, suggesting a role of TET1 protein in ICM 
specification (Ito et al. 2010). Knockdown of Set1a, one of the H3K4 methyltrans-
ferase, also demonstrated that H3K4 methylation is not only required for early 
embryonic development but also for the emergence of the ICM (Fang et al. 2016).

Such knockdowns of enzymes catalysing histone PTMs confirm that these his-
tone modifications are essential regulators of chromatin remodeling after fertiliza-
tion that modulate the maternal-to-embryonic transcriptional transition. Both 
histone methyl-transferases and demethylases are crucial for preimplantation devel-
opment. For example, without Setdb1, an HMT that controls H3K9me2, embryos 
do not develop properly and exhibit severe cell cycle defects (Eymery et al. 2016; 
Kim et al. 2016). However, embryonic development is also disrupted after knock-
down of KDMs targeting H3K9me2/me3 such as KDM4A or KDM1A (Ancelin 
et al. 2016; Sankar et al. 2017) underlying the requirement of a good epigenetic 
balance.

Remarkably, the same changes in histone PTMs/DNA methylation have been 
shown to regulate embryonic development by knockdowns or overexpression of 
regulating enzymes in other species such as pig (Cao et al. 2017; Huan et al. 2015a, b; 
Ding et al. 2017) and bovine (Li et al. 2015; Chung et al. 2017; Fu et al. 2017). 
However, in these cases, embryos are often produced after superovulation, in vitro 
maturation and in  vitro culture (Fig.  3.4). All these biotechnologies have been 
shown to affect the epigenetic profile of the derived embryos/offspring that will be 
described hereafter.
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3.4	 �Embryo In Vitro Production (IVP)

3.4.1	 �Oocyte Supply

In the female germ line, methylation patterns are established predominantly during 
the last steps of oocyte development. Hormonal stimulation of the follicles (super-
ovulation) during this period to obtain oocytes used for embryo IVP has been sug-
gested to affect the completion of this epigenetic event. Superovulation seems 
associated with reduced oocyte quality and delayed embryonic development, but it 
has been also shown in the mouse to affect DNA methylation remodelling in the 
resulting embryo (Shi and Haaf 2002), that would correlate with altered gene 
expression at later stages. Superovulation has been shown to be associated with 
aberrant imprinted methylation profiles, especially at high hormone dosage: loss of 
methylation was observed in maternally imprinted genes Snrpn, Peg3 and Kcnq1ot1, 
and gain of methylation at the maternal allele in paternally imprinted H19 gene 
altered its expression (Denomme and Mann 2012). The transcriptomic profile diver-
gences between bovine oocytes collected from stimulated vs. non-stimulated donors 
suggests that epigenetic changes may contribute to the reduced developmental com-
petence of oocytes under certain conditions (high dosages of gonadotropins, prepu-
bertal cattle), but only minor changes have been observed, and further studies are 
still required (Urrego et al. 2014).

Oocyte supply

Embryo

Stem cells
derivation

In vitro culture

Preservation

SCNT

ES

iPS

Sperm quality

• Superovulation
• In vitro maturation

Gametes Embryo production

Fig. 3.4  Animal biotechnologies are mostly based on the quality and the development of embryos 
that may be affected either at the level of the gametes used (oocyte and sperm) or during embryo 
production by various protocols. On the other hand, once obtained, these embryos may then be 
used to produce stem cells that are also very interesting both for biomedical and veterinarian 
applications
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In livestock species, in vitro maturation (IVM) is often used to obtain oocytes 
prior to embryo IVP.  In the mouse, IVM has been shown to downregulate the 
expression of key epigenetic modifiers such as HDAC1 both in the oocyte and in the 
2-cell embryo (Wang et al. 2010). Imprinted genes also are affected: IVM resulted 
under some conditions in a loss of methylation at the Igf2r and Mest loci and a gain 
of methylation at the H19 imprinted region. However, improved culture conditions 
(e.g., with different metabolic compounds present in the media) yielded fewer epi-
genetic abnormalities. Similarly, oocyte culture in bovine and ovine species does 
not seem to have significant effects on imprinted genes (Anckaert et  al. 2012). 
However, other epigenetic mechanisms may be affected (e.g., histone methylation 
or acetylation) that could contribute to differences in the transcriptomic profile of 
those in vitro matured oocytes with various developmental competence.

3.4.2	 �Sperm Quality

Spermatogenesis is a long process of cellular differentiation requiring a well-
orchestrated series of epigenetic modifications to obtain a stably packed chromatin, 
facilitating all sperm functions (motility, energy production, capacitation, acroso-
mal reaction, etc.) and thus ultimately fertilization. DNA methylation, histone/prot-
amine exchange, histone PTMs and noncoding RNAs have important, but so far 
underestimated, roles in the production of fertile sperm and for subsequent embryo 
development (Boissonnas et  al. 2013). Any aberrations in the sperm epigenetic 
landscape may indeed have detrimental consequences for early embryo develop-
ment. Literature suggests that stochastic, environmentally and genetically induced 
deviation in the genome-wide epigenetic reprogramming process during germ cell 
development may lead to epigenetic aberrations impacting spermatogenesis, semen 
quality and the male fertility as a whole (Laurentino et al. 2016). Identifying subfer-
tile males is thus a major issue that has stimulated research on sperm characteristics 
associated with poor or successful fertilization events. Much progress has been 
made in this area, especially in dairy cattle due to the extensive use of artificial 
insemination. Current factors such as motility, chromatin structure or seminal pro-
teins help in identifying defects mainly associated with fertilization. Recently, the 
epigenetic impact of DNA methylation on embryonic development and pregnancy 
has been addressed in bovine (Kropp et al. 2017), showing a link between sperma-
tozoa DNA methylation and fertility, as in human.

3.4.3	 �In Vitro Culture of Preimplantation Embryos

It was shown already 20 years ago that embryo culture can alter the imprinted H19 
locus in mouse (Anckaert et al. 2012). The impact of embryo culture, especially the 
presence of foetal calf serum in the media, on imprinted gene methylation and 
expression was then confirmed in several studies, both in mouse and in other spe-
cies. In general, imprinting errors appeared to occur during the preimplantation 
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period in culture and persisted during gestation, most probably because the trophec-
toderm is directly in contact with the culture medium, which can potentially affect 
placental development. The “large offspring syndrome” (LOS) was the first obvious 
incidence of abnormal development following transfer of in  vitro culture (IVC) 
ruminant embryos into surrogate mothers. This syndrome is characterized by an 
overgrowth phenotype and appeared to be linked to culture conditions (serum con-
taining; coculture) (Van Soom et al. 2014). Indeed, LOS sheep foetuses exhibited 
aberrant hypomethylation and reduced expression of the imprinted IGF2R gene 
(insulin-like growth factor receptor), a gene known to influence body size and car-
cass traits (Young et al. 2001).

In 2002, W.  Shi and T.  Haaf demonstrated by 5mC staining of mouse 2-cell 
embryos cultured in vitro that suboptimal culture media can lead to disturbances of 
the genome-wide DNA demethylation process and concomitantly to developmental 
arrest. Similar results were obtained in the rabbit although timing and the degree of 
DNA demethylation differ between these species (Fig. 3.5) emphasizing the impor-
tance of DNA methylation in preimplantation development (e Silva et  al. 2012; 
Salvaing et al. 2016). Using a similar immunostaining approach for histone PTMs 
such as H3K9 methylation, H4 acetylation or H3S10 phosphorylation no differ-
ences were observed between in  vitro fertilized/IVC mouse embryos and their 
in  vivo counterparts (Beaujean 2015), only H3K4me3 levels were significantly 
lower in the IVC embryos (Wu et al. 2012). A gene candidate approach based on 
chromatin immunoprecipitation (ChIP) has also enabled studies of several PTMs in 
embryos after IVC and confirmed few chromatin configuration changes and histone 
PTMs alterations (Urrego et al. 2014).

The importance of this IVC step has led (and is still leading) numerous laborato-
ries worldwide to improve culture conditions in order to reduce the deficiencies that 
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Fig. 3.5  DNA methylation immunofluorescent detection in rabbit embryos from the 2-cell to the 
morula stages. To evaluate the impact of in vitro culture, embryos were fertilized in vivo but were 
either collected at 2-cell and cultured or left in vivo and collected just before being processing. 
DNA demethylation during preimplantation development was observed in both cases, but with 
different kinetics (quantification was performed to confirm this observation; Salvaing et al. 2012). 
Unexpectedly, the level of DNA methylation increased between the 16-cell and morula stages after 
in vitro culture
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might lead to epigenetic alterations and changes in gene expression. Some culture 
media have been tested in mouse and bovine that seem to have lower impact on the 
DNA methylation and histone acetylation levels, resembling quite closely the 
in vivo situation (El Hajj and Haaf 2013; Rollo et al. 2017; Canovas et al. 2017).

3.5	 �Cryopreservation and Vitrification of Gametes 
and Embryos

Storage of gametes and embryos is a routine procedure in all animal biotechnolo-
gies, but few studies analysed the impact on epigenetic marks. In mouse, it was 
shown that epigenetic reprogramming of H3K4me3 and H4K12ac up to the blasto-
cyst stage was similar in embryos derived from frozen sperm (at −20 °C) and in 
fertilized embryos derived from fresh sperm (Chao et al. 2012). Reversely, oocytes 
can be preserved, either by cryopreservation or vitrification. In the mouse, histone 
PTMs alterations have been observed after vitrification with vitrified oocytes show-
ing abnormally high levels of H4K12ac and low HDAC1 expression (Suo et  al. 
2010) that correlated with lower developmental rates. Similar results were obtained 
in ovine and bovine vitrified oocytes (Chen et al. 2016; Shirazi et al. 2016). In cryo-
preserved bovine embryos, DNMT3 expression and global DNA methylation levels 
also seem to be affected. However, such studies are quite rare in livestock animals, 
with no evaluation of the potential impact on later development.

3.6	 �Somatic Cell Nuclear Transfer (SCNT or “Cloning”)

Differentiated cells can be reprogrammed back to a pluripotent state through somatic 
cell nuclear transfer (SCNT). This technique consists of a single cell nucleus being 
injected into an enucleated oocyte in order to produce a viable embryo (Ogura et al. 
2013). However, the efficiency of SCNT is very low. The first evidence for repro-
gramming was shown by Briggs and King when tadpoles were produced from trans-
planting the nuclei of blastula cells into enucleated frog oocytes in 1952 (Gurdon and 
Wilmut 2011). In 1997, Wilmut et al. were able to produce a healthy cloned sheep, 
the first mammal to be cloned from an adult cell (Wilmut et al. 1997). Since then, 
features of cloning techniques have been improved in order to get more accurate and 
reproducible procedures for generating live mammalian offspring. The importance 
of the type and age of the nucleus donor cell, as well as the strain and genotype of the 
oocyte that will receive this nucleus, has been demonstrated. Reasons to explain why 
some cells are more suitable for cloning than others include epigenetic reprogram-
ming problems. Nuclear epigenetic reprogramming is known to be an essential 
mechanism needed for embryonic development, both after fertilization (as described 
earlier) but even more after nuclear transfer (Fig. 3.2). The somatic donor nucleus 
will need to be reprogrammed—the expression profile of the differentiated donor cell 
needs to be replaced by an embryo-specific one—in order to give rise to a totipotent 
embryo (Beaujean 2015; Sepulveda-Rincon et  al. 2016). It is now clear that 
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reprogramming errors may accumulate during this process and that reprogramming 
of DNA methylation and histone PTMs profiles of the donor nucleus is a critical step. 
The removal of the epigenetic profile associated with the donor cell type, and its 
replacement by the epigenetic profile of the embryo, has been widely suggested to be 
incomplete or incorrect, thereby limiting the success of SCNT.

A comparison of H3K27me3 levels in normal and cloned mouse embryos, for 
example, failed to detect any H3K27me3  in the ICM of cloned embryos (Zhang 
et al. 2009). This work indicated a role for H3K27me3 in repressing expression of 
genes associated with differentiation, allowing cells to maintain pluripotency during 
development. The authors suggested that in cloned embryos, decreased H3K27me3 
levels resulted in faulty expression of such genes, resulting in arrest of development 
(Zhang et  al. 2009). Several other histone PTMs levels, such as H3K9me3 and 
H3K4me3, are also abnormal in SCNT embryos as compared to in vivo produced 
embryos. Remarkably, the degree of reprogramming of these levels correlates with 
the developmental potential of these clones into adult offspring (Maalouf et  al. 
2009; Kallingappa et al. 2016).

Similarly, DNA methylation reprogramming has been shown to be critical for the 
success of SCNT (Beaujean et al. 2004). DNA methylation is usually associated with 
repression of gene expression and is found at higher levels in somatic cells than in 
embryos. Successful nuclear reprogramming involves genome wide removal of DNA 
methylation, profiles with observations suggesting that demethylation is necessary 
for gene expression after reprogramming (Simonsson and Gurdon 2004). Persistent 
cytosine methylation after nuclear transfer has been suggested as a factor contribut-
ing to the low efficiency of cloning and to the high incidence of abnormalities 
observed in cloned animals (Kang et  al. 2001). Indeed, several studies in cloned 
embryos suggest that most cloned animals do not develop because of hypermethyl-
ation changes in their genome, both at a gene-specific level but also genome-wide. 
This retention of 5mC is thought to be responsible for the so-called persistent cellular 
memory after SCNT. Genome-wide methylation analyses of cloned mouse embryos 
revealed that the DNA demethylation process normally observed after fertilization 
also occurs after SCNT. However, this demethylation was less drastic, and the result-
ing DNA methylation profile was more similar to the donor fibroblast one than to a 
fertilized embryo. This aberrant demethylation is concomitant with aberrant nuclear 
reorganization of the heterochromatin that forms somatic-like clusters usually not 
observed after fertilization (Fig. 3.6). In ovine, bovine and mouse, a clear correlation 
was found between the efficiency of nuclear heterochromatin reorganization and the 
percentage of SCNT embryos surviving the first embryonic cleavages, up to embry-
onic genome activation (Beaujean et al. 2004; Zink et al. 2006).

Importantly, the kinetics of DNA demethylation/remethylation in SCNT cloned 
embryos clearly differs from that in fertilized embryos, leading to an awkward situ-
ation at the blastocyst stage. Indeed, most SCNT blastocysts do not present the typi-
cal asymmetry of DNA methylation between ICM and trophectoderm cells 
(Beaujean et al. 2004). In fact, most SCNT-derived blastocysts present a hypermeth-
ylation of the trophectoderm cells that might potentially be associated with develop-
mental abnormalities in cloned foetus. This hypothesis is particularly sustained by 
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the high frequency of the large offspring syndrome after SCNT. It has indeed been 
confirmed that several imprinted regions of the genome, which should remain meth-
ylated, are in fact demethylated after SCNT (Niemann 2016). Several researchers 
have produced data on SCNT cloned foetuses or offspring showing that the aberrant 
phenotypes described after SCNT bear strong similarities to abnormalities associ-
ated with deletion/mutations in imprinted regions. Aberrant proper expression of 
genes such as IGF2 gene and other members of this gene family (IGF2R and H19) 
is critical for normal embryonic and foetal development (Young et al. 2001). The 
maintenance of such high DNA methylation levels in SCNT embryos has been 
related to the presence of the somatic form of the DNA methyltransferase brought 
by the somatic donor cell that probably interferes with the genome-wide demethyl-
ation process that normally takes place after fertilization. Similarly, the NDN (nec-
din; paternally expressed) and XIST (paternally expressed) imprinted genes were 

SCNT
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SCNT + scriptaid

Fig. 3.6  H3K9me3 immunofluorescent detection in mouse SCNT embryos at the 1-cell stage. 
The upper panel corresponds to a single focal plan through the nucleus and the lower panel to the 
3D-reconstructions obtained from the confocal scanning that was performed through the nucleus. 
Clusters of heterochromatin usually not observed after fertilization actually accumulated at the 
periphery (arrow) in the nucleus of cloned embryos. However, treatment of the embryos just after 
nuclear transfer with an HDAC inhibitor (Scriptaid) improves the reprogramming of H3K9me3, 
and the density as well as the number of heterochromatin clusters clearly decreases. This improve-
ment is correlated with an improved development to term (Maalouf et al. 2009)
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found to be aberrantly expressed in cloned bovine embryos (compared to fertilized 
ones), and this aberrant expression was at least partially associated with histone 
aberrant H4K5 acetylation (Wee et al. 2006).

Because these abnormal gene expression profiles observed during preimplanta-
tion development often persist throughout foetal development up to birth in some 
cases (Koike et al. 2016), it suggests that very early epigenetic modifications can 
have very late impact and that preimplantation development is a very sensitive 
period in this regard.

3.7	 �Use of Epigenetic Inhibitors to Improve SCNT

As epigenetic reprogramming clearly plays a key role in the development of SCNT-
derived embryos, many researchers have chosen to use HDAC inhibitors (HDACi)—
such as TSA—to correct epigenetic errors and improve cloning efficiency (Ogura 
et al. 2013). They examined the efficiency of SCNT with TSA treatments, demon-
strating that TSA enhances the pool of acetylated histones in SCNT embryos as well 
as DNA demethylation. They also reported that the optimal concentration of TSA to 
obtain development to the blastocyst stage was 5–50  nM for a few hours after 
nuclear transfer, during the first embryonic cycle (usually 6–10 h post-activation). 
Toxicity was shown at 500 nM and when the treatment was extended for more than 
10 h. One study using TSA demonstrated that this inhibitor can assist with repro-
gramming of Oct4, a major factor for pluripotency maintenance: while SCNT 
embryos often showed aberrant expression of this gene in the trophectoderm cells 
of mouse blastocysts, TSA treatment helped embryos to express Oct4 in the correct 
number cells during development (Hai et al. 2011). The nuclear reorganization of 
heterochromatin was also clearly improved in SCNT embryos treated with HDAC 
inhibitors (Fig. 3.6) (Maalouf et al. 2009).

In most species studied so far, it has been shown that histone acetylation can be 
enhanced by TSA and other HDACi (e.g., scriptaid, valproic acid (VPA)), even in 
inter-species (porcine-bovine) cloned embryos (Opiela et al. 2017). They have now 
been demonstrated to play a similar beneficial role on cloned embryo development, 
albeight with different efficiencies and outcomes (Ono et al. 2010). It was demon-
strated that scriptaid can indeed increase transcriptional activity in SCNT embryos 
but could not support full-term development of inbred cloned embryos in contrast to 
TSA. It also appears that SAHA (suberoylanilide hydroxamic acid) and oxamfla-
tin—but not valproic acid—could reduce apoptosis in SCNT-derived blastocysts 
and thus improve full-term development of the clones. Since valproic acid inhibits 
HDAC classes I and IIa and the rest of HDACi’s act on HDAC classes IIa/b, this 
suggests that the inhibition of HDAC class IIb is an important step for reprogram-
ming mouse cloning efficiency. Analyses performed on imprinted genes also showed 
improved reprogramming after HDACi treatments: in the porcine SCNT protocols, 
scriptaid treatment of the donor cells rescued disrupted methylation at H19 imprinted 
region after SCNT and oxamflatin treatment improved the DNA methylation profile 
at the imprinted XIST locus that lead to higher in vitro developmental rates and 
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offspring rates (Xu et al. 2013; Hou et al. 2014). Similar results were obtained on 
developmental key genes Oct4, Nanog and Sox2 (Huan et al. 2015a, b; Jin et al. 
2017; Sun et al. 2017).

Other histone PTMs abnormal levels have also been targeted: removal of 
H3K9me3 by overexpression of the lysine demethylase Kdm4d has been proven to 
restore transcriptional reprogramming in mouse cloned embryos and to efficiently 
improve blastocysts rates both in mouse and human cloning experiments (Matoba 
et  al. 2014; Chung et  al. 2015). Similarly, treatment with a DOT1L inhibitor to 
reduce H3K79 methylation improved cloning efficiency in pig (Tao et al. 2017), and 
overexpression of USP21 in cloned mouse embryos improved their transcriptional 
reprogramming (Jullien et al. 2017). Combinations of several approaches are now 
being explored. Recently, the very first SCNT monkeys were obtained by a com-
bined treatment with TSA and Kdm4D overexpression (Liu et al. 2018).

Strategies directing DNA methylation have also been reported. In the mouse and 
pig, the removal of DNA methylation in donor cells by knockout of the DNMT3l or 
Dnmt1s genes, respectively, was associated with significant changes of the epigen-
etic profile of the cloned embryos and significant improvements of the SCNT pro-
cess with regard to blastocyst rates, indicating that modulation of DNMTs activity 
could indeed be beneficial (Liao et al. 2015; Song et al. 2017). Similarly, helping the 
cloned embryos to remove DNA methylation by overexpression of the AID 
(activation-induced cytidine deaminase, one of the demethylation mechanism) sig-
nificantly improves the cleavage and blastocyst rates in the bovine (Ao et al. 2016).

These findings provide clues towards more efficient cloning protocols by modu-
lating epigenetic reprogramming. However, it remains to be shown whether this 
yields to more healthy live cloned offspring as only few studies have been per-
formed so far on this subject.

3.8	 �Stem Cells Derivation

Embryonic stem (ES) cells can be derived from the ICM of mammalian blastocysts. 
They are pluripotent and have the ability to differentiate into cells of all three germ 
layers—mesoderm, endoderm and ectoderm (Rossant 2008). All specialized cells 
are derived from one of these three germ layers, which implies that pluripotent cells 
can differentiate into any type of cell in the body. ES cells also have a high capacity 
for renewal and can be expanded indefinitely in culture. These properties have led 
to expectations that ES cells could be useful for research into understanding disease 
mechanisms, screening for safe and effective drugs and treating diseases and inju-
ries. Pluripotent cells have indeed the potential to be cultured and differentiated in 
the lab to make specialized cell types that could be used to replace damaged cells 
and tissues in the organisms. However, ES cells production is limited by embryo 
availability.

On the other hand, induced pluripotent stem (iPS) cells are somatic cells that can 
be reprogrammed to a pluripotent state by overexpressing certain transcription fac-
tors (initially Oct4, Sox2, Myc and Klf4) (Takahashi and Yamanaka 2006). They are 
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able to function similarly to ES cells and are more readily available for use in 
research and therapeutics than ES cells. When mouse iPS cells are transplanted into 
blastocysts, they are able to give rise to adult chimaeras, which are competent for 
germline transmission. This has introduced the opportunity to develop custom-
made cells in order to study and treat many diseases.

Animal stem cells play an important role as a research model in testing research 
theories before human clinical trials and clinical use. Animal pluripotent stem 
cells could also serve for agricultural purposes: such stem cells could be used for 
genetic engineering to generate livestock with superior genes that are important 
for economic and disease-resistant traits; they could also be used for studying 
functional genomics in those mammals. As a result, monkey, bovine, pig, sheep, 
goat, horse and rabbit iPS cells have been successfully established although there 
is a lack of research on stem cells from farm animals (Nowak-Imialek and 
Niemann 2012; Ogorevc et  al. 2016). However, those non-human/non-murine 
stem cells are often unable to colonize embryos after injection into blastocysts; 
they do not show all the attributes of pluripotent stem cells and lacked some of the 
key features of pluripotency compared to mouse stem cells. Consequently, it has 
been proposed that most of these stem cells are not in a “naïve” pluripotency sta-
tus like in mouse ES cells but rather in a more “primed” status with less flexibility 
(Piedrahita and Olby 2010).

Studies have shown that mouse iPS cells have a higher ratio of euchromatin to 
heterochromatin when compared to differentiated cells such as somatic cells 
(Mattout et al. 2011). This is similarly seen in ES cells, which display an even more 
opened and hyperdynamic chromatin structure in comparison to somatic cells. 
These characteristics resemble the ones observed in vivo in the ICM of mouse blas-
tocysts, which are the source of ES cells (Ahmed et al. 2010). It has been hypothe-
sized that an open chromatin structure allows rapid switching of transcriptional 
programmes when differentiation is induced (Meshorer and Misteli 2006). As these 
stem cells have the ability to differentiate into many different cells, a broad spec-
trum of differentiation opportunities is indeed necessary. In agreement with this 
hypothesis, the ES cell genome is transcriptionally globally hyperactive, a hallmark 
that seems to be characteristic of ES cell pluripotency and contributes to their plas-
ticity. On the other hand, it has been proposed that reduction of pluripotency poten-
tial in primed pluripotent cells correlates with a reduction of the actively transcribed 
portion of the genome and that, similarly to the situation observed after SCNT, 
abnormal reprogramming of DNA and histones involved in the removal of the origi-
nal somatic cell epigenetic landscape (Savatier et al. 2017).

DNA demethylation and cytosine hydroxymethylation appeared to be key ele-
ments in the reactivation of pluripotency genes in mice stem cells as they are hyper-
methylated and silenced in somatic cells (Mikkelsen et al. 2008). Indeed, the TET 
family of enzymes, which promote the conversion of 5mC to 5hmC, are highly 
expressed in embryonic stem cells (Tahiliani et al. 2009; Ito et al. 2010). Moreover, 
DNA methylation deficient ESCs are unable to differentiate (Jackson et al. 2004). In 
humans, it has been shown that DNA methylation patterns in iPS and ES cells were 
similar but exhibited different methylated regions in which 55% of methylated 
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regions in iPS cells are not found in the somatic cell of origin or in ES cells. Finally, 
it has been found that iPS cells retain a methylation signature of their tissue of origin 
(Kim et al. 2010). Histone PTMs also seem involved: histone acetylation (particu-
larly H3K9ac) is increased in undifferentiated human ES cells (Krejcí et al. 2009), 
and H3K9me3/H3K27me3 was shown to increase from 4% in ES cells to 12–16% 
coverage in differentiated cells (Hawkins et al. 2010). Moreover, H3K9me is associ-
ated with Oct4 inactivation suggesting that this mark could indeed act as a barrier 
for reprogramming (Feldman et al. 2006). Those observations have been confirmed 
by genome-wide analysis of H3K9ac, H3K27me3 and H4K3me3 (ChIP-sequencing 
technology) (Bernstein et al. 2006; Azuara et al. 2006). In rabbbits, clear histone 
PTMS/DNA methylation differences can be observed between highly “primed” iPS 
cells and more “naïve” ones (Tapponnier et al. 2017).

There have been studies conducted on iPS cells that focus on particular chroma-
tin treatments in order to decondense and open the chromatin, similar to the chro-
matin structure of ES cells. Treatment with agents that promote chromatin 
decondensation has been shown to increase the efficiency of iPS cell generation 
(Szablowska-Gadomska et al. 2012). It was shown that even at low doses, the his-
tone deacetylase inhibitor TSA was able to stabilize expression of pluripotent genes. 
Similarly, VPA was found to stabilize histone acetylation and the expression of plu-
ripotent gene in bovine iPS cells (Mahapatra et al. 2015). It was also shown that the 
use of such chemicals to increase reprogramming efficiency could also replace one 
or more of the key factors found to induce reprogramming (Ma et al. 2017). Removal 
of the barrier imposed by H3K9me also leads to better reprogrammed iPS cells 
(Chen et al. 2013; Wei et al. 2017). Interestingly, studies decreasing H3K9me2 via 
inhibition of the histone methyltransferase G9a can replace Oct4 during pluripo-
tency induction (Shi et al. 2008). Similarly, studies have shown that it is possible to 
decrease the retention of DNA methylation and increase pluripotency using 
chromatin-modifying compounds (Kim et al. 2010).

3.9	 �Conclusions and Perspectives

Epigenetic reprogramming naturally occurs in gametes and embryos and is essential 
criteria for undisturbed development. However, during this vulnerable time window 
of the lifespan, environmentally induced epigenetic defects may occur, some of 
which may have long-term effects leading to subsequent changes in gene expres-
sion. In this chapter, several stress factors leading to such defects in animal biotech-
nologies have been mentioned, but other factors such as environmental exposures to 
toxic compounds, nutrients or infectious agents may also interfere and should be 
taken into account (Doherty et al. 2014).

Some of these phenotypic modifications can be seen during preimplantation 
development but also during gestation, at birth or shortly after, or even during adult 
life. This concept called DOHaD (Developmental Origin of Health and Diseases) 
has attracted much attention recently, and numerous reviews can be found in the 
literature (Dupont et  al. 2012; Lucas and Watkins 2017). Finally, it should be 
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remembered that many studies have shown that such environmental changes alter 
epigenetic modification not only in the animals studied but also in the descendants 
as epigenetics can be passed from one generation to the next (Jammes et al. 2011; 
Feil and Fraga 2011; Feeney et al. 2014).
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4Current Status of Genomic Maps: 
Genomic Selection/GBV in Livestock

Agustin Blasco and R. N. Pena

Abstract
Our understanding on how the genome is structured has improved substantially 
since the human genome was first sequenced in 2001. The sequencing of livestock 
and other model animals, in addition to other organisms, has also helped to iden-
tify common genomic patterns and features, which can now be summarised in 
genome maps. The annotation of sequence variation in the livestock genomes has 
opened up the possibility of using its genomic information for improving the 
prediction accuracy of its genetic merit. This chapter will give a general view on 
the main features annotated to the livestock genomes and outline the application 
of molecular information in the prediction of the genetic breeding value of the 
animals. The advantages and limitations of implementing this methodology in 
distinct production systems are also discussed.

4.1	 �The Evolution of Genetic Maps

Before the sequence of the genome was available for most livestock and model 
animals, researchers used genetic maps to orderly map genes and markers in the 
genome. A genetic map is simply a representation of the distribution of genes and 
other genetic features within the genome of one species. Specific techniques were 
developed to respond to questions such as in which chromosome a certain gene (or 
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marker) is mapped, or which were its closest genes/markers, or even in which par-
ticular order a small number of loci were mapped in a given chromosome. Thus, 
three distinct types of genetic maps—cytogenetic, linkage and physical—were 
developed to answer the questions above complementary (Fig. 4.1). Silver (1995) 
includes an excellent revision on genetic maps. A brief summary is presented here.

Cytogenetic maps relied on the hybridisation of a fluorescently labelled gene-
specific probe (a synthetic DNA fragment) to its target gene in condensed whole-
chromosome preparations (such as in karyotypes). The resolution of this type of 
mapping was low, but it allowed mapping a limited number of genes to the telomeric, 
centromeric or short (named ‘p’) or long (named ‘q’) arms of chromosomes. 
Complementary to these efforts, other researchers developed linkage maps, which 
were based on the frequency of recombination between two or more heterozygous 
loci (markers or genes) over generations. Loci that are close together in the same 
chromosome tend to be inherited together more often than loci that are apart. Linkage 
maps are generated by counting the number of offspring that receive either parental 
or recombinant allele combinations from a heterozygous parent. The frequency of 
recombination between two loci is directly related to the distance between them, 
measured in centiMorgans (1 cM equals a crossover rate of 1%). This measure of the 
linkage disequilibrium between loci allowed establishing their relative order and dis-
tance, a critical information in the pre-genomic era. Finally, the physical maps anal-
ysed the genomic DNA directly, usually by subcloning large DNA fragments into 
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DNA vectors such as BACs (bacteria artificial chromosomes) or YACs (yeast artifi-
cial chromosomes), which could be easily propagated in the lab using standard 
microbiology methods. These DNA fragments were usually generated by restricting 
targeted fractions of chromosomal DNA with several restriction enzymes to obtain 
overlapping fragments. By comparing the structure of these fragments, the relative 
position of each gene and their upstream and downstream flanking sequences could 
be identified. At its highest resolution, a physical map will give us the full sequence 
of the whole genome. Consequently, physical maps are measured in base pairs (bp) 
or its derived units (kbp, Mbp, Gbp). Nowadays, the genome of the main livestock 
species (chicken, cow, sheep, pig, horse and rabbit) has been sequenced, and efforts 
are being made to update and improve the information annotated to them. A sum-
mary and comparison of this information are given in the following sections.

4.2	 �Current State of the Livestock Genomes

While the first draft of the human genome sequence was delivered in 2001, we had 
to wait a number of years for the first sequence of the cow (2004), chicken (2005), 
horse (2007), pig (2010), rabbit (2014) and sheep (2014) genomes. Although whole 
genomes can be sequenced by different methods, in practice all of them result in a 
pool of millions of short (75–150 bp) or long (>500 bp) sequence reads. The first 
hurdle in describing a genome is to identify and assemble overlapping sequences 
into larger fragments (called contigs) to eventually reconstitute the sequence of 
whole chromosomes. For this, new bioinformatic programmes able to deal with 
these massive data had to be developed and implemented. In all species, the first 
genome drafts had a large number of gaps rendering incomplete chromosomes. 
However, these have progressively been filled in as newer versions were released. 
The exception is the chicken genome, which is structured in 38 autosomes, many of 
which are relatively small and uniform in size, often termed microchromosomes. 
Several properties (e.g. %GC content, gene and repeat density) contribute to the fact 
that some of them are not yet assembled (or only partially) even in the latest version 
of the genome (Warren et al. 2017). In this species, linkage groups estimated from 
linkage maps are still of use to study genes located in these missing regions.

The most updated version of farm animal genomes is available at www.ensembl.
org. The importance of these updated versions is double: first, it is a precious mate-
rial for researchers to study the structure of the genome and to investigate genes 
related to production traits or disease. They also provide a scaffold to assemble new 
whole-genome sequencing (WGS) data from other animals of the same species in a 
much faster and accurate way. As the costs of WGS have become more affordable, 
it is now feasible to describe genetic variability in a population by sequencing key 
genetic contributors. Sound scaffolds are critical to identify, map and compare 
sequence variants across these individuals.

As a result of the genome sequencing projects, we have been able to measure the 
total size of the genome, which is specific to each species. In the five farm animals 
analysed here, it ranges from 1.2 Gbp in chicken to 2.7 Gbp in rabbit (Table 4.1). As 
a reference, the human genome is slightly longer (3.1 Gbp), but the longest genome 
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so far sequenced is the loblolly pine tree (Pinus taeda) which spans 23.2 Gbp (Neale 
et al. 2014). As we will see below, there is no linear correlation between the size of 
a genome and the number of genes it contains.

4.3	 �Gene Annotation in the Livestock Genomes

Once the sequence is established, the next step in order to build a genomic map is to 
annotate the genetic elements underlying each genome. This annotation step is con-
stantly evolving as new elements are still being discovered. The first features to be 
mapped to the genomes were the protein-coding genes. By doing so, researchers 
realised that animal genomes were, at once, simpler and more complex than 
expected. Humans, farm animals, mice and simpler animals such as the earthworm 
Caenorhabditis elegans have all approximately the same number of genes, around 
20,000 (Fig. 4.2 and Table 4.1). This number of genes seemed too low to explain the 
complexity of larger mammals. Moreover, the coding sequences only spanned a 
very small percentage of the total genomic sequence of farm animals, about 1.5–
2%. This means 98% of the genome does not encode for proteins, the ultimate effec-
tors of cellular functions. About a quarter of this non-coding (nc) DNA are intron 
sequences, that is, gene sequences that are transcribed by the RNA polymerases but 
that are spliced out of the mature mRNA by the spliceosome. Half of the 70% 
remaining genomic DNA contains repetitive DNA elements such as micro-/minisat-
ellites or transposon-derived sequences (LINEs, SINEs, Alu, LTRs, etc.).

Strikingly, the proportion of ncDNA in the genome, unlike the total number of 
protein-coding genes, increases in parallel with evolutionary complexity (Fig. 4.2). 
Thus, in simple organisms such as prokaryotes or yeasts, 70–85% of the genome 
encodes proteins, while in invertebrates (earthworm, fruitful), this figure drops to 
20–25% and reaches the overwhelming 1.5–2% value in humans and farm animals. 
The presence of ncDNA has been explained by several mechanisms. Initially, all 
this additional ncDNA of unknown (and unpredictable) function was thought to be 
an evolutionary artefact, a carry-over of non-functional (and non-damaging) DNA 
that had accumulated over evolution without adding any specific advantage to the 
species. Moreover, although there was a degree of sequence conservation in the 
protein-coding DNA, sequences were much more divergent in ncDNA, reinforcing 
the hypothesis of lack of function. In consequence, the ncDNA was often called 
‘junk DNA’ to designate its lack of purpose. However, as it became more and more 
obvious that the number of protein-coding genes was not the main drive of biologi-
cal evolution, the attention was turned into ncDNA.

In this context, the ENCODE project was set up to annotate functional elements 
in the genome of humans and model organisms. The consortia of research groups 
participating in this initiative designed two types of experiments: one group aiming 
at identifying DNA that was being transcribed into RNA and another group target-
ing chemical labels in the chromatin (epigenome). One of the first results reported 
by the ENCODE consortia was that more than 80% of the genome was being tran-
scribed into RNA. This phenomenon was called pervasive transcription to express 
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the permanent state of transcription of most of the genome (Libri 2015). As protein-
coding genes only span 25% of the genome (adding exons and introns together), 
that means most of the transcribed RNA was in fact non-coding RNA (ncRNA) 
molecules. Thus, a new category of non-coding genes was defined (Table  4.1), 
which, like coding genes, are also organised in exons and introns and have regula-
tory elements that control expression.

Currently, the annotation of protein-coding genes is almost complete in most 
animal genomes. The exception is again the chicken genome, where 360 genes are 
still missing in the current annotation, which most likely map to unassembled 
microchromosomes (Warren et al. 2017). In contrast, the mapping of nc-genes is 
still at its initial stages, particularly in farm animals. As a reference, in humans there 
are similar numbers of protein-coding and non-coding genes, indicating that anno-
tation in farm animals is probably underestimated (Table 4.1). Based on the length 
of the transcripts, ncRNAs can be classified into small ncRNAs (usually <200 nt-
long) and long ncRNA (>200 nt-long) molecules. Small ncRNA can be divided into 
further categories (Wright 2014), although probably the best characterised are the 
family of microRNA (miRNA) genes. These represent a group of genes that, once 
transcribed and processed, generate short structures of double-stranded (ds) RNA, 
usually ~21 nt-long. About 80% of miRNA genes map to intronic DNA, usually in 
polycistronic clusters from which up to ten miRNAs are co-expressed (Hausser and 
Zavolan 2014). This has facilitated their mapping, and they are probably the best 
annotated class of nc-genes in the farm animal genomes. miRNA are strong regula-
tors of the translation rate of protein-coding mRNAs. By binding usually to the 3′ 
untranslated regions (3′UTR) of the mRNA, the miRNA are able to put the 
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translation of that miRNA on hold. This represents an additional layer of regulation 
of the expression of protein-coding genes, from DNA to proteins. On the other 
hand, long intergenic ncRNA (lincRNA) represents a new class of ncRNA that has 
brought much excitement, even though few data are yet available for most of them. 
In general, these genes are transcribed at very low levels (about 100- to 1000-fold 
lower than the average protein-coding gene) from >60% of the genome. Most lin-
cRNA genes are active only in some cell types or at certain developmental stages 
and are thought to be one of the key organisers of development and probably a main 
evolutionary drive (Hangauer et al. 2013).

The third type of genes mapped to the genomes is pseudogenes (Table  4.1). 
These represent ‘dead genes’, relics from former protein-coding genes, usually gen-
erated by gene duplication, that have been inactivated in the course of evolution 
through accumulation of mutations. The gene graveyard is extensive in the human 
and cow genome (14,638 and 26,740 pseudogenes, respectively) but is probably 
underrepresented in chicken, pig, sheep and horse. It is not unusual for a pseudo-
genes to be transcribed into mRNA, but they very rarely get translated into proteins, 
due to unstable messengers or to accumulation of premature STOP codons (Xu and 
Zhang 2016).

Altogether, protein-coding genes, non-coding genes and pseudogenes generate a 
large number of transcripts (around 20,000–50,000  in farm animals but close to 
200,000 in humans). The tenfold higher number of transcripts in humans is explained 
mainly by alternative splicing of exons and introns, which takes place in ~94% of 
the human (protein-coding and non-coding) genes. This is a process that also takes 
place in the animal transcripts but to a lower extent (for instance, if has been esti-
mated to affect 21% of cow genes). Current genomic maps also include information 
on alternative transcripts and predicted proteins generated by each gene. Beyond 
question, this is a major source of functional variation that can explain the larger 
biological complexity of livestock animals and certainly that of humans.

4.4	 �Annotation of Regulatory Elements

The second set of experiments carried out in the frame of the ENCODE project had 
the aim to identify the regulatory elements of the genome, that is, stretches of genomic 
DNA that regulate (activate/inactivate) the expression of genes. The two main types of 
regulatory elements are promoters and enhancers (Fig.  4.3). Promoters are DNA 
sequences around the transcription start site of a gene where the proteins of the tran-
scription machinery assemble. The transcription complex represents a runway for the 
RNA polymerase II to land and start transcription. Enhancers, on the other hand, are 
usually located remotely from gene promoters. They physically interact with promot-
ers stabilising or disassembling the transcription complex. Enhancers are essential for 
the correct spatio-temporal activation of gene expression (Andersson 2015). For 
instance, an enhancer may act to increase the transcription of a gene with a possibly 
weak promoter or may provide essential, additional information not encoded in the 
gene promoter itself. Enhancer function is highly specific to cell type and state 
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compared to protein-coding genes. Hence, a gene may be regulated by different 
enhancers in different cell types, at different developmental stages and in response to 
different signals. Enhancers can be hundreds of kbp away from the regulated genes, 
and it is not unusual to find several (untargeted) genes between them (Fig. 4.4). Hence, 
to put enhancers proximal to the correct target gene promoters in three-dimensional 
space, the DNA must be structured into chromatin loops (Fig. 4.5). A current hype is 
the elaboration of 3D dynamic genomic maps of how these loops evolve during cel-
lular differentiation according to the required change in gene expression.

These functional elements are currently being annotated to the livestock genomes 
thanks to the efforts of the FAANG (Functional Annotation of the Animal Genomes) 
initiative. Annotations are much more advanced in humans and model animals. As a 
reference, there are 70,292 promoters and 399,124 enhancers in the human genome 
(ENCODE Project Consortium 2012), and about half of each are active in any given 
cell (Won et al. 2013). Regulatory elements are difficult to identify by computational 
analysis of the genome sequence as in general they lack evolutionary constraint, 
which means their sequence is not conserved across species despite having the same 
function. A combination of wet-lab techniques is needed to position epigenetic labels 
that are characteristic of silent, poised or active regulatory elements (ENCODE 
Project Consortium 2012). A second common feature of promoters and enhancers is 
that they are bidirectionally transcribed; that is, RNA is synthesised from both strands 
flanking the element, producing relatively short non-polyadenylated enhancer RNAs 
(eRNAs). Synthesis of eRNA is essential for full enhancer functionality. This explains 
a large part of the non-coding RNA pervasively transcribed in the genome and indi-
cates there is an extensive overlap between transcription and regulation. Overall, the 
results from the ENCODE project claim a shift from the gene-centric vision of the 
genome to a more dynamic and holistic interpretation of genomic function.

Enh1 Enh2Pr1 Gene1 Gene2 Gene3

Non-coding RNA

Protein4Protein2Protein1

Gene4Pr2 Pr3 Pr4

Fig. 4.3  Spatial relationship between enhancers (Enh), promoters (Pr) and genes. Promoter ele-
ments are positioned close to the transcriptional start site of both protein-coding and non-coding 
genes. Both types of genes are transcribed into RNA, but only the protein-encoding genes are 
translated into proteins. Enhancers can be located upstream, downstream and even inside the genes 
they are regulating
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Fig. 4.4  Enhancers (Enh) regulate gene expression by interacting with gene promoters (Pr), 
which might be several genes away from the enhancer site. To bring enhancers and promoters 
together, genomic DNA needs to bend in a 3D loop. Enhancers can activate or silence transcription 
depending on the gene, the tissue and the stage of development. Enhancer engagement and dis-
placement are very dynamic events as they regulate more than one gene at a time
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Fig. 4.5  Three-dimensional chromatin looping is necessary for the correct regulation of gene 
expression by distal enhancers. On the left, the enhancer (dark block) interacts only with the pro-
moter (triangle) of gene 3. In order to regulate the expression of gene 1, a different loop needs to 
be formed (right). This is a dynamic process that can change rapidly in response to cellular 
signals
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4.5	 �Mapping the Genomic Sequence Variation

Another objective of the genome annotation initiatives has been to catalogue the 
new mutations described in each genome and to map them in the genomic context. 
For simplification, in the annotated genomes, mutations are classified as either short 
variants or structural variants. Short variants include single nucleotide polymor-
phisms (SNPs) and insertion/deletions (indels) of short nucleotide runs. By large, 
most short variants have two possible versions, called alleles. For instance, for a 
given SNP, an adenine can change into a guanidine, so A and G constitute the two 
alternative alleles. The data to annotate these variants come from specialised data-
bases such as the dbSNP (www.ncbi.nlm.nih.gov/snp) and from sequencing centres 
(e.g. the Broad Institute). Short variants are very common. Taking figures in 
Table 4.1, it is estimated that in farm animals there is one short variant per 30–50 bp 
(even more frequent in humans; 1 in 15 bp). However, although the amount of intra-
species sequence variation is disturbingly high, the numbers are expected to be 
much lower within a given breed or commercial line. In genomic maps, short vari-
ants are annotated over other genomic features such as genes. For variants overlap-
ping protein-coding genes, an estimation of the effects on the final protein is also 
calculated and annotated on the map. Protein structure predictor programmes such 
as SWIFT (www.bioinfo.org.cn/swift) are routinely used for this purpose. Under 
structural variants, repetitions in larger regions of DNA, of at least 1 kb in size, are 
gathered. It can include inversions, balanced translocations or genomic imbalances 
(insertions and deletions), commonly referred to as copy number variants (CNVs). 
This is an area of uneven annotation across the genomes, with total numbers ranging 
from ~200,000 in horse and pig to none in the chicken genome. The number of pos-
sible alleles per structural variants is more variable and can go from complete dele-
tion (zero copies) up to three to four copies of the fragment.

Variation data, particularly SNP information, have been used to build for each 
species dense panels of markers evenly distributed across the genome. Novel bio-
technological tools have been developed to genotype these panels. Currently, two 
companies lead the market of genotyping platforms for livestock animals. They 
provide a range of SNP-based arrays (also known as SNP-chips) to genotype at vari-
able densities (Table 4.2). These chips are currently used to improve the accuracy of 
predictions of breeding values in several species, as we will see in the following 
sections.

4.6	 �Genomic Selection

The use of genetic markers to improve the efficiency of current selection pro-
grammes was proposed 40 years ago by Moses Soller (1978). At that time, few 
markers were available, and the expectation was to find some gene with a substan-
tial effect linked to the marker and increase its frequency in the population. 
Unfortunately, most production traits in livestock species are determined by a large 
number of genes with small effect, and consequently the method was inefficient. 
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Table 4.2  Summary of the commercial high-density genotyping chips currently available for the 
main livestock species

Species Chip name No. of SNPs

Average 
interval 
between 
SNPs (kb)

Average 
MAF across 
tested 
populations Supplier

Chicken Axiom Chicken 
array

580,961 Affymetrix

Cattle BovineSNP50 54,001 50.6 0.26 Illumina
BovineHD 777,000 3.43 0.25 Illumina
BovineLDv2 7931 383 0.31 Illumina
Bovine3Ka 2900 Illumina
Axiom BOS1 array 648,855 Affymetrix

Horse Axiom Equine 
Array

650,000 Affymetrix

Pig PorcineSNP60 64,232 43.4 0.28 Illumina
GGP Porcine HD >65,000 43.0 GeneSeek
Axiom Porcine 
650K

658.692 3.34 0.32 Affymetrix

Sheep OvineSNP50 54,241 50.9 0.28 Illumina
OvineHD 603,350 5 0.30 Illumina

Rabbit Axiom OricunSNP 200,000 15–20 0.20 Affymetrix
aSubset of SNP50 panel for prediction of milk yield, protein % and fertility

When QTL detection started in the 1990s and it was feasible to use more markers, 
it seemed that alleles of medium effect could increase their frequencies by marker-
assisted selection, and higher responses to selection could be obtained (Lande and 
Thompson 1990). However, as Blasco (2008) noticed, there was a notorious dis-
crepancy between simulation results, relatively optimistic, and practical application 
of marker-assisted selection, which gave deceptively small improvements. The 
problem was, as Smith and Smith (1993) stressed, the lack of enough markers to 
cover the whole genome and capture the signals of genes with small effect on the 
traits. When the genome sequences of livestock species were published, first in 
2004  in cattle and later in the other species, chips with a large amount of SNPs 
became available at an affordable cost, and its use in selection programmes was 
examined. The first chips of 10,000 SNPs were not well distributed along the 
genome and were not efficient, but in December 2007 a well-distributed 57,000 
SNPs chip was for the first time commercialised. In 2008 the first genetic evalua-
tions for dairy cattle using genomics started in several countries, and in 2009, the 
USDA published the first official dairy cattle genomic evaluations. The impact in 
dairy cattle selection programmes was dramatic, doubling the rate of improvement 
of total genetic merit (Wiggans et al. 2017); thus the use of genomic selection was 
rapidly investigated for the other livestock species. Dairy cattle has some special 
characteristics that permit an efficient use of genomic selection, as we will see later, 
but the use of genomic selection in other species is not as straightforward (Blasco 
and Toro 2014; Jonas and de Koning 2015). Nevertheless, genomic selection can 
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contribute to the efficiency of current selection programmes, if the strategies of 
implementation are carefully studied and the cost of genotyping is low enough. It 
seems that very high-density SNP chips do not lead to a much higher accuracy of 
prediction; for example, Van Raden et al. (2011) obtained a gain in accuracy of only 
1.6% when using 500,000 markers instead of 50,000. Even SNP chips of 3000 
markers, using imputation techniques that we will comment later, give good results 
(Berry and Kearney 2011, in cattle; Cleveland and Hickey 2013, in pigs), which 
permits examining scenarios less favourable than the dairy cattle one.

4.7	 �Predicting Breeding Values with Genomic Selection

The methods for predicting breeding values with genomic selection were developed 
in a seminal paper by Meuwissen et al. (2001) before we had access to the SNP 
chips. Predicting breeding values has two steps. First, we collect data form a set of 
animals, for example, 4000 animals, the ‘reference population’, and genotype all of 
them with a high-density chip with, for example, 50,000 SNPs. Now we need to 
prepare the prediction equation. To do this, we generate one variable ziper SNP hav-
ing an arbitrary value indicating whether the SNP ‘i’ is ‘homozygous’ for one base, 
‘heterozygous’ (i.e. has different bases) or ‘homozygous’ for the other base. Calling 
‘M’ and ‘m’ the two positions of the bases of one SNP, we have for each SNP.

SNPi MiMi Mimi mimi

zi 1 0 −1

The values 1, 0 and −1 are arbitrary and can be substituted by other values (e.g. 
2, 1, 0). The coding is additive; it is related to the number of copies of one reference 
allele, ‘M’ in this example. The use of capital letter ‘M’ does not mean that we are 
considering dominance effects, although models that are more complex can include 
this possibility (Vitezica et al. 2016). We will consider in this simple example that 
the data are pre-corrected to make the formula simpler. The regression equation is

	
y a a z a z a z a z e= + + + + + +0 1 1 2 2 3 3 50 000 50 000 , , 	

where a1, a2, a3⋯a50, 000 are the coefficients of regression and z1, z2, z3⋯z50, 000 are the 
variables associated to each SNP. The genetic value of the animal is

	
a a z a z a z a z= + + + +1 1 2 2 3 3 50 000 50 000 , , 	

(we can add, if we like, the intercept a0of the regression equation). Now we have to 
estimate the coefficients, and we are faced with the problem that there are much 
more unknowns than the equations that we have; the equation system cannot be 
solved by classical procedures. However, the system has a solution using Bayesian 
statistics under some assumptions about the prior information on the SNPs we have 
(see Blasco 2017, for details). We can thus obtain the estimates of the regression 
coefficients ˆ ˆ ˆ ˆ, , ,a a a a1 2 3 50 000 , and we are ready to predict the breeding value of 

new individuals.
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In the second step, we will predict the genetic value of animals that may have or 
not have their own data. Suppose first that the animal has no phenotypic data, but it 
has been genotyped, and we know the values of each of the variables zi for this ani-
mal. By substituting in the equation, we can predict its genetic value:

	
ˆ ˆ ˆ ˆ ˆ

, ,a a z a z a z a z= + + + +1 1 2 2 3 3 50 000 50 000 	

The genetic value of each new animal will be predicted using the same coeffi-
cients ˆ ˆ ˆ ˆ, , ,a a a a1 2 3 50 000  with the variables zi of the new animal provided by its 

SNPs. It is important to notice that the coefficients do not indicate the importance of 
each SNP, since the variables z1, z2, z3⋯z50, 000 are correlated. We have said before 
that SNPs close to each other are frequently associated in its genetic transmission; 
even if they are in different chromosomes, they can be associated in its transmis-
sion, for example, due to selection. The equation is useful to predict the whole 
genetic value ‘â’ of an animal, but not to detect single genes. The coefficient of a 
SNP in a multiple regression is not the same as the coefficient that can be found 
when this SNP is fit in isolation. The coefficients of the equation will also change 
depending on the number of SNPs considered, because the sum of all of the terms 
in the multiple regression equation should give the same genetic value â of the ani-
mal; thus when many SNPs are considered, they have smaller individual effects.

The different Bayesian statistical methods for solving the equations depend on 
different prior assumptions about the genetic determination of the traits; for exam-
ple, the trait can be determined by many genes of small effect each one or by some 
major genes, some intermediate ones and many genes with small effects. The suc-
cess of each method depends on whether the actual genetic determination of the trait 
reflects well what the prior information assumes, although Fernando and Garrick 
(2013) have noticed that in real applications, the simplest model that considers the 
traits determined by many genes with small effects works just as well as the more 
complex models and sometimes even better. This occurs probably because in prac-
tice, even if there are genes with medium-large effects, they are not in close associa-
tion with only few markers, but their effect is captured by many markers.

When the animal has no data, its breeding value can be estimated by weighing 
the information of its relatives appropriately, a technique called selection index, in 
which several traits can be simultaneously used for selection weighed according to 
their economic importance (Falconer and Mackay 1996). Now, if the animal is gen-
otyped, the estimated breeding value from the genomic equation can also be appro-
priately weighed and integrated with the breeding value provided by the selection 
index. The information given by the SNP chips can be used to better assess the 
actual relationships between individuals. For example, we know that on average full 
sibs share half of their genomic information, but by crossing two heterozygotes 
Aa × Aa, we could produce full sibs that are more similar than others. If we have 
three full sibs AA, AA and aa coming from this cross, the two first full sibs are more 
similar than the first and the third or the second and the third sib. Taking into account 
all SNPs, we can have a more accurate idea about the actual correlation between 
relatives. This allows being more accurate in the genetic evaluation.
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In current breeding programmes, the correction of environmental effects (parity, 
season, herd, batch, etc.) is done at the same time as the genetic evaluation, using a 
technique called best linear unbiased prediction (BLUP, see Blasco 2017, for details). 
When all genomic relationships are used in the evaluation, this procedure is known 
as ‘genomic-BLUP’ (G-BLUP; see e.g. Clark and Van der Werf 2013). It can be 
shown that this procedure is equivalent to solving the genomic equations under a 
model assuming that the genetic determination of the trait depends on many genes 
with small effects each one (Habier et al. 2007). Nowadays there is a wide consensus 
about the reasons of the success of genomic selection; rather than a better assessment 
of the ‘genetic architecture’ of the trait, it is mainly related to a better determination 
of the actual relationships between relatives. Genomic information can be integrated 
with BLUP, and the evaluation is made with all data of all animals and all important 
traits, integrating the information provided by the genomic equations, a procedure 
that is called ‘single step’ (Legarra et al. 2009; Misztal et al. 2009).

4.8	 �Difficulties in Implementing Genomic Selection

Blasco and Toro (2014) and Jonas and de Koning (2015) have detailed some of the 
difficulties of implementing genomic selection in current breeding programmes. 
First, to create the equations to be used in prediction, we need a large ‘reference 
population’ of several thousand animals. This is not a problem in dairy cattle, but in 
other species, it can be a serious problem. In prolific species, for example, selection 
is performed in small nucleuses, sometimes with few hundred females. Some alter-
natives can be considered, for example, using sibs from multiplication farms or 
using animals from several generations (Chen et  al. 2011) or crossbred animals 
(Knol et al. 2016), but the efficiency of the equations rapidly decays, thus alternative 
strategies should be examined with care. A second problem is the need of generating 
new equations every three or four generations, because due to recombination, the 
associations between SNPs and causal genes are lost with time. Ibañez and Blasco 
(2011) have shown that the accuracy of the equations is rapidly lost generation after 
generation, which means that new large reference populations are needed from time 
to time. In practice, instead of having large reference populations every few genera-
tions, phenotypes are collected every generation to update the equations. This is not 
a problem for routinely recorded traits (e.g. litter size), but it can be a problem for 
more expensive traits.

Another major problem of genomic selection is the cost of genotyping. This cost 
has been dramatically reduced in the last years, but it is still important for species in 
which the individual value of the animal is small and the generation interval is short 
(pigs, poultry, rabbits), which implies frequent genotyping with high cost with 
respect to the value of the animal. A way of facing this problem is to use low-density 
chips with only few hundreds or thousands SNPs, inferring the missing SNPs from 
high-density chips. This technique, called ‘imputation’, is based on that recombina-
tion which is low in a single generation and has produced efficient results (Huang 
et al. 2012; Cleveland and Hickey 2013). Imputation from high-density chips should 
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be repeated every three or four generations, because recombination leads to errors 
of imputation. Nowadays, instead of having a reference population, some high-
density chips are used every generation for repeating imputation.

Genomic selection was considered as a possible procedure for improving ‘diffi-
cult’ traits. For example, meat quality traits were considered natural candidates for 
genomic selection, hoping that after collecting the data in a reference population, 
many animals could be evaluated using their genomic data without the need of col-
lecting their phenotypic data or data from relatives. However, as the equations have 
to be reformulated after three or four generations, there is the need of continuous 
data collection to avoid reconstituting reference populations every few generations; 
thus genomic selection became less attractive, at least for short generation interval 
species such as pigs, poultry or rabbit. In dairy cattle, the index of conversion of 
food for milk is economically attractive but difficult to be recorded, but by collect-
ing these records in some specialised farms, a reference population and the equa-
tions needed for genomics could be prepared. As dairy cattle, particularly the 
Holstein breed, constitutes a global population in which most farmers use the same 
bulls, genomics could be used to estimate the genetic value of animals that have not 
been measured for this trait. Here the problem comes from the genotype per envi-
ronment interactions. Farms measuring food efficiency for milk production are 
good farms having the cows under a good environment. It is not clear that the best 
genetic animals in these farms will be the best in common farms under other envi-
ronments. This has happened yet with another ‘new trait’ in pigs, residual feed 
intake, where the relationship between the breeding values of the animals in the 
nucleus of selection and the commercial farms was null (Knap and Wang 2012).

The difficulties in the implementation of genomic selection do not invalidate 
genomics for selection programmes, since genomics is a tool and how to use it effi-
ciently is a matter of research. As we will see below, genomic selection has proved 
to be extremely useful in dairy cattle, but the cost of genotyping prevents its use in 
rabbit breeding programmes and complicates its application in pigs, lamb or poul-
try. Nevertheless, in pigs, poultry, lamb and beef cattle, genomic selections is, or can 
be, a useful complement to current selection programmes.

4.9	 �The Use of Genomic Selection in Breeding Programmes

Genomic selection has been applied with success in breeding programmes, with 
spectacular results in dairy cattle and with more modest results in other species. 
Nowadays there is no doubt that genomics is a useful tool for selection, but careful 
strategies for its implementation should be developed in most species to ensure its 
profitability.

Dairy cattle. Genomic selection has revolutionised the dairy cattle breeding pro-
grammes. As Schaeffer (2006) predicted before the first SNP chip was available, 
dairy cattle is particularly suitable for genomic selection. It has a long generation 
interval (6 years) due to the need of progeny test, the traits of interest (milk produc-
tion and quality) cannot be measured in the sire, selection pressure has to be applied 
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essentially in sires because the average parities of dams is about 2.7, and the dis-
semination of the genetic progress is cheap and easy via artificial insemination. It 
was not a problem to create large reference populations and maintain a continuous 
recording system to update the equations, since a single bull can have many daugh-
ters and all farms constitute a global nucleus linked by artificial insemination. 
Moreover, sires have a high price; thus genomic cost is not an impediment for devel-
oping genomic selection compared to other species. Genomic selection was imple-
mented in 2008 in several countries and nowadays is widely used for sire evaluation. 
Nowadays, as using imputation with 3000 SNPs chips has a high accuracy (up to 
99%, Van Eenennaam et al. 2013), dairy cows are also being genotyped. As a result 
of this wide implementation, generation interval has been halved and genetic prog-
ress doubled (Wiggans et  al. 2017). It is interesting to notice that other efficient 
programmes based on reducing the generation interval were proposed in the past, 
for example, MOET (multiple ovulation and embryo transfer, Nicholas and Smith 
1983). However, in addition to difficulties in implementation MOET (Simianier 
2016), as the accuracy of bulls evaluation was lower compared to proven bulls with 
100 daughters (0.45 versus 0.95), farmers were reluctant to use them. Now, genomic 
bulls have still lower accuracy (around 0.8), but farmers accept the loss of accuracy 
and use several genomic bulls to lower the risk. Obviously, this loss of accuracy is 
compensated by far by the reduction of the generation interval, but the fascination 
for the new technique may have played a role in its rapid acceptance.

Beef cattle. The success of genomic selection in dairy cattle has moved the whole 
industry to consider the introduction of genomics in current breeding programmes. 
However, beef cattle is organised in many breeding associations, with a much lower 
size than the dairy cattle breeds. Moreover, beef cattle are not always well con-
nected by artificial insemination. Because of this, it is not feasible for most beef 
cattle associations to have a ‘training population’ and a continuous recording as 
large as in dairy cattle. This has led to the proposal of using multibreed training 
populations for predictions, but the problem is that effectiveness of genomic breed-
ing value prediction is higher when training populations are close to the animals to 
be predicted, otherwise the prediction is poor (Lund et al. 2014); thus the use of 
multibreed populations is now under discussion. Another problem is the cost of 
genotyping. In beef cattle, the most commonly measured traits are weights at a 
given age. Usually these traits have relatively high heritabilities (about 0.40), which 
means that the accuracy of the individual phenotype is about 0.6–0.7, and it can 
become higher by adding information from relatives. Therefore, genomics should 
improve accuracy over 0.7 when the trait of interest can be measured just using a 
scale, although in some extensive systems collecting samples for genomics may be 
easier than using a scale. Imputation may be a solution, but imputation is precise 
only when the low-density chip is used in animals closely related to the ones used 
for imputation (Rolf et al. 2014); thus multibreed low-density chips may be of little 
utility. Although it is true that genomics has been used by commercial companies as 
a marketing tool (Rolf et al. 2014), genomics could improve the accuracy for traits 
not directly measured, for example, when the objective is weight at slaughter but 
only weight at weaning is measured, or for carcass traits. Even in all these cases, a 
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careful study should be made taking into account the large training populations 
needed and the permanent cost of genotyping in relation to the benefits expected.

Sheep and goat. Lambs and goats bred for milk production have the same scheme 
as in dairy cattle at a much lower scale, which limits the application of genomic 
selection. Meat sheep shares with beef cattle most of its problems for the efficient 
use of genomic selection. In both cases, the low price of the animals limits the appli-
cation of genomics due to the relatively high cost of genotyping. Rupp et al. (2016) 
have recently reviewed the application of genomics in sheep and goats. Gains in 
accuracy when applying genomic selection were rather modest, around 10–20%, 
even for milk production traits. Considering costs of genotyping, Shumbusho et al. 
(2016) estimated the economic advantages of using genomic selection in sheep 
meat to be only 15% in the best scenario. Similar results were found in Australian 
merino breed by Horton et al. (2015). Multibreed SNP chips have also been pro-
posed, but they share the same problems as in beef cattle.

Pigs. In pigs, progeny test is not performed, and generation interval is consequently 
short (around 1 year). Selection objectives are traits expressed in males and females 
with the exception of litter size, dissemination of genetic progress is made through a 
pyramidal structure of nucleus-multiplier-commercial farms (where genetic improve-
ment is performed only in the nucleus), and selection can be applied on dams because 
they are prolific animals. There is no global nucleus but several companies competing 
in a free market, having small nucleuses of around 25–50 males and 300–2000 females 
per line, and the price of selected animals is much lower than in dairy cattle. Moreover, 
as pigs are normally produced in a three-way cross scheme, the costs of genotyping 
are three times higher than when a single breed is used in production. With all of these 
constrains, the application of genomics has had less spectacular results than in dairy 
cattle; nevertheless the increment in profit when using genomic selection has been 
evaluated from 10% (Lillehammer et al. 2013) to 50% (Knol et al. 2016), depending 
on the implementation. Litter size is an obvious candidate for genomic selection 
because the trait is not expressed in the female when it should be selected, but herita-
bility of litter size is very low, so large reference populations are needed, and the 
strategy for obtaining them is not evident; for example, information from multipliers 
can be used or even information from crossbred commercial females, as we men-
tioned before. The success of genomic selection in pigs comes from a careful study of 
the strategies for implementing genomic selection (see Ibáñez et al. 2014 and Knol 
et  al. 2016 for a detailed description of some strategies). Imputation is important 
because genotyping is still economically relevant relatively to the price of selected 
animals, and the accuracy of imputation is high (around 97%, Cleveland and Hickey 
2013). The success of genomic selection comes, again, from a better estimation of the 
relationships between animals.

Poultry. Similar constraints to pigs arise in poultry, in which four-way cross 
schemes are common; nucleuses are also small, although it can be found large 
nucleuses up to 2000 males and 10,000 females. Generation interval is also very 
short, females produce a large amount of eggs, and the relevant traits are expressed 
mainly in females in layers and in both sexes in broilers. Genomics was imple-
mented in 2013  in both production systems. Careful imputation procedures have 
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obtained very good results in both layers and broilers, with accuracies of around 
97% with respect to the high-density SNP chip, and due to the continuous decreas-
ing in genotyping cost, medium density SNP chips are being used, removing the 
need of imputation (Wolc et al. 2016). A selection experiment in layers has evalu-
ated the response to selection using genomics when compared with a line in which 
the same sort of selection was performed without genomics. The results were vari-
able depending on the trait used in the selection index; traits like egg production 
number showed little advantage, but for some traits like egg weight, the use of 
genomic selection was much more efficient (Wolc et  al. 2015). Efficiency of 
genomic selection in broilers has been evaluated by comparing the increasing in 
precision when evaluating the genetic merit of some traits (Chen et al. 2011). In the 
sire line, selected mainly for growth rate, the increment of precision for body weight 
when using genomic selection was 20%, and for ultrasound measurements of the 
breast, it was 17%; the dam line had better results for the same traits, but it was 
selected mainly for reproductive traits. In general, the best advantage of the use of 
genomic selection, as in the other species, comes from traits that are not available at 
the moment of selection (Wolc et al. 2016).

Rabbits. Genomics has not been implemented in rabbits yet, mainly due to the 
cost of genotyping. The rabbit chip of 200,000 SNPs appeared recently (October of 
2015), and no low-density chips have been produced yet. Rabbit selection schemes 
are three-way crosses with the same structure as in pigs, and nucleuses are even 
smaller (from 20 males and 150 females per line); dam lines are mainly selected for 
litter size and sire lines for growth rate. Generation interval is very short (6–9 months), 
and the price of the animals is low, which represents the main constraint for the 
application of genomic selection. Research needs to be done to find the best strategy 
for implementing genomic selection in rabbits.
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5Embryo Biopsies for Genomic Selection

Erik Mullaart and David Wells

Abstract
Embryo genomic selection (preimplantation genetic screening) is increasingly 
being used to select the best embryos within cattle breeding programs. The pro-
cedure starts with the collection of a few cells (biopsy) from each of the embryos 
before they are individually cryopreserved. The biopsy samples are then geno-
typed, and the genomic estimated breeding value for each embryo is calculated 
from prediction equations. These are based on algorithms developed from large 
reference populations of previously genotyped and phenotyped animals. Based 
on the genomic estimated breeding value, a decision is made whether to thaw and 
transfer the embryo or not. Due to the recent availability of low-density bovine 
single-nucleotide polymorphism (SNP) microarrays, this method is now cost 
effective. The data in this review describe field results and show that the breeding 
values calculated from the embryo biopsies are reliable enough for selection. 
Importantly, the embryo manipulation associated with the procedure only has a 
very limited negative effect on the resulting pregnancy rate. The method can also 
be used to prevent the transfer of embryos that are carriers of known recessive 
lethal genetic defects or other chromosomal aberrations. Therefore it can be con-
cluded that embryo genomic selection can be used in breeding programs to 
accelerate the rate of genetic gain compared to animal-based genomic selection 
due to an increased selection intensity among full- and half-sib embryos. 
Although this review only describes results in dairy cattle, embryo genomic 
selection can also be used in beef cattle and other livestock species where accu-
rate genomic prediction equations exist.
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5.1	 �Introduction

Genomic selection is increasingly being used in dairy cattle breeding programs all 
over the world. Due to very large reference (training) populations in Europe 
(~40,000), the United States (~60,000), and New Zealand (~6000), reliabilities of 
the genomic breeding values approach 65–75% for most traits.

Genomic selection is now commonly used to select young animals just after birth 
or to identify the best bulls and bull mothers to generate future sires for the artificial 
insemination industry. These genomic assessments and selections are typically con-
ducted on existing, live animals. However, selection based on genomics can also be 
performed on the early embryo, before transplantation to a recipient female. The 
advantage of this approach is that a large number of full- and half-sib embryos can 
be easily produced and only the best embryos of the desired sex and genotype are 
selected for transfer. In addition, embryos carrying known recessive lethal genetic 
defects can also be detected and excluded, thereby lowering the number of carrier 
animals in the population.

The optimal use of genomic selection in an intensive embryo breeding program 
will accelerate the rate of genetic progress by further increasing selection intensity 
and reducing generation interval (especially with embryos produced from juvenile 
animals). The herd improvement cooperative CRV (Arnhem, the Netherlands) has a 
significant European Holstein Friesian breeding program and produced around 
8000 embryos in 2015 (4000 in vivo-flushed embryos and 4000 in vitro-produced 
[IVP] embryos). Increasingly CRV and other breeding companies are utilizing 
embryo genotyping to select those embryos possessing the greatest genetic merit for 
transfer. This is especially in situations where the numbers of recipients are limited, 
and selecting only the best embryos based on genomics for transfer offers consider-
able economic advantages.

5.2	 �Biopsy Methods

In order to perform a DNA test on an embryo, a sample of cells is required. There is 
a compromise between taking enough cells to enable an accurate DNA test without 
reducing the developmental competency of the embryo and thus not decreasing its 
potential to establish a pregnancy. In principle, preimplantation-stage embryos from 
the two-cell stage onward can be biopsied. However, for practical reasons in cattle, 
typically only morula- or blastocyst-stage embryos are biopsied for DNA testing. 
These stages possess a greater number of cells (32–150) and strike a balance, 
whereby a biopsy of a few cells can be obtained without overly compromising 
development of the remaining embryo.

There are different methods available for obtaining biopsies from early 
embryos. Two of the more common methods are (1) the blade biopsy method to 
cut a portion of a compacted morula or the polar trophectoderm from blastocyst-
stage embryos and (2) the needle biopsy method to aspirate cells from cleavage- 
or morula-stage embryos. Both methods have their advantages and disadvantages 
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(Mullaart 2002). Some groups (MasterRind, Personal Communication) have good 
results with needle biopsies, whereas others (e.g., CRV and Midatest, France, 
Personal Communication) have better results with the blade biopsy method. In 
general, the success of the biopsy depends on the training and experience of per-
sonnel in specific methods. In addition, especially in cattle breeding where some-
times large numbers of embryos have to be biopsied within a limited time, the 
practicality and labor intensity of the method are important factors. The ultimate 
choice of method also depends on the stage of the embryo available to be biop-
sied. The needle biopsy method is typically more suitable for less-advanced 
embryos (up to morula stage), where cell adhesion is not as strong. In contrast, the 
blade biopsy method is better suited for more advanced compacted morula- and 
blastocyst-stage embryos (Mullaart 2002). Also, the quality of the embryo is an 
important selection criterion for biopsies. At CRV, only grade 1 quality embryos 
as categorized by the International Embryo Technology Society (IETS) (Robertson 
and Nelson 1998) are used for biopsy. With IETS grade 2 embryos, it is com-
monly observed that the remaining embryo deteriorates after taking the biopsy 
and has lower viability.

As mentioned above, it is important to collect sufficient cells for DNA testing but 
not so many that compromises embryo competence. Following nuclear staining 
with DAPI and counting in the fluorescence microscope, the average blade biopsy 
obtained from blastocyst-stage embryos possessed about 15 cells, but the variation 
was large (between 8 and 40 cells). In Fig. 5.1, an example of a nine-cell biopsy is 
illustrated. There does not appear to be any relationship between the number of cells 
in the biopsy and the embryo stage, probably indicating operator variation.

There is continued debate whether the cells in the biopsy are a representative 
sample of the entire embryo. Indeed, it has been reported that a large percentage of 
IVP embryos, and the cells within the trophectoderm in particular, are mixoploid 
(Viuff et al. 2002). This is especially relevant for blade biopsies that are obtained 
from the trophectoderm of blastocysts.

Fig. 5.1  Example of a blade biopsy (left) and DAPI stained biopsy (right) comprising nine troph-
ectodermal cells obtained from a blastocyst
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5.3	 �DNA Amplification

The embryo biopsy can be utilized for various DNA analyses. For instance, it can be 
used for sex determination, or the identification of specific candidate alleles. But it 
can also be used for more sophisticated whole-genome analyses, such as genotyping 
with thousands of single-nucleotide polymorphism (SNP) markers or DNA sequenc-
ing. Sex determination by PCR (Bredbacka 1998) is a relatively sensitive assay that 
only requires a very limited amount of starting material (around ten cells). Blastocyst 
biopsies therefore provide a sufficient amount of DNA template for the PCR to be 
immediately performed on the cell sample (and are often done so directly in the 
field). However, other assays, such as the Illumina SNP chip-based genotyping plat-
form (Illumina, San Diego, CA, USA), require at least 50 ng of DNA. Assuming a 
cellular DNA content of 4 pg, this corresponds to approximately 12,500 cells. Since 
the biopsy contains around a thousand-fold less DNA, a “pre-amplification” step is 
needed before SNP chip-based genotyping can be performed.

This pre-amplification can be done in two general ways: (1) either by culturing 
the biopsy for several days or (2) by enzymatic pre-amplification. At present, how-
ever, only the enzymatic pre-amplification method is used routinely to obtain SNP 
genotypes from an embryo biopsy. The in vitro culture of embryo biopsies is not yet 
consistently reliable for cellular amplification in most cases (Ramos-Ibeas et  al. 
2014; Shojaei Saadi et al. 2014).

For enzymatic pre-amplification, there are various protocols, many of which are 
based on isothermal multiple displacement amplification (MDA) using Phi29 poly-
merase. For an overview of different pre-amplification methods, see Shojaei Saadi 
et al. (2014). It should be noted that the process of taking a small biopsy from an 
embryo, performing the enzymatic pre-amplification, followed by SNP chip-based 
genotyping, is a technically challenging process that is error prone. The embryo 
biopsy (comprising only a few cells) can very occasionally be lost through handling 
mistakes, but also pre-amplification of the minute amount of template DNA can 
introduce errors (Ponsart et al. 2013). A major issue with enzymatic pre-amplification 
is the so-called allele drop-out (ADO) or loss of heterozygosity. This is where only 
one of the two heterozygous alleles (either paternal or maternal) is pre-amplified 
and this leads to a false homozygous call at this locus. While ADO tends to be the 
most common genotyping error, allele drop-ins (gain of heterozygosity) and homo-
zygosity reversal (an erroneous shift from one homozygous genotype to another), 
although rare, can also occur dependent on the whole-genome amplification method 
used (Shojaei Saadi et al. 2014).

The whole-genome amplification method used routinely at CRV is the Single-
Cell Repli-g Kit (Qiagen, the Netherlands). It has provided the most consistent 
results, leading to at least a 10,000–20,000-fold amplification of the DNA.  This 
generates sufficient material for further downstream analysis (i.e., SNP chip-based 
DNA genotyping). However, in a project at AgResearch in New Zealand comparing 
several different kits, the Illustra GenomiPhi V2 DNA Amplification Kit (GE 
Healthcare Life Sciences, New Zealand) proved to be superior among those tested. 
The difference between laboratories was most likely due to a subtle differences in 
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the consistency of the biopsy size (related to sample quality) and experience of the 
technicians in particular methods.

5.4	 �DNA Genotyping

After pre-amplification, enough DNA is generated to perform complex DNA analy-
ses, such as on the Illumina genotyping platform with low (7–10K)-, medium 
(50K)-, or high (777K)-density SNP chips, according to standard protocols. In 
terms of quality control, the genotyping results are first checked for their call rate. 
This is a measure for the fraction of the markers on the chip that give a result. So, 
for instance, a call rate of 0.9 means that genotypes were assigned for 90% of the 
SNP markers on the chip. As shown in Table 5.1, the call rate and error rate of the 
genotypes are affected by the number of cells in the biopsy.

The more cells present in the sample at the start of the pre-amplification, the bet-
ter the genotyping results are. This is most likely caused by fewer errors during the 
pre-amplification (e.g. less ADO). With more amplification required, a one-cell 
sample is clearly more sensitive to this than a larger (10–15 cell) sample. With a 
trophectoderm (blade) biopsy, the average call rate is 0.88 with an error rate of ~1%.

Data from the Fisher et al. (2012) study also indicate that there is a clear inverse cor-
relation between the error rate (measured as the difference between the biopsy com-
pared to the remaining embryo) and the call rate with the 7K density SNP chip (Fig. 5.2).

Table 5.1  Effect of biopsy size on genotype result (modified from Fisher et al. 2012)

Sample Call rate Replication error (%)a

One-cell biopsyb 0.78 ± 0.06 7.8 ± 3.5
Three-cell biopsyb 0.86 ± 0.03 2.9 ± 1.7
Trophectoderm biopsy (~10–15 cells)c 0.88 ± 0.05 1.1 ± 1.5
Bisected blastocystc 0.94 ± 0.04 0.1 ± 0.1

aBased on two or three samples from the same embryo
bBased on 50K chip
cBased on 7K chip
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From Fig. 5.2 it is also observed that when the call rate is greater than 0.85, the 
error rate is less than 1%. Comparable results were also obtained using both the 50K 
and 777K SNP chips (results not shown).

Based on these results, the standard procedure at CRV is to only use genotype 
results where the call rate is greater than 0.85. A high call rate is a proxy for an 
inherently lower error rate with SNP genotyping. The effect of call rate on the qual-
ity of genotypes and the subsequent calculation of genomic estimated breeding val-
ues is also shown in Sect. 5 below.

Over recent years, almost 2000 embryo biopsies have been genotyped by 
CRV.  Initially, the 50K SNP chips were used, but since the cheaper 10K chips 
became available, they are now used extensively. The results from genotyping these 
embryos are shown in Table 5.2.

There were no significant differences in the call rates observed between the 10K 
and 50K SNP chips. As can be seen, the average call rate is between 0.84 and 0.90, 
and at least 80% of the biopsies gave a call rate above 0.85. Considering that this 
method is technically challenging (starting with only a few cells), the results are 
very acceptable and can be used to calculate genomic estimated breeding values for 
the selection of embryos in commercial breeding programs.

5.5	 �Breeding Value Estimation

Genotypes from the medium- and high-density SNP chips can be used directly in 
the calculation of genomic estimated breeding values. However, genotypes from the 
low-density chip (7–10K) must first be imputed to a reference set consisting of 50K 
SNPs by using a combination of LinkPHASE, DAGPHASE (for both software 
packages see Druet and Georges 2010), and Beagle (Browning and Browning 
2007). In situations where both parents of the embryo are already genotyped, impu-
tation accuracies are very high (~99%). Genomic evaluation is described by de 
Roos et  al. (2009), where the core of the evaluation is replaced by the method 
described by Calus et al. (2014). Genomic breeding values are estimated using the 
EuroGenomics reference database containing more than 35,000 bulls (see also Lund 
et al. 2011) for 48 different traits including production, health, and fertility, among 
others.

The genotypes with call rates above 0.85 are used to calculate genomic breeding 
values, and based on those breeding values, the embryos can be either selected for 
transfer or discarded. To demonstrate the accuracy of genomic breeding values cal-
culated from embryo biopsies following SNP genotyping, we compared them to the 

Table 5.2  Mean call rate and percentage of biopsies with a call rate above 0.85 using 10K and 
50K SNP chips

Chip 
type

Number of embryo 
biopsies

Mean call rate 
(±SD)

Percentage of biopsies with a call 
rate >0.85

10K 514 0.84 ± 0.18 80
50K 1378 0.90 ± 0.14 83

E. Mullaart and D. Wells



87

corresponding breeding values determined from tissue DNA obtained from each of 
the resulting calves. In Fig. 5.3, the genomic breeding values for kilograms of milk 
protein based on genotypes of the embryos is positively correlated with those values 
obtained by genotyping the corresponding animal after birth. The results show that 
the correlation is very high (r2 = 0.95) when only genotypes with a call rate above 
0.85 are included. If embryo samples with lower call rates are included in the analy-
sis, the correlation is considerably lower (r2 = 0.71). Note that in this case, some 
embryos with lower call rates were indeed transferred because of their potential 
value for the breeding program with respect to certain other traits (e.g., polled, red 
factor, etc.).

The lower correlation for samples with a low call rate was expected, since it was 
previously shown that lower call rates are associated with a higher error rate and 
higher ADO (Fig. 5.2). It is also in complete agreement with the results from other 
groups that demonstrate such correlations to be generally above 0.95 when call rates 
are high (Ponsart et al. 2013; Shojaei Saadi et al. 2014).

Based on the genomic estimated breeding values, embryos can been ranked in 
order of superiority and only the highest selected and subsequently transferred. In 
Fig. 5.4, an example is provided of the genomic breeding values obtained from the 
different full-sib embryos within a single in vivo flush on Day 7. When no informa-
tion is available on the genomics of the embryo, all embryos recovered within a 
single flush have the same “expected” parental average breeding value. However, 
after genotyping the individual embryos, it became clear that in flush 1, embryo C 
is predicted to be the most superior for kilogram milk and should be the one selected 
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for transfer (Fig. 5.4a). Likewise in flush 2, embryo A was identified as the best for 
this particular trait among the three full-sib embryos recovered.

Analysis of additional flushes, with more than six genotyped embryos per flush, 
showed that there is considerable variation among full-sib embryos (Fig. 5.4b). The 
average difference within a flush between the embryo with the highest genomic 
breeding value and the expected breeding value (based on only the parental average) 
is 446 kg milk (on a yearly production of 8500 kg milk). Within a flush, the average 
difference between the highest and the lowest is 875 kg milk. This indicates that 
when all of the embryos cannot be transferred due to limited availability of 
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recipients or financial constraints, selection of embryos based on genomics can sig-
nificantly improve genetic progress and reduce embryo transfer costs.

Besides calculating a genomic breeding value, the SNP genotyping data can also 
be used for other applications. The CRV-customized chip also contains SNPs for sex 
determination, specific traits, several milk proteins, and certain diseases. Based on 
X- and Y-chromosome-specific markers, the sex of the embryo can be determined. 
This sex determination can assist decisions in breeding programs to specifically 
transfer embryos of the desired gender. For instance, the male embryos can be kept 
within a company’s breeding program and transferred at specific recipient farms, 
while the females can be sold to the farmer. Also, other simple traits including coat 
color, polled, and certain milk protein variants (e.g., kappa casein A and B, beta-
lactoglobulin A and B, etc.) can be determined for each embryo. This can be impor-
tant for breeding programs focused on specific traits.

In addition, SNPs for various genetic defects (e.g., BLAD, CVM, lethal haplo-
types, etc.) are present on the chip. Based on these, the status with regard to several 
known genetic diseases for each embryo can be determined. This is very important 
for two reasons. First, it allows the use of top sires or cows that are otherwise carri-
ers of a certain genetic disease. In such cases, the embryos from these matings can 
be screened, and only those free of the genetic mutation are transferred. Secondly, 
it will result in higher pregnancy results, since embryos that are homozygous for 
certain lethal mutations, and will not survive in vivo, are not transferred.

5.6	 �Pregnancy Rates of Biopsied Embryos

It is obviously very important to not compromise the embryo by removing too many 
cells in the biopsy (see Sect. 2). Since the introduction of embryo genotyping at 
CRV, we have transferred, in excess of 1000 biopsied, in vivo-derived embryos fol-
lowing conventional slow freezing. The freezing of the embryo after biopsy is nec-
essary since the current procedure entailing the pre-amplification of DNA from the 
biopsy, genotyping, and the calculation of genomic estimated breeding values may 
take several days. Moreover, in some countries there may be a greater requirement 
for seasonal calving patterns necessitating cryopreservation of biopsied embryos 
produced over several months and subsequent transfer of selected embryos to gen-
erate spring-born calves. The pregnancy results after single transfer of biopsied fro-
zen embryos, compared to normal intact (non-biopsied) embryos, are shown in 
Table 5.3.

These results indicate a significant decrease in pregnancy rate after biopsy and 
freezing. Nevertheless, the 46% pregnancy rate for biopsied frozen in vivo embryos 
is still very acceptable in the field.

In contrast to in  vivo embryos, the pregnancy results following conventional 
slow freezing of biopsied IVP embryos in ethylene glycol plus sucrose are currently 
less than ideal. Although our results show that there is negligible impact of slow 
freezing on the development of intact IVP blastocysts to Day 60 of gestation com-
pared to nonfrozen controls (29/64  =  45% vs. 27/56  =  48%, respectively), the 
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cryosurvival of slow-frozen blastocysts following trophectoderm biopsy is typically 
much lower (9/54 = 17%; Oback et al. 2017).

The ultrarapid cooling and warming rates afforded by various embryo vitrifica-
tion methods appear to provide a potential solution. Preliminary results with biop-
sied vitrified IVP blastocysts indicate embryo survival on Day 65 (43/96 = 45%) to 
be significantly better than following slow freezing and comparable to fresh control 
IVP embryos (Fisher et al. 2012; Oback et al. 2017). More experiments are neces-
sary to prove this in practice on a large scale, especially with more user-friendly 
methods for field situations.

In implementing an embryo genomic selection program, it is critical to optimize 
each of the manipulation steps to maximize subsequent embryo survival. There is 
additional expense associated with biopsy and genotyping, and although savings are 
made by not transferring embryos of lower breeding value, it is important to increase 
the probability of generating a calf from each selected genotype.

5.7	 �Optimizing Survival of Genomically Selected Embryos

While much research aims to identify noninvasive biomarkers predictive of oocyte 
and embryo competence (e.g., metabolomics in spent embryo culture media), a 
physical sample of the embryo enables direct determination of not only its genotype 
but also its karyotype, epigenotype, and transcriptome that might all be related to 
developmental outcomes (Orozco-Lucero and Sirard 2014). In this regard, embry-
onic cell biopsies are superior and more versatile compared to genomic analyses 
with fragmented DNA collected from blastocoelic fluid, despite this being a less 
invasive procedure (Zhang et al. 2016).

Based on the genotype profile consisting of thousands of DNA markers spread 
evenly throughout the genome, SNP microarray analysis, and ultimately methods 
utilizing next generation sequencing, enables a form of molecular karyotyping 
from biopsies. The extent of chromosomal anomalies in the blastomeres of early 
mammalian embryos is now being revealed by SNP-based karyotyping (Destouni 
et al. 2016; Treff et al. 2016). However, these SNP-based karyotypes are compli-
cated by any heterogeneity within the sample. This is a particular issue in embryos 
that are commonly mixoploid (Viuff et al. 2002) and sometimes even chimeric 
(Garcia-Herreros et al. 2010). It has been reported that on average 11% of troph-
ectoderm cells were polyploid in 96% of Day 7–8 bovine blastocysts (Viuff et al. 
2002). While the frequency was less in the inner cell mass, the issue of 

Table 5.3  Pregnancy results 
of frozen normal and 
biopsied in vivo embryos

Number of embryos 
transferred Pregnancy ratea

Not biopsied 13,067 54%b

Biopsied 
embryos

1190 46%b

aPregnancy as determined by scanning 5 months after transfer
bP < 0.05
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mixoploidy raises the question about how representative a small trophectoderm 
biopsy is of the whole embryo. Despite this concern, the results presented in Sect. 
5 show that in practice there is a very high correlation between the breeding val-
ues calculated based on a few embryonic cells compared to those from the corre-
sponding calf, especially when imputation is utilized. Furthermore, the 
developmental consequences of relatively low levels of mixoploidy in blastocysts 
remain equivocal (King et al. 2006). Nevertheless, chromosome screening avoids 
the transfer of aneuploid embryos that are unlikely to result in a successful preg-
nancy (Scott et al. 2013).

The embryo biopsy can also be used to directly determine gene expression pro-
files that may be predictive of in vivo survival and so assist selection decisions on 
which embryos to transfer. The possibilities and challenges to identify these 
molecular markers have been reviewed elsewhere (Bermejo-Alvarez et al. 2011; 
Orozco-Lucero and Sirard 2014). Studies have identified genes that were either 
up- or downregulated in biopsies (representing a portion of both the inner cell mass 
and trophectoderm) that were retrospectively pooled, depending on the subsequent 
pregnancy outcome (El-Sayed et al. 2006; Ghanem et al. 2011). In the situation 
where only a trophectoderm biopsy is taken, utilizing informative lineage-specific 
transcripts prognostic of developmental fate, as well as sharing the precious sam-
ple for genomic analyses, remains a considerable challenge for reproductive 
biotechnologies.

With the present reliance on subjective morphological assessment of embryo 
quality, the relatively low chance of obtaining a live-born calf from each individual 
genomically selected embryo is a significant limitation. While there is a negligible 
decrease in embryo survival as a result of biopsy and vitrification (see Sect. 6), each 
IVP embryo still only has around a 45% chance of resulting in a viable calf. Future 
improvements in IVP systems aim to increase the developmental competence of 
embryos and, combined with identifying competent recipients (McMillan and 
Donnison 1999), increase pregnancy rates toward some biological limit or to at least 
result in more consistent outcomes (Vajta et al. 2010). However, even with ideal 
recipients, some embryos will have an inherently poorer chance of survival due to 
chromosomal errors or aberrant developmental programming, incompatible with a 
viable pregnancy. Notwithstanding these cases, options to multiply each genomi-
cally selected embryo may increase the chance of obtaining a live-born calf, or 
calves if required, from that desired genotype. This might include simply bisecting 
the remaining embryo following biopsy and cryopreservation and then transferring 
both demi-embryos (Oback et al. 2017). Other methods include utilizing nuclear 
transfer to multiply elite embryos from donor blastomeres (Misica-Turner et  al. 
2007) or embryonic cultures derived from either the biopsy (Ramos-Ibeas et  al. 
2014) or (pluripotent) cultures of the inner cell mass (Verma et al. 2013). An alter-
native approach may be to transplant embryos and recover the resulting fetuses at a 
few weeks of age, in order to establish fetal cell lines for subsequent genotyping. 
Somatic cell nuclear transfer can then be used with selected frozen cell stocks to 
potentially obtain large numbers of calves of the desired genotype from the original 
embryo (Kasinathan et al. 2015).
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�Conclusions

It can be concluded that embryo genotyping from a representative biopsy sample 
has clear advantages for cattle breeding programs in the following ways:

	 (a)	 Predicting the gender of the embryo
	 (b)	� Predicting the status for specific phenotypes, for example, coat color, 

polled, milk protein variants, etc.
	 (c)	 Predicting the status for genetic disease
	 (d)	 Predicting the genomic breeding value for economically important traits

Predicting genomic breeding values is especially relevant where there is a 
shortage of recipients and a selection has to be made in the embryos that can be 
transferred. Furthermore, in cases where embryos are transferred on a recipient 
farm with a fixed capacity, knowing which embryos are the best genotypes is 
very important to accelerate the rates of genetic gain achievable and reducing the 
costs associated with producing elite sires.

The combination of genomic and reproductive technologies provides the 
option to produce large numbers of low-cost IVP embryos from multifactorial 
in vitro matings, genotype them, and then only transfer the best. Thus, the cur-
rent rate of genetic gain can be further accelerated by increasing the selection 
intensity among multiple full- and half-sib embryos produced from elite parents, 
compared to the single progeny born from conventional breeding with animal-
based genomic selection (Ponsart et  al. 2013). Another advantage of embryo 
genotyping is that it allows for the careful use of bulls that are in fact carriers of 
a genetic disease. After embryo genotyping, only those embryos free of particu-
lar disease-causing or lethal mutations are transferred, essentially recovering 
otherwise valuable genetics.

Finally, to increase the chance of obtaining a calf (or calves, if required) the 
selected embryo might be bisected or otherwise multiplied following nuclear 
transfer of donor blastomeres or embryonic or fetal cell cultures derived from the 
original embryo. However, the current efficiencies of these procedures still need 
to be increased for routine commercial use.
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6Production of Transgenic Livestock: 
Overview of Transgenic Technologies

Götz Laible

Abstract
Transgenic livestock came into existence in 1985 with the production of the first 
transgenic pigs and sheep (Hammer et al., 1985). Since then, various technolo-
gies have been developed for the generation of transgenic livestock (Fig. 6.1). 
Sometimes entirely new technologies emerged, seemingly superseding an estab-
lished technique, while occasionally new improvements to older methods saw 
them brought back to the forefront. Nevertheless, most approaches are still in use 
today albeit in combinations with other developments enhancing the original 
methods by making use of improvements. Each will offer a unique set of advan-
tages and disadvantages. Hence, the choice of technique will be dependent on the 
specifics of the application and not least on the species of livestock considered 
for transgenesis. The following will provide an overview of available technolo-
gies for the genetic engineering of livestock species. The chapter will describe 
the main approaches and their advantages and disadvantages and will portray the 
technical advancements that today allow for the efficient and precise engineering 
of livestock genomes almost without limitations.

Generally, transgenic technologies can be divided into embryo-mediated and 
cell-mediated approaches. The first strategy introduces the genetic modification 
into an embryo (Fig. 6.2a), while for the latter, the genetic information is intro-
duced into a cell which is subsequently used to generate an entire animal based on 
the genetics of this cell (Fig. 6.2b). The following overview will describe the vari-
ous enabling technologies that have been successfully used for the generation of 
transgenic livestock and will discuss their relative strengths and weaknesses. The 
order in which the different methods are described is intended to provide an over-
view and does not reflect the chronological order of their development (Fig. 6.1).

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-92348-2_6&domain=pdf
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6.1  �Embryo-Mediated Transgenesis Methods

Embryo-mediated approaches rely on the availability of reproductive technologies 
to access in vivo embryos or generate them in vitro and established protocols for 
their culture and manipulation in vitro and subsequent transfer of the manipulated 
embryos into recipient animals for development to term (Fig.  6.2a). Embryo-
mediated methods commonly have the advantage of a relative high efficiency for 
the embryos to develop into live transgenic animals. This is due to the involvement 
of only moderate manipulations that generate embryos retaining a high level of 
developmental competence. The main disadvantage of this approach lies in the lack 
of total control of when and what modification is introduced.

6.1.1	 �Transgenesis with Natural Vectors for Genetic Information

Systems that have naturally evolved to deliver genetic materials into cells are obvi-
ous targets that could be exploited for transgenesis offering simplicity, efficiency, 
and cost-effective mechanisms for the purposeful introduction of exogenous DNA.

6.1.1.1	 �Viral Vectors
Viruses have evolved very efficient mechanisms to infect and deliver their own 
genome into eukaryotic cells. This natural ability to introduce exogenous RNA or 
DNA into cells and efficiently integrate the exogenous genetic information into the 
genome of the infected host made them an attractive tool for the stable genetic 
modification of mammals. The development of viral vectors for transgenesis from 
disease-causing viruses followed two main considerations. One was to maximize 
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Embryo-mediated transgenesis

DNA, RNA, proteins
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Fig. 6.2  Schematic overview of embryo-mediated (a) and cell-mediated (b) methods to generate 
transgenic mice and livestock. Green coloring indicates genetically engineered cells or animals. 
Please refer to the main text for a detailed description of these techniques
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the cargo space available for an exogenous transgene and the other to minimize the 
biosafety risks associated with vectors developed from disease-causing pathogens. 
The size of the viral particle is sufficient to hold the viral genome but presents a 
physical limit of how much genetic information can fit into such a particle. To gen-
erate cargo space for a transgene, crucial viral genes involved in packaging and 
replication were typically deleted and replaced by transgene sequences. This 
changes a virus into a so-called viral vector which is unable to replicate itself and 
produce viral particles. However, these vectors still retain the ability to be packaged 
into infectious particles, provided the genes encoding the viral packaging machin-
ery are supplied in trans. Based on the viral mechanism for infection, the viral vec-
tors can then be introduced into mammalian cells with high efficiency. Because the 
vectors are replication- and packaging deficient, they can do so only once and are 
unable to produce any further infectious particles.

Thus, the development of viral vectors generated crucial cargo space for trans-
genes and retained the ability for efficient infection of host cells while greatly 
reducing the biosafety risk compared to a replication-competent, disease-causing 
virus (Verma and Weitzman 2005).

Viral-mediated transgenesis was the first approach that was successfully used to 
modify mammalian embryos by exogenous DNA (Jaenisch and Mintz 1974). Early 
strategies utilized the potential of retroviruses. These viruses belong to the class of 
RNA viruses which insert a reverse-transcribed DNA copy of their genetic material 
into the host genome. They have a broad host range and hence have general applica-
bility for many different species. With this method, stable integration of the trans-
gene appears to be relatively efficient, though the integration is into random sites and 
with variable timing which can be mutagenic and lead to a high degree of mosaicism 
in the transgenic founder animals. In particular, for larger animals with long genera-
tion times, the segregation of mosaic genotypes in subsequent generations is prob-
lematic. In addition, the residual viral sequences of these vectors are often recognized 
by the cellular machinery. As a consequence the exogenous sequences, including the 
transgene, are prone to become transcriptionally silenced through epigenetic host 
defense mechanisms (Wells et al. 1999; Chan et al. 1998; Gilboa et al. 1986). Partly, 
these limitations have been overcome with the application of replication-defective 
vectors based on adenovirus (Tsukui et  al. 1996; Kubisch et  al. 1997). Further 
improvements were made with the development of advanced lentiviral vector sys-
tems (Dull et al. 1998). In contrast to the retroviral vectors mentioned above, lentivi-
ruses belong to a class of retroviruses which have the unique ability to infect not only 
dividing but also nondividing cells. This makes these vectors very efficient gene 
delivery tools reducing the risk for the generation of mosaic animals.

Their potential for mammalian transgenesis was first demonstrated in mice and 
rats (Lois et al. 2002). The injection of viral particles into the perivitelline space 
underneath the zona pellucida of one-cell embryos yielded transgenic mice with an 
efficiency of 80% of which 90% expressed the transgene at high levels. Similarly, 
incubation of denuded early-stage mouse embryos in a virus-containing solution 
yielded transgenic mice showing strong transgene expression and not affected by 
gene silencing (Pfeifer et al. 2002). The success with this method, in some instances 
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producing up to 100% transgenic offspring, could be readily transferred from mouse 
to pigs (Hofmann et al. 2003; Whitelaw et al. 2004) and sheep (Ritchie et al. 2009). 
For cattle (Hofmann et al. 2004) and chickens (McGrew et al. 2004), the method 
had to be slightly modified with cattle requiring the injection of the lentiviral parti-
cles under the zona of oocytes rather than zygotes, while for the generation of trans-
genic chickens, the injections were done into the subgerminal cavity below the 
embryonic disc.

A major opportunity was seen in using lentiviral vectors in combination with 
RNA interference for efficient delivery of interfering RNAs that can block or destroy 
the viral RNA of invading viruses to generate transgenic animals with resistance to 
viral diseases (Clark and Whitelaw 2003). Though RNA interference is very versa-
tile and can also be combined with other transgenesis methods, embryo mediated 
and cell mediated, to deliver an expression construct for a small interfering RNA, it 
can be applied for the purpose of precisely knocking down the expression of par-
ticular endogenous genes (Jabed et al. 2012).

Despite some attractive advantages of viral-mediated approaches such as techni-
cal simplicity and the reported high efficiencies, the method did not find wide sup-
port in the field, probably a reflection of various drawbacks holding back greater 
uptake by the scientific community. The viral system has a fixed limit for the size of 
transgenes that will not be compatible with applications requiring long transgene 
sequences. Furthermore, the characteristic of the lentiviral method to generate 
single-copy insertions into multiple loci which will segregate in the following gen-
erations complicates applications in animals with long generation intervals and few 
offspring per breeding cycle. Others found that a high proportion of the segregating 
transgenes became epigenetically silenced in the next generation (Hofmann et al. 
2006) but can also affect transgene expression in the founder animals (Tian et al. 
2013). However a major deterrent might have been the viral nature of the system. 
Producing and working with high viral titers can be difficult and require extra safety 
precautions. Even though lentiviral vectors are designed to ensure safety and also 
include a self-inactivating element to prevent transcription of viral sequences 
(Miyoshi et al. 1998; Zufferey et al. 1998), the general acceptance of viral systems 
for livestock applications by regulators and the public remains very low due to con-
cerns for potential recombination events that may recreate replication-competent 
viruses. A recent study in sheep which found no evidence for the inadvertent trans-
fer of viral vectors to other animals or generation of recombination-competent virus 
provides evidence that the technology is safe (Cornetta et al. 2013).

While lentiviral vector systems are continuously improved and evaluated for 
their safety in human gene therapy applications (Schambach et  al. 2013), many 
more studies addressing these safety concerns from transgenic food-producing ani-
mals will be required to demonstrate the safety of the technology and satisfy regula-
tory demands. Despite many having experienced difficulties getting the technology 
to work, a few research groups have mastered the technology and report the consis-
tent production of transgenic livestock with high efficiencies (Lillico et al. 2011). 
This shows that while lentiviral transgenesis may not be the technology of choice 
for some applications, it is an important tool to produce transgenic livestock.
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6.1.1.2	 �Sperm-Mediated Gene Transfer
Sperm has evolved as a natural vector for the transmission of the paternal DNA as 
part of the sexual reproduction of animals. Therefore it appears feasible to harness 
the sperm’s natural ability for the delivery of exogenous DNA into the germline of 
the zygote or developing embryo. The concept was first demonstrated in a study by 
Brackett and co-workers (1971). Rabbit sperm, incubated with SV40 DNA, was 
used for inseminating females, and from the one- and two-cell embryos that were 
obtained, infectious SV40 could be recovered. Some 18 years later, this sperm-
mediated gene transfer (SMGT) approach was validated with the production of the 
first transgenic mouse using spermatozoa that were extensively washed and then 
incubated with DNA prior to using them for in vitro fertilization (Lavitrano et al. 
1989). With a reported 30% efficiency for the production of transgenic offspring, 
the technique not only appeared efficient but promised absolute simplicity and low-
cost production of transgenic animals with the potential for large-scale applications. 
In spite of the apparent simplicity of SMGT, it proved to be a highly unreliable 
technique with inconsistent outcomes (Brinster et al. 1989). When the SMGT meth-
odology was later transferred to a range of other species, including rabbit (Wang 
et al. 2003), chicken (Nakanishi and Iritani 1993), pig (Lavitrano et al. 1997), goat 
(Zhao et al. 2010), and cattle (Perez et al. 1991), it was met with varying success and 
was frequently plagued by low efficiencies. In attempts to improve the efficiency of 
SMGT, the method was modified in various ways to maximize the delivery of the 
exogenous DNA which was comprehensively reviewed recently (Lavitrano et  al. 
2013). A sperm-reactive antibody with high DNA-binding capacity has been 
included as a linker to improve the binding of the exogenous DNA to spermatozoa 
(Chang et al. 2002). To aid with the stable integration of the exogenous DNA, sperm 
was also incubated with lentivirus (Zhang et al. 2012), or transfection of sperm was 
combined with restriction enzyme-mediated integration (Harel-Markowitz et  al. 
2009; Shemesh et al. 2000) prior to their use for artificial insemination. Despite the 
reports of the successful production of transgenic embryos and farm animals, this 
form of SMGT is associated with relatively low efficiencies and high variability of 
success rates. Only few laboratories have consistently reported positive results, and 
the cause for the inherent reliability issues remains unresolved. Many mechanistic 
barriers exist that may prevent the efficient uptake of exogenous DNA into sperm or 
the internalization of transgenes into oocytes and embryos via sperm. This has been 
discussed in a recent study as a major cause for the failure to produce transgenic 
bovine embryos following in vitro fertilization of oocytes with sperm incubated or 
transfected with exogenous DNA and might be at the core of the observed inconsis-
tencies with SMGT (Eghbalsaied et al. 2013).

Any barriers to the delivery of the sperm-associated exogenous DNA into the 
oocyte can be readily overcome by a technique called intracytoplasmic sperm injec-
tion (ICSI). With this method, freeze-thawed or detergent-treated sperm is com-
plexed with exogenous double-stranded DNA fragments and then directly injected 
into the oocyte cytoplasm for the production of a transgenic animal (Moisyadi et al. 
2009). This technique, termed ICSI-mediated transgenesis (ICSI-Tr), was first dem-
onstrated in mice where it enabled the production of a high percentage of 
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transgene-expressing offspring (Perry et  al. 1999). In contrast to viral vectors, it 
could also accommodate the transfer and insertion of large DNA fragments (Moreira 
et al. 2004). After the success with the production of transgenic mice, ICSI-Tr was 
applied to a variety of livestock species. However, transgenic efficiencies were quite 
low compared to the mouse system (Yanagimachi 2005). The inclusion of an addi-
tional chemical activation step improved the typically poor embryo development fol-
lowing ICSI observed with domestic animals and enabled the production of 
blastocysts with up to 80% confirmed for the expression of the GFP reporter gene 
(Bevacqua et al. 2010; Pereyra-Bonnet et al. 2008). A goat study that evaluated the 
impact of goat sperm on ICSI results found that immotile sperm delivered better 
results with ICSI-Tr than motile sperm (Shadanloo et al. 2010). Other improvement 
strategies were aimed at actively assisting with the integration of transgenes into the 
host genome by combining ICSI-Tr with the activity of a recombinase, integrase, and 
transposase which boosted transgenesis rates severalfold over unassisted ICSI-Tr in 
mice (Shinohara et al. 2007). Applied in pigs, ICSI-Tr supported by the recombinase 
recA was shown to increase the number of transgene-expressing embryos and 
achieved a 46.6% efficiency for the production of transgenic piglets (Garcia-Vazquez 
et al. 2010). The accumulation of more and more studies reporting on the successful 
production of transgenic embryos and animals with SMGT and ICSI-Tr indicates 
that these approaches can work. Yet, the observed high intra- and interspecies suc-
cess variabilities show that it is not the most reliable and robust technique and will 
require further development. Though, the need for additional variations such as ICSI 
forfeits the promised simplicity, which had been one of the main attractions of this 
technology. SMGT/ICSI-Tr has also some intrinsic drawbacks and gives very limited 
control over the number of integrated transgene copies and time and site of integra-
tion with the potential for generating high proportions of mosaic animals.

However, other technologies supporting only random insertions described below 
will share these shortcomings to various degrees.

6.1.2	 �Transgenesis by Direct Introduction of DNA

6.1.2.1	 �Microinjection of Zygotes
Instead of using a natural vector, this method uses the direct delivery of exogenous 
DNA by manual injection with a fine glass needle into the pronucleus of a one-cell 
embryo. This microinjection of many copies of a linear DNA construct into one of 
the two pronuclei of a recently fertilized egg for the generation of transgenic mice 
was first demonstrated by Gordon and co-workers (1980). The technology went on 
to revolutionize the transgenic animal field and gave rise to a vast number of different 
transgenic mouse models that enabled the study of mammalian gene function and 
disease. Encouraged by the success in the mouse system, the technology was swiftly 
applied in larger animals (with the prospect for immediate improvements of livestock 
genetics supporting agricultural and biomedical applications) and led to the genera-
tion of transgenic rabbits, sheep, and pigs (Hammer et  al. 1985). But the mouse 
system did not directly transfer to livestock. The high lipid content in embryos from 
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domestic animal species obscured the pronuclei and made pronuclear microinjection 
more demanding compared to mice. While a centrifugation step allowed visualiza-
tion of pronuclei in a large proportion of the embryos, low transgene integration 
efficiency and low embryo survival resulted in overall very low production efficien-
cies for transgenic livestock by this method with approximately only 1% of injected 
zygotes giving rise to transgenic offspring (Wall 2001). Pronuclear microinjection is 
limited to random transgene integrations, commonly associated with concatemeriza-
tion and integration of multiple copies. Random insertions can cause interference 
with or complete loss of the function of an affected endogenous gene or might restrict 
the transgene’s expression when it is integrated in a heterochromatic location. 
Moreover, lack of control over the timing of events means that integration does not 
necessarily occur at the one-cell stage. It can happen after the first DNA replication 
and cell division which will generate a mosaic animal with only some but not all cells 
containing the transgene. A review of the results for the production of transgenic 
livestock by pronuclear microinjection between 1985 and 2000 revealed the extent of 
the issues (Wall 2001). Only approximately 70% of transgenic founder animals were 
able to transmit the transgene through the germline to the next generation. For the 
founders that could establish a transgenic line, just over 50% expressed their trans-
genes at levels suitable for the respective application. This enormous inefficiency 
made the production of transgenic livestock very expensive and shifted the focus 
from agricultural to biomedical applications which generally offer greater economic 
benefits and thus provide better justification for the required effort to produce such 
animals. In the absence of better alternatives, the technology remained the dominant 
technique for the production of transgenic livestock until the advent of cloning from 
adult cells in 1997 (Wilmut et  al. 1997) which provided the platform for a cell-
mediated technology described in detail in Sect. 6.2.4.

Several strategies were investigated to improve the integration of transgenes fol-
lowing pronuclear microinjection. In combination with restriction enzyme-mediated 
integration, the co-injection of a transgene construct and a restriction enzyme into 
the pronucleus boosted the production of transgenic mouse embryos and pubs by 
about twofold (Seo et  al. 2000). As with SMGT, active integration supported by 
exogenous enzymes was tested. Microinjection of DNA that was coated with the 
bacterial recombinase RecA resulted in better embryo survival and transgene inte-
gration in goats and pigs, increasing the overall efficiency for producing transgenic 
offspring (Maga et al. 2003). More recent developments with transposable delivery 
systems and site-specific nucleases, which offer improved control and efficiency for 
the integration of transgenes, have substantially augmented microinjection as a 
means of producing transgenic livestock and brought it back into focus as a method 
of choice. This warrants the description of these two improvement strategies and 
how they enhance conventional microinjection in a bit more detail below.

Transposon-Mediated Transgenesis
Transposons are naturally occurring mobile genetic elements which can be mobi-
lized by a cognate transposase through an active, cut-and-paste-like process. The 
transposase first catalyzes the excision of the transposon and then the integration of 
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the transposon, also called transposition, into a target site of the host genome. 
Initially applied for gene transfer in invertebrates, the regeneration of the Sleeping 
Beauty transposon system from nonfunctional elements provided the first trans-
posase suitable for mammalian systems (Ivics et al. 1997). Since then, additional 
transposases have been tested for mammalian transgenesis, including PiggyBac and 
Tol2 (Clark et al. 2007; Wu et al. 2006), and were further developed into hyperactive 
variants for increased transgene integration efficiencies (Germon et al. 2009; Lampe 
et al. 1999; Mates et al. 2009; Yusa et al. 2011).

For transposase-mediated transgenesis, transgenes need to be flanked with short 
inverted terminal repeat elements that are recognized and bound by the transposase. 
Most commonly, the transposase is then supplied in trans with a separate expression 
construct to execute the cut-and-paste action and stably integrate the transgene 
(reviewed in Bosch et al. 2015). But also single-vector systems have been described 
where transposon and transposase act in cis. A design with self-inactivating proper-
ties safeguards against undesirable genetic instabilities due to remobilization of 
integrated transgenes should the transposase itself become unintentionally inte-
grated at random locations (Urschitz et al. 2010). Alternatively, the transposase can 
be delivered as mRNA or recombinant protein to avoid possible integration and 
continuous presence of an active transposase.

Combining transposon systems with pronuclear injection greatly increased 
transgene integration rates similar to the high efficiencies achievable with viral 
approaches resulting in severalfold enhancement of the production efficiencies for 
transgenic animals over conventional pronuclear microinjection (Bosch et al. 2015). 
In mammalian species, it was successfully applied in mouse (Ding et  al. 2005; 
Dupuy et al. 2002; Mates et al. 2009), rat (Jang and Behringer 2007), rabbit (Katter 
et  al. 2013), and pig (Carlson et  al. 2011). As mentioned earlier, pronuclei are 
obscured by lipid droplets in species such as pig and cattle, a limitation which was 
soon resolved by adapting the methodology to the much simpler injection into the 
cytoplasm (Fig. 6.3). This was made possible by the use of hyperactive transposases 
which had sufficiently high transposition efficiencies to support delivery by cyto-
plasmic injection and readily produced transgenic mice (Marh et  al. 2012), pigs 
(Garrels et al. 2011; Li et al. 2014), and cattle (Garrels et al. 2016) with high effi-
ciencies. More recently, this approach was also validated for sheep although the 
majority of lambs born had the transgene only integrated in extraembryonic tissues 
and the two transgenic lambs generated appeared to be highly mosaic (Bevacqua 
et al. 2017).

The increased integration efficiency of this transposon-mediated transgenesis 
strategy overcomes a major limitation of traditional pronuclear injection which is 
associated with very low stable chromosomal integration rates. In comparison 
with viral systems, it has the added advantage of a much lower biosafety risk pro-
file and the ability to transfer even very large transgenes (Balciunas et al. 2006; Li 
et al. 2011; Rostovskaya et al. 2013). While enhanced integration with the aid of 
transposases also relies on integration into random chromosomal sites, it cata-
lyzes the integration of monomeric transgene copies instead of multimeric, con-
catemerized transgenes typically observed with the more traditional approach. 
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However, transposases not necessarily just integrate a single copy but can inte-
grate monomeric transgene copies into multiple different chromosomal sites. 
Although it is possible to segregate these through breeding, in large animals with 
long generation times and few offspring, this could be impractical. Thus, for many 
transgenic livestock applications, the aim will be single-transgene insertions 
which can be favored by modulating amount and ratio of transgene and trans-
posase accordingly (Carlson et al. 2011).

Most transposases interact with short consensus sequences in the genome, such as 
Sleeping Beauty and PiggyBac with TA and TTAA, respectively, where also the 
insertion takes place. The detailed mapping of insertion sites further revealed that 
PiggyBac has a tendency for integrations in or near transcription units (Ding et al. 
2005; Wilson et al. 2007) making it prone to insertional mutagenesis which would be 
an undesirable outcome for animal transgenesis. In contrast Sleeping Beauty is lack-
ing such a preference (Liu et al. 2005; Yant et al. 2005). Based on the high proportion 
of transposon-produced transgenic animals expressing their transgene, it appears that 
chromosomal integrations are preferentially directed into locations with an 
open, transcriptionally permissive chromatin conformation (Garrels et al. 2012). 

a b

c d

Fig. 6.3  Cytoplasmic injection of a bovine zygote. Shown are (a) the immobilization of the 
zygote with a holding pipette, (b) penetration of the zona pellucida and underlying plasma mem-
brane with the injection needle, (c) injection of a small volume containing relevant effector mole-
cules, and (d) retraction of the injection needle after completion of the delivery
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Thus, enhancing pronuclear injection with transposons is less prone to variegated 
expression and epigenetic gene silencing that are often observed with multi-copy 
insertions into heterochromatic regions with non-assisted methods.

Programmable, Site-Specific Nucleases
As described before, microinjection was limited by lacking precise control over 
where a transgene integrates into the genome. Site-specific sequence alterations in 
farm animals were only possible with cell-mediated approaches using primary cells 
(described in detail in Sect. 6.2.4). This was however a highly inefficient technique 
which severely dented its practicality (Laible and Alonso-Gonzalez 2009). The 
remarkable advent that has seen the development of site-specific nucleases, designed 
to target a single site in the genome, has now spectacularly changed the feasibility 
for targeted changes of livestock genomes by microinjection. The following pro-
vides a brief description of the main concepts and offers insights into the advanced 
technical capabilities associated with site-specific nucleases.

The inclusion of programmable nucleases greatly enhanced conventional 
microinjection to an entirely new level that makes it now possible to introduce 
site-specific alterations into livestock genomes via microinjection with high effi-
ciency previously only achievable in the mouse embryonic stem cell (ESC) sys-
tem. When microinjected into the cytoplasm of zygotes, these site-specific 
nucleases introduce a double-strand break at the desired target site. This is typi-
cally repaired by the cellular repair machinery via nonhomologous end-joining 
(NHEJ) repair process. NHEJ is an error-prone process due to endogenous nucle-
ase activity at the site of the double-strand break (DSB) and as a consequence 
often results in the introduction of small insertions or deletions, so-called indels, 
at the target site. Although this still involves some aspect of randomness because 
the actual mutation being introduced is not predefined, it provides a very efficient 
and simple way to generate functional gene disruptions in livestock that were not 
possible before (Lillico et  al. 2013; Proudfoot et  al. 2015). Similarly, genomic 
region can be efficiently deleted by introducing two DSBs resulting in the deletion 
of the intervening sequences (Xiao et  al. 2013; Yang et  al. 2013). As a conse-
quence of the introduction of such mutations, also the binding site for the nuclease 
is lost, and the mutated allele is no longer an editing target. Together with the 
strong cleavage activities commonly exerted by these nucleases, this approach 
readily enables the efficient introduction of bi-allelic modifications at the target 
site. But because the exact time, duration, and extent of the nuclease activity can-
not be controlled, animals can be generated that contain more than two different 
mutated alleles and may show variable degrees of mosaicism.

The programmable nucleases are commonly delivered as circular expression 
plasmids which are then transcribed and translated in the embryo. To eliminate the 
potential risk for unwanted vector integration, they can be also injected as mRNA 
and recombinant protein. This technology, often referred to as genome editing, 
enables targeted mutagenesis without leaving any technology-associated footprint. 
Nuclease-mediated genome editing can be even more sophisticated when a homolo-
gous repair template is provided in trans which enables site-specific introduction of 
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precise mutations or targeted insertions of transgenes (Tan et al. 2016). This is due 
to DSB-induced stimulation of homology-directed repair (HDR) mechanisms. In 
the presence of a homologous repair template, defined mutations can be introduced 
at the target site according to intended sequence changes specified by the repair 
template.

The first site-specific nucleases that were developed into an effective genome-
editing tool were zinc finger nucleases (ZFNs) (Hauschild-Quintern et al. 2013). 
The toolbox was soon expanded with the development of additional editing plat-
forms, namely, transcription activator-like effector nucleases (TALENs) which, 
instead of zinc fingers, use a DNA-binding domain comprised of an array of repeat 
units whose intrinsic polymorphic sites determine DNA-binding specificity 
(Mussolino and Cathomen 2012) and the clustered, regularly interspaced short pal-
indromic repeat (CRISPR)—CRISPR-associated nuclease 9 (Cas9) system (Sander 
and Joung 2014). Today, scientists have an increasing range of editing enzymes at 
their disposal that provide a variety of options for the precise and efficient editing of 
livestock genomes. Because of its importance for contemporary approaches to pre-
cisely engineer livestock genomes, there is a dedicated chapter about this technol-
ogy, and the interested reader is referred to Chap. 7 for a detailed description of how 
these editors work and can be applied to edit livestock genomes.

6.1.2.2	 �Electroporation of Zygotes
With the development of enhanced transgenesis options, microinjection has become 
again a method of choice, particularly in combination with programmable nucleases 
(see Chap. 7). However, microinjection is technically demanding, requires special-
ized micromanipulation skills, is labor intensive, and is limited to slow throughput 
due to the restriction for one-by-one injections of individual embryos. Electroporation 
potentially offers an attractive alternative as a technology which is suitable to intro-
duce DNA and RNA into one-cell embryos (Grabarek et al. 2002). Introduction of 
site-specific nucleases as RNA into mouse and rat zygotes by electroporation 
resulted in the successful production of mice and rats with targeted gene disruptions 
(Kaneko et al. 2014) and precise mutations as specified by HDR templates (Qin 
et al. 2015). It is also possible to electroporate CRISPR/Cas9 as preassembled ribo-
nucleoprotein complex into zygotes which achieved efficiencies of 88% for bi-
allelic gene disruptions and 42% for the introduction of HDR-mediated precise 
mutations in mice (Chen et al. 2016). Moreover, it was shown that editing following 
electroporation of ribonucleoprotein complexes can occur before the first genome 
replication, ensuring the generation of mice no longer containing any non-edited 
wild-type alleles (Hashimoto et al. 2016).

So far electroporation for the delivery of genome editors has been mainly 
investigated in rodents and has only started to be applied in livestock species. 
Electroporation for the generation of CRISPR-mediated indels was successfully 
applied in pigs (Tanihara et  al. 2016). In bovine, electroporation of zona-free 
zygotes (Fig. 6.4) was reported to also enable the introduction of precise muta-
tions as a result of HDR (Wei et al. 2018). Although increasing overall editing 
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efficiencies and reducing the level of mosaicism still need to be addressed, elec-
troporation of livestock embryos holds much promise for the future. In contrast to 
microinjecting individual embryos, the electroporation process is very simple, 
and groups of tens of embryos can be simultaneously edited which provide scope 
for high throughput due to a much greater potential for automation of the electro-
poration process.

6.2  �Cell-Mediated Transgenesis Methods

A prerequisite for cell-mediated transgenesis is immediate access to cells, which 
can be cultured and easily manipulated to introduce genetic changes in vitro. Most 
importantly, these cells must be suitable and provide an avenue to subsequently 
generate an entire animal with the same genetic blueprint from essentially a single 
transgenic cell (Fig.  6.2b). Compared to the above-described embryo-mediated 
transgenesis methods, cell-mediated approaches have several distinct advantages. 
The sex and genetic background of the modified animal can be simply chosen with 
the selection of the cells to be engineered, and because genetic engineering is done 
in cells cultured in vitro, it provides the opportunity to fully characterize the intro-
duced genetic modification prior to generating a transgenic animal.

Moreover, the cell-mediated strategy avoids the issue of generating mosaic ani-
mals and enables the production of multiple founders from a characterized cell line. 
This contrasts the necessity to breeding from an individual founder, identified to be 
suitable following full genotypic characterization of multiple candidates, to estab-
lish small cohorts of animals for phenotypic analysis.

Fig. 6.4  Electroporation of zona-free bovine zygotes. The left panel shows a coplanar electrode 
that is positioned under a stereo microscope and connected to a square wave generator. The magni-
fied (100×) view on the right shows the main channel of the electrode loaded with zona-free bovine 
zygotes prior to electroporation
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6.2.1	 �Embryonic Stem Cell Technology

ESCs have to be one of the most ideal types of cells for engineering the genome and 
generating animals from such engineered cells due to their unique characteristics. 
Mouse ESCs were first derived in 1981 from the inner cell mass of a blastocyst-
stage embryo (Evans and Kaufman 1981; Martin 1981) and have the ability to self-
renew which provides them with an unlimited life-span in culture. The quasi 
immortality is coupled with a high efficiency for single-cell clonal expansion greatly 
facilitating the isolation and characterization of transgenic cell clones. Moreover, 
while homologous recombination is a rare event in mammalian cells, its relative 
frequency in ESCs is approximately two orders of magnitude higher compared to 
somatic cells (Wells et al. 2003). To increase the probability for precise modifica-
tions by homologous recombination and to facilitate the identification of rare 
homologous recombination events, targeting vectors had to be equipped with long 
stretches of homologous sequences from isogenic DNA and positive- and negative-
selection cassettes and were typically delivered into cells as linear fragments by 
electroporation. This proven strategy provided almost unlimited opportunities to 
precisely modify the genome of ESCs by even complex, multistep procedures and 
was the main driver for the success of the mouse as model organism. But even in 
ESCs, homologous recombinations remain relatively rare events which limited the 
introduction of site-specific alterations to a single allele only. Since then, gene tar-
geting in ESCs has become much simpler with the application of programmable 
nucleases (Wang et al. 2013). Gene disruptions can be done without the need for 
complex, homologous sequences containing targeting vectors, and simple knockins 
can be achieved with short oligonucleotides as homology repair template to even 
target multiple genes all in the absence of selection. For more demanding applica-
tions such as the knockin of entire transgenes, the efficiency appears to be generally 
lower but is still sufficient to be achievable without the need for selection (Moehle 
et al. 2007).

Another equally important characteristic of ESCs is their pluripotent nature. 
ESCs can develop into any cell type of an adult mouse, essentially representing a 
one-cell equivalent of a mouse. When injected back into blastocysts or aggregated 
with morula-stage embryos, they can contribute to all tissues of the developing ani-
mal, including the germline, which provides an efficient route for the generation of 
an animal entirely derived from the injected ESCs (Robertson et al. 1986).

Initially, ESCs were only available from mouse, and it took many years until 
ESCs could be established from two other species, namely, rhesus monkey and 
human (Thomson 1998; Thomson et al. 1995). However, when compared to murine 
ESCs, their culture was dependent on different growth factors, and they differed in 
the expression of key genes and other characteristics. Today they are recognized as 
representing a primed state of a later embryonic state, while mouse ESCs capture 
the naïve or ground state of an early, preimplantation embryo (Soto and Ross 2016). 
The development of a new culture system, based on two inhibitors and commonly 
referred to as 2i, that facilitates the maintenance of a naïve pluripotent state (Ying 
et al. 2008) was instrumental for the successful isolation of naïve ESCs from rats 

G. Laible



109

(Buehr et al. 2008; Li et al. 2008). Although this raised the expectations that ESCs 
from livestock species were soon to follow, this has turned out to be extremely dif-
ficult, and no livestock ESCs suitable for generating transgenic animals in this way 
are available to date (Ogorevc et al. 2016; Soto and Ross 2016).

6.2.2	 �Induced Pluripotent Stem Cells for Transgenesis

The discovery that the transient expression of a set of specific transcription factors 
can reprogram somatic cells into pluripotency has unlocked a new promising source 
of cells (Takahashi and Yamanaka 2006). The efficiency of reprogramming somatic 
cells back into a pluripotent state is however very low, and viral vectors were ini-
tially used to take advantage of their high transduction rate and introduce the repro-
gramming factors into a maximum number of cells. Since then a number of 
alternative non-viral methods were developed for the delivery of the reprogramming 
factors including direct delivery of mRNA or recombinant proteins (Kumar et al. 
2015). The resulting induced pluripotent stem cells or iPSCs closely resemble the 
characteristics of naïve ESCs (Nichols and Smith 2009). Like ESCs, mouse and rat 
iPSCs were shown to be germline competent and could be used to produce iPSC-
derived offspring (Hamanaka et  al. 2011; Okita et  al. 2007). In contrast, similar 
efforts with livestock iPSCs were less successful with only one published study 
describing germline transmission at a very low rate from a chimeric pig produced 
with iPSCs (West et al. 2010). In this study, no viable offspring were produced that 
could survive past the first 3 days (West et al. 2011). Adversely affecting the com-
petence of livestock iPSCs could be their state of incomplete reprogramming indi-
cated by their dependence on the continued expression of the exogenous 
reprogramming factors (Du et al. 2015). This is not the case with rodent and human 
iPSCs which become independent of the exogenous factors once fully repro-
grammed. Hence, livestock cells may require different culture conditions for their 
derivation, continued proliferation, and maintenance of pluripotency which have 
not been fully identified yet and are the main reasons why there are no livestock 
iPSCs available for transgenesis at present (Ogorevc et  al. 2016; Soto and Ross 
2016). This is an area of intense research, and although neither the isolation of suit-
able ESCs nor iPSCs has been reported for livestock species, these cells hold con-
siderable promise for the future. Further, more in-depth information on the current 
state of livestock stem cells can be found in Chap. 10.

6.2.3	 �Testis-Mediated Gene Transfer

The concept is based on the transfection of male spermatogonial stem cells (SSCs) 
that can later be transplanted into the testes of recipients which had been treated to 
suppress or deplete the pool of endogenous germ cells. Successful colonization of 
the recipient testes with the exogenous SSCs will then allow the production of trans-
genic sperm and thus offspring. Following the successful transplantation of 
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exogenous mouse SSCs into a compromised recipient testis (Brinster and Avarbock 
1994; Brinster and Zimmermann 1994), production of transgenic mice was demon-
strated by transplantation of transfected SSCs (Nagano et al. 2001). Because it rep-
resented an attractive new route for the production of transgenic offspring, the 
technology was investigated for its applicability for livestock transgenesis (reviewed 
in Honaramooz and Yang (2011)), and first transgenic goats (Honaramooz et  al. 
2008) and pigs (Zeng et al. 2013) have been produced with this method. Though one 
should not forget that the preparation of recipients and transplantation of SSCs in 
large animals pose significant challenges, further improvements will be required to 
develop testis-mediated transgenesis into a more widely accessible and practical 
tool for the production of transgenic livestock.

6.2.4	 �Nuclear Transfer with Transfected Somatic Cells

Because of the unavailability of suitable PSCs for a long time, there was no cell-
mediated route for livestock transgenesis. Readily available were differentiated pri-
mary somatic cells which could be genetically engineered by standard methods for 
random insertions, including viral transduction and transfection or electroporation 
of transgenes. A method with the potential to generate transgenic animals from such 
differentiated cells is presented by nuclear transfer (NT) technology (reviewed in 
Chap. 1). With this approach, the nucleus from a suitable transgenic donor cell is 
transferred into an enucleated oocyte and artificially stimulated to undergo embry-
onic development. The latter will be dependent on the successful reprogramming of 
the cell’s nucleus to a state where it again is compatible with orchestrating correct 
development. Subsequent transfer of NT embryos into surrogate females would 
then allow for in vivo development to term and production of transgenic offspring 
(Fig.  6.5). However, early nuclear transplantation experiments in amphibians 
strongly indicated that it is not possible to reprogram a differentiated cell back into 
an embryonic state that would support the development into an adult animal from 
such a cell (Briggs and King 1952; Di Berardino 2001; Gurdon 1999). Essentially, 
this appeared to rule out any possibility to generate transgenic livestock from engi-
neered primary somatic cells. This was then shown to at least be still possible with 
undifferentiated preimplantation embryonic cells as nuclear donors which could be 
successfully reprogrammed to produce live cloned mice (McGrath and Solter 1983) 
and sheep (Willadsen 1986). To be suitable for transgenesis, such undifferentiated 
embryonic cells would need to be available in large numbers for transfection and 
maintain their developmental stage during in vitro culture which is not the case and 
hence offered no practical solution.

The big breakthrough came with the cloning of Dolly the sheep from a mammary 
gland cell by NT (Wilmut et al. 1997). This demonstrated for the first time that it is 
possible to reverse the developmental clock and reprogram a differentiated cell back 
into a totipotent state with the ability to support the development of an entire ani-
mal. It broke a long-standing dogma and encouraged the investigation of alternative 
reprogramming strategies which later resulted in the development of iPSCs 
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(Takahashi and Yamanaka 2006). Once NT with differentiated cells had been dem-
onstrated, it was only a small step to combine NT with transgenic cells as donors 
and establish a novel route for the production of transgenic sheep (Schnieke et al. 
1997) which was readily applicable in other livestock species (Baguisi et al. 1999; 
Cibelli et al. 1998; Polejaeva et al. 2000). Random insertion of transgenes by stan-
dard transfection approaches was dependent on the use of an antibiotic selection 
marker to identify and isolate transgenic cell clones. Development of transposon 
systems (Alessio et al. 2016; Clark et al. 2007) and application of other exogenous 
enzymes (Bosch et al. 2015) facilitate an active integration process and can greatly 
enhance the production of transgenic cell clones to an extent where the use of selec-
tion could be avoided. In addition, there is no size limitation, and artificial chromo-
somes such as bacterial artificial chromosomes (BACs) with the capacity to carry 
fragments of more than one megabase can be used for integrating large transgenes. 
Their use for transgenesis offers insulation of functional transgene sequences from 
potentially interfering neighboring endogenous sequences and can protect against 
unwanted position effects and variegated expression (McCormick and Nielsen 
1998; Peterson et al. 1997). BACs were used for the generation of cattle (Yang et al. 
2008) and pigs (Ma et al. 2016; Xu et al. 2016) for the controlled expression of 
specific transgenes which was recently extended with the generation of multi-trans-
genic pigs by introducing multiple BACs into a single location to avoid possible 

Isolation of
primary cells

Generation of
transgenic cells

Transgenic
livestock

Transfer into
recipient

Transgenic in
vitro embryo

Activation of the reconstructed
one cell embryo

Fusion of an enucleated oocyte
with a donor transgenic cell

Fig. 6.5  Schematic illustration of the NT process to produce transgenic cattle from transgenic 
cells. The transgene is introduced into primary somatic cells, typically derived from fetal tissues. 
Individual transgenic cells are then used as donor cells for NT and fused with an enucleated oocyte. 
Following artificial activation, the reconstructed NT embryos are cultured to the blastocyst stage 
and transferred to recipient cows for development to term. Green coloring indicates the transgenic 
nature of cells or animals
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segregation of the transgenes following breeding into the next generation (Fischer 
et al. 2016). The issue of insertion can be entirely avoided when mammalian artifi-
cial chromosomes are used which can be established episomally as independent 
chromosomes in mammalian cells (Ikeno et  al. 1998). The approach was later 
applied to establish a 10 Mb human artificial chromosome, containing the entire 
repertoire for the production of human antibodies, in primary bovine cells. NT with 
these cells generated “transchromosomic” cattle with the ability to produce func-
tional human antibodies (Kuroiwa et al. 2002).

A great attraction of SCNT as a cell-meditated transgenesis method for livestock 
was that it enabled for the first time to generate livestock with site-specific genome 
modifications. Gene-targeting strategies by homologous recombination, established 
and known from the mouse ESC system, could be applied in primary livestock cells 
and result in the successful disruption of an endogenous gene in sheep (McCreath 
et al. 2000). Although other studies followed describing the successful knockout of 
genes in pigs, cattle, and goats, the technology was not the expected breakthrough 
for site-specific engineering of livestock genomes (Laible and Alonso-Gonzalez 
2009). The limited growth potential of primary cells and their intrinsically low 
homologous recombination frequency resulted in very poor efficiencies for the iso-
lation of correctly targeted cell clones which made gene targeting in livestock quite 
challenging. To some extent, rejuvenation of a senescent cell clone’s proliferative 
life-span is possible by re-deriving fresh cells from a cloned NT fetus (Clark et al. 
2003). Although time-consuming and costly, it provides the potential for introduc-
ing complex modifications requiring multiple steps which was demonstrated with 
the sequential targeting of each allele of two different genes in cattle (Kuroiwa et al. 
2004). The limitations due to generally very low targeting efficiencies were first 
addressed by switching from electroporation of cells to introduce double-stranded 
DNA vectors for targeting to viral delivery of single-stranded DNA-targeting con-
structs. Targeting of mammalian cells with vectors based on recombinant adeno-
associated virus (rAAV) achieved significantly improved targeting efficiencies 
(Russell and Hirata 1998) which, as was demonstrated in a pig study, can be the 
crucial difference between failing and succeeding in the isolation of correctly tar-
geted cell clones (Rogers et al. 2008). One factor for the observed enhancement is 
the ability of rAAV to transduce primary cells with high efficiency. In addition, it 
was speculated that the presentation by the rAAV system of linear, single-stranded 
molecules might provide a superior substrate for the cellular machinery that facili-
tates HR at the target locus (Laible and Alonso-Gonzalez 2009).

The real breakthrough in lifting targeting efficiencies in somatic cells came with 
the application of programmable nucleases (Whyte et al. 2011; Yu et al. 2011). The 
site-specific introduction of nuclease-mediated DSB made it now possible to disrupt 
genes in somatic cells of livestock species with ease and sufficient efficiencies for 
the isolation of bi-allelically modified cell clones (Carlson et al. 2012). Moreover, 
the flexibility of the RNA-guided CRISPR/Cas9 system even allows for the simul-
taneous disruption of multiple genes (Cong et al. 2013; Wang et al. 2013; Ni et al. 
2014). While this is also possible with cytoplasmic injection, the cell-mediated 
route involves the transfection of large numbers of cells that can be selected, 
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screened, and fully characterized which is advantageous for the less efficient intro-
duction of more complex modifications (Carlson et al. 2016; Liu et al. 2013; Wu 
et al. 2015). However, there is a trade-off in using NT which is ultimately required 
to generate an animal from cells verified for possessing a specific mutation due to 
its reliance on somatic cells instead of ESCs (Wells et al. 2003). The reprogram-
ming of a somatic cell by NT is quite a drastic process that attempts to reconfigure 
the gene expression profile of the specialized somatic donor cell to a state capable 
to support normal development. The process is however very inefficient and fre-
quently hampered by faulty or incomplete epigenetic reprogramming of the trans-
ferred nucleus. The resulting aberrant expression of genes is associated with a high 
rate of losses throughout pregnancy and NT-related phenotypes affecting the viabil-
ity of these animals (Wells 2005).

�Conclusion

Today, researchers have access to a great selection of different transgenic tech-
nologies offering a wide range of different attributes including simplicity, cost-
effectiveness, high efficiency, and precise control. With this toolbox at hand, it 
appears that the initial technical limitations have been overcome and livestock 
genomes can now be modified with ease, precision, and complexity previously 
only possible in the mouse system. Still, the costs of large animals, longer gen-
eration times, and regulatory and acceptability aspects are important consider-
ations for genetically engineered livestock which can greatly vary dependent on 
the intended application. The interested reader is referred to subsequent chapters 
which will discuss the latest technological advancements and main agricultural 
and biomedical applications and provide the context for legal, ethical, and public 
concerns and considerations.
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Abstract
DNA nucleases, including zinc-finger nucleases (ZFN), transcription activator-like 
endonucleases (TALENS), and meganucleases, possess long recognition sites and 
cutting domains and are thus capable of cutting DNA in a very specific manner. 
These molecular scissors mediate targeted genetic alterations by enhancing the 
DNA mutation rate via induction of double-strand breaks at a predetermined 
genomic site. Compared to conventional homologous recombination-based gene 
targeting, DNA nucleases can increase the targeting rate up to 10,000-fold, and 
gene disruption via mutagenic DNA repair is stimulated at a similar frequency. 
The successful application of different DNA nucleases has been demonstrated in 
a multitude of organisms, including insects, amphibians, plants, nematodes, and 
mammals, including livestock animals. Recently, another novel class of molecular 
scissors was described that uses short RNA sequences to target a specific genomic 
site (Fig. 7.1). The CRISPR/CAS9 originates from a bacterial defense mechanism 
and can be programmed to target almost any site within a genome. The ease and 
low costs to create very specific genetic alterations by DNA nucleases have revo-
lutionized the production of genetically modified livestock. Current results indi-
cate that DNA nucleases can be successfully employed in a broad range of 
organisms which renders them useful for improving the understanding of com-
plex physiological systems, producing genetically modified animals, including 
creating large animal models for human diseases and creating specific cell lines. 
Genetic modifications could also increase animal welfare by making dehorning 
and sexing obsolete or by making farm animals resistant/resilient against specific 
pathogens. Livestock with a desired phenotype or trait can now be produced 
with previously unknown precision and ease and within a very short time frame 
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considered to be impossible before their advent. This chapter provides an update 
on DNA nucleases and their underlying mechanism and focuses on their use in 
livestock production. It has to be kept in mind that, at the time of writing this 
chapter, none of the genetically modified livestock has entered the food chain or 
had been used for the production of livestock-derived products.

7.1	 �Introduction

7.1.1	 �The Importance of Genetically Modified Livestock Animals

Genetically modified livestock animals play an important role not only in basic 
research but also in highly diverse areas such as food improvement, disease resis-
tance, human disease models, and recombinant therapeutics production. They con-
tribute to human health by serving as models for the treatment of diseases and 
disorders as well as a source of biomaterials used for rebuilding or replacing tissues 
and organs and by producing recombinant therapeutics in their body fluids (Kues and 
Niemann 2004). Additionally, the enormous challenges arising from the growing 
global human population and the ecological consequences thereof demand new solu-
tions. Over the next 50 years, the world’s farmers and ranchers will be called upon to 
produce more food than has been produced in the past 10,000 years combined and to 
do so in an ecological sensitive manner (Data from FAO, www.fao.org).

Mice have historically been the prime medical model owing to their ease to be 
kept and bred. The production of numerous inbred lines improved the reproducibil-
ity of experimental results. But the main advantage of using mice was the availabil-
ity of murine embryonic stem cells which display an unlimited replication capacity 
and are compatible with the sophisticated selection methods needed to select for the 
precise genetic alterations that occur at very low frequencies, i.e., 10−5–10−8 
(Mansour et al. 1988; Denning et al. 2001). This led to the establishment of thou-
sands of knockout mouse strains for basic research and models for human diseases. 
However, the complete phenotype of human diseases cannot always be reflected in 
genetically modified mice, which might be due to the high phylogenetic distance 
between human and mice. A prominent example is mouse models for cystic fibrosis 
that do not show the identical pathological phenotype that humans encounter when 
carrying the same mutant gene (Welsh et al. 2009; Rogers et al. 2008). In contrast, 
pigs carrying the same genetic mutation for cystic fibrosis exhibited the important 
features of the illness in a humanlike manner (Rogers et al. 2008).

The domestic pig provides valuable resources for biomedical research as pigs 
share many similarities with humans with regard to genetics, body size, anatomy, 
physiology, diet, and also in pathophysiological responses. Compared to mice, pigs 
have a relatively long life expectancy, which allows longitudinal studies under condi-
tions that mimic human patients. However, the introduction of precise genetic modifi-
cations in livestock genomes was hindered by the lack of true pluripotent stem cells 
from these species. Thus, techniques successfully used to generate the thousands of 
KO strains in mice were not applicable to livestock animals or only at very low suc-
cess rates. The appearance of “Dolly,” the first mammal cloned from a somatic cell, 
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changed the field of genome editing in livestock animals dramatically (Wilmut et al. 
1997). Moreover, highly specific synthetic endonucleases such as zinc-finger nucle-
ases (ZFNs), transcription activator-like effector endonucleases (TALENs), and 
CRISPR/Cas (Fig. 7.1) and new expression vectors such as transposon-based con-
structs together with the improved genomic sequence data lifted the field to a com-
pletely new level with previously unconceivable precision and efficiency. This chapter 
will provide basic information regarding DNA nucleases, their principle mechanism, 
and the application of DNA nucleases to modify the genome of livestock.

7.2	 �The Use of DNA Nucleases to Edit the Livestock Genome

Genetic modification starts with the creation of a double-strand break (DSB) of the 
DNA. The efficiency of a targeted genetic modification can be significantly enhanced 
by creating a site-specific DSB (Rouet et al. 1994). Genome editing tools normally 
consist of a cleavage domain and a DNA-binding domain, which can be designed to 
bind to nearly any DNA sequence. By selecting for different outcomes of DNA 
repair, either gene knockout or targeted transgene insertion can be obtained.

Homologous recombination is a rare cellular event that has numerous applica-
tions, including studies of basic mechanisms in mammalian development and physi-
ology and the production of transgenic farm animals for xenotransplantation, as 
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human disease models, for gene pharming or simply to increase breeding perfor-
mance and/or specific agriculturally important traits. In embryonic stem cells, 
homologous recombination (HR) can be achieved using a positive-negative selection 
approach based on the presence of an antibiotic selection cassette within the homolo-
gous region, which will confer resistance against an antibiotic drug. By using a pro-
moterless approach, the resistance cassette has to be driven by an endogenous active 
promoter. This approach significantly reduces the amount of false-positive cell 
clones. Combining the promoterless approach with a selection cassette localized out-
side of the homologous region further reduces the amount of false-positive selected 
cell clones. The overall efficiency obtained by using such an approach normally does 
not exceed 10−6 HR events. In contrast, several studies have reported 1–18% homolo-
gous recombination events per mammalian cell, when the targeted double-strand 
break was introduced by natural or artificial endonucleases (Choulika et al. 1995; 
Donoho et al. 1998; Epinat et al. 2003; Vasquez et al. 2001; Szczepek et al. 2007). 
Meganucleases were the first genome editing tools that were discovered and used to 
cut a specific DNA within the host genome. Following the discovery that induction 
of a double-strand break increases the frequency of homology-directed repair (HDR) 
by several orders of magnitude, targeted nucleases have emerged as the method of 
choice for improving the efficiency of HDR-mediated genetic alterations. By co-
delivering a site-specific nuclease with a donor plasmid bearing locus-specific 
homology arms, single or multiple transgenes or mutations can be efficiently inte-
grated into any endogenous locus. In the past few years, new genome editing tools 
were discovered that cut DNA in a very precise way, with unprecedented efficiency, 
and in a straightforward manner. These new programmable endonucleases include 
zinc-finger nucleases, transcription activator-like effector endonucleases (TALEN), 
and the most recent addition RNA-programmed genome editors (CRISPR/CAS9) 
(for comparison see Table 7.1).

7.2.1	 �Zinc-Finger Nucleases

7.2.1.1	 �Structure of Zinc-Finger Nucleases
The first zinc-finger (ZF) motif which had specific binding affinity to DNA was 
discovered as part of the transcription factor IIIa in Xenopus oocytes (Miller et al. 
1985). A typical zinc finger (Cys2His2) consists of 30 amino acids which form two 
antiparallel β-sheets opposing an α-helix (Pabo et al. 2001). The domain is stabi-
lized by two cysteine and two histidine residues binding a zinc ion, thus forming a 
compact globular domain. The zinc-finger motif uses residues in the alpha helix to 
bind to approximately three specific base pairs in the major groove of the DNA 
(Pavletich and Pabo 1991). ZFs can be designed to bind almost any base triplet 
(Pabo et al. 2001). Multiple ZFs can be combined to form a larger DNA-recognition 
domain which in turn increases specificity and efficiency of genetic modification. 
Specific binding of individual zinc fingers is largely independent, with some con-
tacts between adjacent fingers altering base pair recognition. While the zinc-finger 
motif was discovered in the 1980s (Miller et al. 1985), ZFNs have a shorter history. 
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The first specific zinc-finger nuclease was reported ~15 years after the discovery of 
the zinc-finger domain (Kim et al. 1996). A ZFN consists of a site-specific zinc-
finger DNA-binding domain fused to the nonspecific cleavage domain of the FokI 
endonuclease. At least two ZFN molecules are required for genetic modification, 
since the FokI nuclease must dimerize to cut the DNA. The need of two ZFN mol-
ecules doubles the number of specifically targeted base pairs (Smith et al. 2000). 
The two ZFN molecules bind to the targeted DNA in a tail-to-tail orientation sepa-
rated by 5–7 bp, with double-stranded DNA cleavage occurring in the spacer region.

7.2.1.2	 �Genetical Modification by Zinc-Finger Nucleases
To employ a specific ZFN for genetic engineering, the plasmid DNA or mRNA 
encoding a specific ZFN is introduced into cells or embryos via microinjection or 
transfection (Hauschild-Quintern et  al. 2013a). After translation, the ZFN pair 
binds to its specific target, the FokI nucleases dimerize, and the DNA is cleaved. 
ZFN activity can be enhanced by incubating transfected cells at 30 °C for a few 
days (Doyon et  al. 2010). Cultivation at sub-physiological temperatures slows 
down the cell cycle, giving the ZFNs more time to bind and cut at the targeted locus 
(personal communication Greg Cost, Sangamo Biosciences, CA, USA). A ZFN 
pair induces a site-specific DSB only at the genomic site for which the molecule 
had been designed.

After ZFN-mediated DNA cleavage in eukaryotic cells, double-strand break repair 
is initiated, either by nonhomologous end joining (NHEJ) or homology-directed 
repair (HDR). NHEJ is error-prone and often creates short insertions or deletions 

Table 7.1  Comparison of three classes of molecular scissors

ZFN TALEN CRISPR
Targeting domain Zinc-finger 

proteins
Transcription 
activator-like effector

CRISPR RNA or single-chain 
guide RNA

Nuclease FokI FokI Cas9/FokI
Biallelic knockout 
achieved

Yes Yes Yes

Average mutation 
rate

++ +++ +++

Length of 
recognition 
domain

18–36 bp 30–40 bp 20 bp

Restriction in 
target site

G-rich Start with T, and end 
with A

Protospacer adjacent motif (NGG 
or NAG) at end of target sequence

Complexity to 
design vector

− + +++

Off-target events Variable Low Variable, to be determined
Cytotoxicity Variable to 

high
Low low

Number of 
plasmids 
necessary

2 2 1 (2 in case of a CRISPR/FokI 
construct)

Costs +++ ++− +−−
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(indels) of a few base pairs (10–20 bp) at the sealed break (Bibikova et al. 2002). Such 
mutations can cause frameshift or disruption of a gene, which in turn leads to the 
genetic knockout. Since the frequency of genetic modification is generally >1%, iso-
lation of knockout cells is readily achieved by interrogation of cell clones generated 
by limiting dilution. Fluorescence-activated cell sorting (FACS) or magnetic bead 
selection has been successfully employed to enrich the targeted non-immortalized and 
other poorly clonable cells lines (Yu et al. 2011; Whyte et al. 2011; Hauschild et al. 
2011; Li et al. 2013).

Mitotic cells often repair a DSB using homology-based DNA repair. In such a 
case, the cell normally uses the sister chromosome as a template to repair the DSB, 
which faithfully restores the original sequence (Fig. 7.2). The molecule can be used 
as template when a donor DNA molecule containing homologous arms to both sides 
of the DSB is co-transfected with the ZFNs. The exogenous DNA sequence placed 
between the two regions of homology will be copied into the chromosome during 
the DNA repair process (Moehle et al. 2007). In the absence of a site-specific break, 
the donor DNA must contain a large region (6–7 kb) homologous to the targeted 
region for capturing one of the rare spontaneous breaks (Deng and Capecchi 1992). 
In contrast, ZFN-based targeting strategy is compatible with a significantly shorter 
stretch of homologous DNA. Typically, 500–1500 bp is used. Even linear <50 bp 
homologous donor sequences (Orlando et al. 2010) and single-stranded DNA oligo-
nucleotides can be used to induce mutations, deletions, or insertions at the target site 
(Chen et al. 2011).

Integration of the ZFN has to be avoided as it would result in permanent transcrip-
tion of the ZFN and thereby would likely lead to permanent nonspecific DNA cleav-
age. Usually, ZFN plasmids are rapidly diluted and disappear from the treated cells 
when a transient transfection protocol is applied. Besides the high efficiency, a major 
advantage of ZFN-mediated targeting is the lack of random integration, which pre-
vents negative side effects such as insertional mutagenesis. Nuclease-mediated 
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targeted integration normalizes for positional effects that typically confound many 
types of genetic analysis and enables study of structure-function relations in the com-
plex and native chromosomal environment. ZFNs have been broadly applied in basic 
research, biotechnology, and medicine, but genome engineering with ZFNs is limited 
by the random generation of unwanted indels at homology sites (Liu et al. 2013). 
One potential strategy to overcome this limitation is the targeted introduction into 
DNA containing a single-strand break (SSB) or nick. A nick can be equivalent to a 
double-strand break (DSB) and stimulate the HDR pathway (Meselson and Radding 
1975; Radding 1982). In contrast to a DSB, a nick is not a bona fide substrate for 
repair by the NHEJ pathway. Thus, a targeted nick has the potential to restrict repair 
to the HDR pathway (Wang et al. 2012).

7.2.1.3	 �Genetical Modifications of Farm Animals Using Zinc-Finger 
Nucleases

Genetically modified farm animals, specifically the domestic pig, increasingly serve 
as a model in human medicine, including xenotransplantation, basic research, and 
human disease models. The latter is an important complementation to the laboratory 
mouse where it has frequently been shown that the typical disease manifestation 
does not fully mimic the human disease symptoms. Pigs share many genetic, ana-
tomical, and physiological features with humans and have rapidly emerged as a 
suitable model for specific diseases, including cystic fibrosis, diabetes, cancer, and 
several neurological disorders (Flisikowska et al. 2014). Pigs are also considered as 
suitable organ donors for xenotransplantation to reduce or even eliminate the short-
age of suitable human organs (Cooper and Ayares 2011; Petersen et al. 2009). This 
requires genetic modification of the donor pigs to overcome the severe immunologi-
cal rejection responses occurring after pig-to-primate xenotransplantation. 
Conventional targeting is extremely inefficient and usually does not lead to a bial-
lelic KO. Moreover, true germ line competent pluripotent cells are not yet available 
from pigs and other domestic animals, which prevents selection for rare HDR events 
as it is feasible in laboratory mice (Nowak-Imialek and Niemann 2012). The pro-
duction of transgenic farm animals is significantly facilitated by effective somatic 
cell nuclear transfer (SCNT) protocols (Petersen et al. 2008). This cell-mediated 
transgenesis is compatible with screening for genetic modifications and analysis of 
the transgenic genotype in vitro rather than in animals “on the farm.” These cells are 
then used to produce animals with the desired phenotype. While cell-mediated 
transgenesis is more labor intensive than direct transgenesis, in vitro genetic manip-
ulation of cells followed by detailed genome analysis bears significant advantages. 
First, it reduces the total number of animals required to generate a useful transgenic 
offspring. Second, it increases dramatically the number of independent transgene 
integration events that can be screened and investigated. Third, it facilitates the 
engineering of precisely controlled genetic alterations (gene targeting) by allowing 
selection and isolation of rare integration events resulting from homologous recom-
bination. Fourth, the use of a selected cell clone as cell donor for SCNT leads to a 
syngenic clone cohort, which facilitates detailed analysis of the phenotype. Finally, 
biallelic knockout via ZFN provides a significant time advantage compared with 
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traditional knockout via homologous recombination, which significantly stream-
lines the production of relevant large animal models. Genome editing technology 
has been successfully applied to zebrafish (Bedell et al. 2012), rabbits (Flisikowska 
et al. 2011), and rodents (Geurts et al. 2009) by direct injection of mRNA or DNA 
of genome editors into embryos. Injection of ZFN mRNA or DNA into zygotes can 
also be used to generate null phenotype offspring in large animals with high effi-
ciencies (Lillico et al. 2013). This high versatility of genome editing tools allowed 
many laboratories worldwide the use of this technology.

Pig
The first experiments with ZFNs to modify the pig genome were conducted to target 
the transgenic eGFP (pCX-eGFP) locus in the domestic pig, with ~10 genomic 
integration sites. After targeting, the rate of non-fluorescent cells increased from 6% 
(control) to 21% (ZFN-targeted cells), showing that in ~15% of the cells nearly all 
copies of the eGFP gene had been disrupted. Sequencing of several non-fluorescent 
cell clones revealed that wild-type DNA (non-mutated eGFP) variants remained, 
implying that at least one intact eGFP copy was silenced (Watanabe et al. 2010).

The first live ZFN-mediated KO pig carried a hemizygous transgenic eGFP 
allele. Porcine fibroblasts were co-transfected with a pair of ZFN plasmids and a red 
fluorescent CAG-tomato plasmid (transient selectable fluorophore). Two percent of 
the cells showed red fluorescence and could be sorted by FACS. A second round of 
selection for green cells by FACS led to 5% eGFP-negative cells. Selected cells 
used in SCNT led to the delivery of six out of seven piglets in which eGFP fluores-
cence was knocked out. Sequencing revealed several deletions and insertions at the 
targeted locus. A third litter with six piglets was entirely eGFP negative. One piglet 
carried an unusual large deletion of 700 base pairs deleting nearly the entire eGFP 
coding sequence (Whyte et al. 2011). Yang et al. showed that ZFNs can be used to 
target endogenous genes and that these cells are capable to generate live offspring 
(Yang et al. 2011a). They targeted the endogenous peroxisome proliferator-activated 
receptor-ɣ (PPAR-ɣ) locus by using ZFNs. PPAR-ɣ−/− animals could be a useful 
model for studies on cardiovascular diseases. Male fibroblasts were co-transfected 
with a PPAR-ɣ-specific ZFN pair and a neomycin resistance gene. After selection 
with G418, 4% of screened cell clones carried a mutated PPAR-ɣ gene and served 
as donors in SCNT. Two live-born piglets carried a mutation in one of the PPAR-ɣ 
alleles. Western blotting analysis confirmed the successful production of heterozy-
gous PPAR-ɣ KO animals (Yang et al. 2011b).

The first pigs with a biallelic KO of an endogenous gene via ZFN targeting were 
produced by our laboratory (Hauschild et al. 2011). Transfection of fetal fibroblasts 
with a pair of ZFN plasmids directed against exon 9 (catalytic domain) of the α1,3-
galactosyltransferase (GGTA1, Gal) gene induced biallelic mutations in 1% of the 
cells. The α1,3-galactosyltransferase synthesizes galactose epitopes on the surface 
of porcine cells, which are the major antigen in a xenotransplantation setting and are 
recognized by 1% of all antibodies circulating in human blood flow. Magnetic beads 
were used to counter-select for Gal-negative cells, reaching a purity of >99% Gal-
negative cells. The Gal-negative cells served as donor cells in somatic cell nuclear 
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transfer (SCNT) and led to the birth of nine live GGTA1-knockout piglets. 
Sequencing revealed five different haplotypes with two homozygous and three het-
erozygous (individual mutations on each allele) mutations. The GGTA1 gene 
showed deletions from one to seven base pairs in size and one unusual large deletion 
of 96 bp. The GGTA1-KO fibroblasts derived from the ZFN approach were pro-
tected against lysis in a complement in vitro assay. Disruption of both alleles by 
conventional HR generally involves production of mono-allelic knockout clones 
followed by breeding with other heterozygous knockouts to obtain a homozygous 
knockout in 25% of the offspring (Whyte and Prather 2012). Compared to conven-
tional gene targeting, the use of ZFNs to generate a functional gene knockout led to 
a 10,000-fold efficiency increase.

In a follow-up study, we showed that the efficiency of the ZFNs is not influ-
enced by the gender of the cells (Hauschild-Quintern et al. 2013b), thus allowing 
production of knockout pigs of both sexes with similar efficiency. Our results to 
disrupt the porcine GGTA1-locus by using ZFNs have been confirmed by other 
groups (Li et al. 2013; Bao et al. 2014), showing the robustness and reproducibility 
of this technology.

After knockout of GGTA1, the Hanganutziu-Deicher antigen remains a major 
antigen that is implicated in subsequent xenograft rejection (Ezzelarab et al. 2005). 
The responsible porcine gene for the generation of the HD antigen on porcine cells 
is the CMP-N-acetylneuraminic acid hydroxylase (CMAH). ZFNs designed to tar-
get exon 8 of the CMAH locus led to 9.1% targeted alleles when donor DNA coding 
for a neomycin resistance cassette was not added to the transfection mix. A dramatic 
increase of targeting frequency (41.7%) was observed when donor DNA with a 
789 bp homologous 5′arm and a 763 bp homologous 3′arm was added. Biallelic 
knockouts were in all cases associated with integration of the exogenous DNA 
(Kwon et al. 2013). A possible explanation for this difference is the difficulty of 
separating non-transfected from total cells used for the transfection without a selec-
tion marker. This study demonstrated, for the first time, gene targeting using ZFN-
assisted HR of donor DNA in porcine somatic cells (Kwon et al. 2013).

In these studies, the ZFN-encoding DNA was introduced into nuclear donor cells 
for SCNT to produce genetically modified pigs. However, plasmid DNA can also be 
integrated into the genome of cells, which may result in disruption of endogenous 
genes and constitutive expression of ZFNs. This drawback of plasmid DNA can be 
eliminated by the use of ZFN-encoding mRNA, which cannot be inserted into the 
host genome. Watanabe et al. (2013) applied ZFN-encoding mRNA to knock out the 
interleukin-2 receptor gamma (IL2RG) gene on the X chromosome of male porcine 
fibroblasts; these cells supported development to live offspring after SCNT 
(Watanabe et al. 2013). The IL2RG-KO pigs obtained in this study lacked T and NK 
cells but showed normal B cell populations which mimic adequately the phenotype 
of human XSCID patients. Due to the limited capacity of their immune system, 
IL2RG-KO pigs are susceptible to any kind of pathogen. To keep such pigs for lon-
ger studies, expensive gnotobiotic housing conditions are necessary. Nevertheless, 
IL2RG-KO pigs represent the first step toward developing a porcine SCID model 
and can contribute not only to cancer and stem cell research but also to preclinical 
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evaluation of the transplantation of pluripotent stem cells such as iPS cells (Watanabe 
et al. 2013).

Lillico et  al. (2013) tested a pair of ZFNs with a targeted location of 1330–
1338  bp (NM_001114281) relative to the translational start site in the porcine 
RELA cDNA sequence (Lillico et al. 2013). The RELA locus might play an impor-
tant role in rendering pigs resistant against African swine fever. In order to investi-
gate whether cytoplasmic microinjection into zygotes could also result in HDR if 
combined with a DNA template, they co-injected porcine zygotes with mRNA 
encoding the pair of RELA-specific ZFN and a single-stranded oligodeoxynucleo-
tide (ssODN) or plasmid DNA bearing the warthog SNPs. Analysis of the offspring 
revealed three live piglets, which bore HDR-generated alleles of RELA. All of them 
resulted from the cohort of animals injected with ZFN-encoding mRNA and a plas-
mid repair template. They did not observe any HDR integration in piglets injected 
with a repair ssODN. Only one piglet was homozygous for the five intended base 
changes. As a negative side effect, the use of plasmid DNA as repair template 
resulted in the randomly genomic integration of the template in addition to HDR 
(Lillico et al. 2016). Unexpectedly, RELA gene-edited pigs did not show any resil-
ience against infection with African swine fever virus (personal communication).

Cattle
In cattle, ZFN-mediated gene targeting was conducted to produce beta-lactoglobulin 
(BLG)-KO animals. BLG is the major whey protein in bovine milk and is the critical 
milk allergen. Bovine fetal fibroblasts were transfected with mRNA coding for 
ZFNs designed against the BLG gene. Sequencing revealed that ~15% of the cells 
carried a mutated variant and 3% of the single cell colonies showed a biallelic BLG 
gene knockout. Homozygous KO cells were used in SCNT, and eight cloned ani-
mals were born; one survived the postnatal period. The mutated BLG gene was 
shorter (nine and 15 base pairs deletion, no frameshift) than the wild-type version. 
Off-target site mutations induced by the ZFN pair were also analyzed for BLG. 
While one base pair mismatch with the targeting sequence led to 7% gene targeting 
(single-nucleotide polymorphism in cattle), three and seven base pair mismatches 
did not result in a mutated phenotype in sheep and pigs. Results suggest that ZFN-
mediated targeting is promising for specific gene editing in large domestic animals 
with little risk of off-target site cleavage (Yu et al. 2011).

Mastitis costs the dairy industry billions of dollars annually and is the most con-
sequential disease of dairy cattle. Therefore, the use of genome editing tools to 
integrate mastitis resistance via transgenes such as human lysozyme (Liu et  al. 
2014) or lysostaphin (Liu et  al. 2013) in the β-casein locus may open a unique 
avenue for the creation of transgenic cows with enhanced mastitis resistance and 
improved health and welfare of livestock. ZFNickase-stimulated gene addition at 
the endogenous bovine locus is feasible and compatible with the production of 
cloned bacterial lysostaphin-transgenic cows (Liu et  al. 2013). In this particular 
study, the FokI catalytic domain was mutated at amino acid D450 in one of the two 
ZFNs necessary for dimerization and subsequent DNA cleavage, leading to nickase 
activity of the ZFN pair. A lysostaphin-coding vector was transfected into bovine 
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fetal fibroblasts along with expression plasmids encoding ZFN/ZFNickase to intro-
duce a nick in intron 2 of the CSN2 locus. Finally, 69 cell clones with a correct 
integration of the lysostaphin vector at the CSN2 locus were obtained and using 
these cells as donors in somatic cell nuclear transfer resulted in 16 transgenic calves. 
When calves were induced to lactate, the milk contained lysostaphin-mediated anti-
bacterial activity.

The relatively high percentage of integration of a long DNA fragment into a 
predetermined locus in the bovine genome demonstrates that ZFNickases are active 
in bovine cells and can be used to further minimize the risk of potential off-target 
events. Thereby, the use of ZFNickases ensures that only a single copy of the trans-
gene is integrated into the host genome. This can further facilitate a range of new 
transgenic technologies beneficial for both agriculture and biomedicine.

7.2.2	 �Transcription Activator-Like Effector Endonucleases 
(TALEN)

7.2.2.1	 �Structure of TALENs
TALEs (transcription activator-like effectors) are naturally produced by plant patho-
gens such as Xanthomonas, gram-negative bacteria, that can infect a wide variety of 
plant species including pepper, rice, citrus, cotton, tomato, and soybeans (Boch 
et al. 2009; Boch and Bonas 2010). TALEs bind to their host DNA, act as transcrip-
tion factors, and activate the expression of plant genes that aid bacterial infection. 
Plants have developed a defense mechanism against type III effectors that includes 
resistance genes triggered by these effectors. Some of these genes appear to have 
evolved to contain TAL-effector-binding sites similar to sites in the intended target 
genes. This competition between pathogenic bacteria and the host plant has been 
hypothesized to account for the malleability of the TAL effector DNA-binding 
domain (Voytas and Joung 2009). TALEs consist of repeats, each consisting of 
33–35 amino acids with two polymorphisms at positions 12 and 13 within the mod-
ule, which are called the repeat variable diresidue (RVD). One RVD binds specifi-
cally to one nucleotide of genomic DNA (Moscou and Bogdanove 2009; Boch et al. 
2009), hence establishing a 1:1 code for protein-DNA interaction (Fig. 7.2).

Individual TALE repeats can be used to engineer DNA-binding domains capable 
of recognizing endogenous sequences in mammalian cells. By linking the binding 
domain with the nonspecific cleavage domain from the type II restriction endonu-
clease FokI, TALENs can be used as a tool for stimulating NHEJ and HR (Cermak 
et al. 2011; Christian et al. 2010; Li et al. a, b; Mahfouz et al. 2011; Miller et al. 
2011). Given the modular nature of this DNA-binding domain, RVDs with different 
specificities can be assembled into arrays in order to target user-defined DNA 
sequences.

TALENs can be successfully used to target endogenous genes and efficiently 
cleave DNA leading to NHEJ (Hockemeyer et al. 2011). A comparative study with 
human ES cells and induced pluripotent stem cells and three different target genes 
AAVS1, OCT4, and PITX3 revealed that TALENs and ZFNs had a similar targeting 
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efficiency (Hockemeyer et al. 2011). TALENs have been used to knock out genes in 
rats and zebrafish (Tesson et al. 2011; Sander et al. 2011; Huang et al. 2011) and in 
cattle, sheep, and pigs, thus demonstrating that TALENs are effective in inducing 
genetic modifications in a broad range of different species (Carlson et  al. 2012; 
Proudfoot et al. 2015).

ZFNs and TALENs differ in three main aspects: (1) TALE repeats are three to 
four times larger than ZFNs, when recognized per base pair of the targeted 
DNA. This may interfere with viral delivery methods, particularly adeno-associated 
virus. (2) The spacer length (the gap between two binding sites) is variable and not 
restricted to a specific length, which complicates TALEN design and could lead to 
greater off-target activity relative to an identical nuclease with a fixed spacer length. 
(3) ZFNs’ assembly requires an archive of high-quality, well-characterized modules 
to achieve specific gene targeting because cross talk between the individual fingers 
can lead to imperfect DNA recognition (Defrancesco 2011). Context-dependent 
effects between the repeat units, as reported for ZFNs (Cathomen and Joung 2008), 
have not been reported so far for TALENs.

Various assembly methods have indicated that TALE repeats can be combined to 
recognize potentially any target sequence, the only limitation is that TALE binding 
sites must start with thymidine (Boch and Bonas 2010). This needs to be considered 
when screening a locus for potential target sites. TALENs appear to be superior to 
ZFNs in terms of simplicity and straightforwardness in design and assembly strate-
gies. Manufacture of effective TALENs is cheaper and faster compared to ZFNs. 
The relative simple TALE assembly is displayed in a recent study reporting the 
construction of a library of TALENs targeting 18,740 different human protein-
coding genes (Kim et  al. 2013). Active, custom-designed TALENs have been 
reported to induce indel frequencies between 2% and 55% of targeted chromosomes 
(Carlson et al. 2012). TALENs can be easily designed and assembled using molecu-
lar biology techniques available in most laboratories around the world.

7.2.2.2	 �Modification of Livestock Genomes Using TALENs

Pig
The LDL receptor gene was targeted with the aid of TALEN in pigs to create a 
model for familial hypercholesterolemia (Carlson et  al. 2012), and the porcine 
DMD gene was targeted to create a porcine model for Duchenne muscular dystro-
phy. The most active TALEN pair targeting the DMD gene had a cleavage efficiency 
of 38%. The DMD gene was successfully targeted in 41% of analyzed cell clones 
with ~30% of these carrying a biallelic mutation. The combined transfection of 
TALEN pairs targeting exons 6 and 7 of the DMD locus resulted in deletion of 
6.5 kb DNA in 10.3% of selected colonies. Mono- and biallelic LDLR gene-modified 
cell clones were pooled and used as donors for somatic cell nuclear transfer. 
Pregnancies were established in seven of nine transfers. Six pregnancies were main-
tained to term and yielded 18 live-born piglets of which eight contained mono-
allelic mutations and ten contained biallelic mutations of the LDLR gene. To enhance 
disease resistance in pigs, 20 ng/μL-specific TALEN mRNA were microinjected 
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into porcine zygotes to target the porcine RELA gene (p65) which is critically 
involved in tolerance against African swine fever virus infection (Palgrave et  al. 
2011). Sixteen out of 56 successfully injected embryos revealed indels detected by 
Surveyor assay and/or sequence analysis. One-third of the mutants were either 
homozygous or heterozygous mutants. RELA-mutated porcine embryos were not 
transferred to assess in vivo development.

These results demonstrate the robustness and reproducibility of TALEN to nearly 
any genomic locus for which the genomic sequence is available. These results 
clearly show that TALENs are not only compatible with the deletion at a defined 
genomic locus but also allow precise allelic introgression and large chromosomal 
deletions/inversions, rendering TALEN a valuable tool for genetic modification of 
farm animals.

Cattle
Carlson et al. (2012) designed TALENs to target the bovine ACAN and GDF8 genes 
in fibroblasts. ACAN, also known as Aggrecan, is thought to play an important role 
in the formation of congenital achondroplasia, while GDF8 (growth differentiation 
factor 8, myostatin) is a regulator of muscle growth. A nonfunctional myostatin 
gene is known to cause muscular hypertrophy in Belgian Blue and Piedmontese 
cattle. GDF8-targeted bovine fibroblasts showed a modification of the gene in seven 
out of 24 cell clones (29%). None of the cell clones carried a biallelic modification. 
The ACAN gene was targeted in 27 out of 35 cell clones (77%). Two cell clones 
showed a biallelic modification. Modified cells could be used as donor cells for 
somatic cell nuclear transfer to produce live offspring carrying the desired genetic 
modification (Carlson et al. 2012).

Physical dehorning of dairy cattle is practiced to protect animals and the farmers. 
Genetic analyses have identified variants that are associated with hornlessness 
(polled) in cattle, a trait that is common in beef but rare in dairy breeds. Identification 
of the genetic cause of hornlessness in cattle has been the subject of intensive 
genetic and genomic research. The candidate allele in beef breeds is a simple allele 
of Celtic origin (Pc) corresponding to a duplication of 212 bp in place of a 10 bp 
deletion on chromosome 1 of the bovine genome (Carlson et al. 2016). Only about 
5% of all Holstein Friesians have a polled phenotype. A research group in the USA 
introgressed a candidate POLLED allele into dairy cattle by genome editing via 
TALENs and reproductive cloning, providing both evidence for genetic causation 
and a means to introduce POLLED into livestock (Carlson et al. 2016).

Sheep
Proudfoot et al. (2015) recently described the generation of gene-edited sheep. As 
the bovine and ovine genomic sequences of the MSTN locus have high similarity, 
they used the same TALENs that successfully targeted the bovine MSTN locus. 
Transient transfection of TALEN mRNA into ovine cells and subsequent analysis 
by the Surveyor nuclease assay showed similar levels of activity in both species. To 
generate living offspring, they microinjected TALEN mRNA in in vitro-produced 
ovine zygotes and transferred blastocysts to synchronized recipient ewes. In total, 
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26 blastocysts were transferred to nine recipients resulting in eight pregnancies and 
12 live births. One of the offspring carried a heterozygous mutation in the targeted 
gene. This study further exemplifies the utility and ease with which TALENs can be 
used to engineer the genome of livestock (Proudfoot et al. 2015).

7.2.3	 �RNA-Guided Genomic Engineering (CRISPR/Cas9)

7.2.3.1	 �Structure of CRISPR/CAS9
The CRISPR/Cas9 system has recently emerged as potentially facile and efficient 
alternative to ZFNs, TALENs, and other meganucleases for inducing targeted 
genetic alterations and has revolutionized the field for targeted genomic engineering 
in the short time since its appearance. In bacteria and archaea, CRISPR (clustered 
regularly interspaced short palindromic repeats)/Cas (CRISPR-associated) loci 
encode RNA-guided adaptive immune systems that can destroy foreign DNA 
(Bhaya et al. 2011; Terns and Terns 2011; Wiedenheft et al. 2012). The Streptococcus 
pyogenes SF370 type II CRISPR locus consists of four genes, including the Cas9 
nuclease and two noncoding RNAs. TracrRNA and a pre-crRNA array containing 
nuclease-guided sequences interspaced by identical direct repeats (Cong et  al. 
2013). In vitro reconstitution of the S. pyogenes CRISPR system demonstrated that 
crRNA fused to a normally trans-coded tracrRNA is sufficient to direct Cas9 protein 
to highly specific cleavage of target DNA sequences matching the crRNA (Mali 
et al. 2013). This redesign as a single transcript (single-guide RNA or guide RNA 
(gRNA)) encompasses the features required for both Cas9 binding and DNA target 
site recognition. Using sgRNA, Cas 9 can be programmed to cleave double-stranded 
DNA at any genomic site defined by the guide RNA sequence and a protospacer 
adjacent motif (PAM). The PAM is an essential targeting component that also serves 
as a self-versus-non-self-recognition system to prevent the CRISPR locus itself 
from being targeted. Many type II systems have different PAM requirements, which 
may affect their usefulness and targeting efficiency. The most commonly engineered 
system, from Streptococcus pyogenes, requires a NGG protospacer adjacent motif 
(PAM), where N can be any nucleotide. In bacterial systems CRISPR/Cas can be 
used as it is, while in humans it involves expression of a human-codon-optimized 
Cas9 protein with an appropriate nuclear localization signal. Moreover, the crRNA 
and tracrRNA must be expressed either individually or as a single chimera via a 
RNA polymerase III promoter (Cong et al. 2013; Mali et al. 2013; Jinek et al. 2013). 
The typical features of CRISPR/Cas9 suggest that is a simple and versatile system 
for generating double-stranded breaks that facilitate site-specific genome editing. 
Moreover, CRISPR/Cas can target multiple loci by the sgRNA, potentially allowing 
simultaneous targeting of multiple genomic loci. CRISPR/Cas9 vectors are com-
mercially available and can be used after introducing the specific gRNA sequence, 
which is a nucleotide of 20–30 bp (Fig. 7.3).

CRISPR/Cas vectors showed high activity in embryos making them a perfect 
tool for genome editing by simple cytoplasmic microinjection of CRISPR into 
mammalian zygotes. With CRISPR/Cas, the generation of biallelic knockout 
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animals does not rely on somatic cell nuclear transfer anymore. The number of 
reports, since the first description of the successful use of CRISPR/Cas for targeting 
a specific genomic locus, has dramatically increased. Current data suggest that 
CRISPRs have similar specificity and efficiency as ZFNs and TALENs. In addition, 
CRISPRs have the advantage of being simple to generate, easy to handle, efficient, 
and cost-effective. Open questions regarding their specificity have to be addressed 
in future experiments. CRISPR vectors with nickase activity, to avoid off-target 
events (Shen et al. 2014), or vectors that have an inactivated version of the Cas-
motif connected to the FokI endonuclease, which has to dimerize before cutting and 
thereby increases the specificity (Tsai et al. 2014; Guilinger et al. 2014), are already 
available. The Cas9 nuclease can be converted to nickase (Cas9n) or nuclease-defi-
cient mutant (dCas9). The dCas9 variant has broad applications such as single-base 
editing systems without introducing DSBs, mediated by cytidine deaminase com-
bined with dCas9, also known as “base editors” (Komor et al. 2016). The specificity 
can be further enhanced by the use of a truncated gRNA (Fu et al. 2014) or by using 
high-fidelity variants of Cas harboring alterations designed to reduce nonspecific 
DNA contacts (Kleinstiver et al. 2016a).

7.2.3.2	 �Evolution of CRISPR/Cas
Although multiplex gene editing is possible with Cas9 nuclease, it requires rela-
tively large constructs or simultaneous delivery of multiple plasmids, both of which 
are problematic for multiplex screens or in vivo applications. Recently, a Cas pro-
tein named Cpf1, a type V CRISPR/Cas system, has been identified that can also be 
programmed to cleave target DNA sequences (Zetsche et al. 2015). Unlike Cas9, 
Cpf1 requires only a single 42-nt crRNA, not coupled with a trcrRNA, which has 

NGG

Fig. 7.3  CRISPR/Cas9 vectors are commercially available (addgene.org) and can be used after 
introducing the specific guide RNA sequence (blue), which is a nucleotide of 20–30 bp. The Cas9 
nuclease from the microbial CRISPR adaptive immune system is localized to specific DNA 
sequences via the guide sequence on its guide RNA (blue), directly base pairing with the DNA 
target. Binding of a protospacer adjacent motif (PAM, red) downstream of the target locus helps to 
direct Cas9-mediated double-strand DNA breaks
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23nt at its 3′end that are complementary to the protospacer of the target DNA 
sequence. Whereas Cas9 recognizes an NGG PAM sequence that is 3′ of the proto-
spacer, Acidaminococcus (As)Cpf1 and Lachnospiraceae (Lb)Cpf1 recognize 
TTTN PAMs that are found 5′ of the protospacer. This feature of Cpf1 leads to 
higher affinity to bind and cut also AT-rich sequences which are hard to target by 
Cas9. The sensitivity of Cpf1 to single-base mismatches in certain positions of the 
protospacer might mean that these nucleases are suitable for allele-specific editing 
of heterozygous alleles. Analyses suggest that the specificities of Cpf1 nucleases 
may approach that of the described high-fidelity Cas9 variants (Kleinstiver et al. 
2016b). Another important feature of Cpf1 is that Cpf1 nuclease produces cohesive 
ends with 4–5-nt overhangs, while Cas9 produces blunt ends. In this regard, NHEJ-
mediated knock-in might be facilitated using Cpf1. Unlike Cas9, Cpf1 contains not 
only the DSB-inducing activity but also an RNase III activity involved in pre-crRNA 
processing. This activity can be utilized for the efficient multiplex genome editing 
via a tandemly arrayed pre-crRNA expressing construct, producing multiple mature 
crRNAs by Cpf1.

Recently, 53 new class 2 CRISPR/Cas candidates were discovered and catego-
rized into three groups defined by the context characteristics: C2c1, C2c2, and C2c3 
(Shmakov et al. 2015). C2c2 and C2c3 were later grouped in Type V, and C2c2 was 
grouped in Type VI. C2c2 nucleases have a unique feature. Their potential target is 
not double-stranded DNA but single-stranded RNA; thus they can be applied for 
gene knockdown applications or potential knockout applications at the mRNA 
level, leaving the DNA sequence unmodified (Abudayyeh et al. 2016). C2c2 pos-
sesses a unique RNase activity responsible for CRISPR RNA maturation that is 
distinct from its RNA-activated single-stranded RNA degradation activity (East-
Seletsky et al. 2016). These dual RNase functions are chemically and mechanisti-
cally different from each other and form the crRNA-processing behavior of the 
evolutionary unrelated CRISPR enzyme Cpf1 (Fonfara et al. 2016). The two RNase 
activities of C2c2 enable multiplexed processing and loading of guide RNAs that in 
turn allow sensitive detection of cellular transcripts. Cpf1 and C2c2 are only two 
examples of the further increasing toolbox for genome editing. Current genome 
editing technologies introduce double-stranded DNA breaks at a target locus as the 
first step to gene correction. Besides that, new approaches were developed such as 
“base editing,” which enables direct, irreversible conversion of one target DNA base 
into another in a programmable manner, without requiring dsDNA backbone cleav-
age or a donor template (Komor et  al. 2016). These CRISPR constructs were 
designed by fusion CRISPR/Cas and a cytidine deaminase enzyme that retain the 
ability to be programmed with a guide RNA and mediate the direct conversion of 
cytidine to uridine, thereby effecting a C to T (or G to A) substitution (Fig. 7.4a). 
The most common base editors are third-generation designs (BE3) comprising a 
catalytically impaired CRISPR/Cas mutant that cannot make DSBs, a single-strand-
specific cytidine deaminase that converts C to uracil (U) within a five-nucleotide 
window, a uracil glycosylase inhibitor (UGI) that impedes uracil excision and nick-
ase activity to nick the non-edited DNA strand, directing cellular DNA repair pro-
cesses to replace the G-containing DNA strand. Base-editing capabilities have 

B. Petersen



139

C
G

G

C

G

U

T
A

Cas9 nickase

Cytidine deaminase

Genomic
DNA binding
and opening 

Deamination
of target C 

DNA 
replication
or repair 

Genomic DNA

Base-edited DNA

A
T

T

A

T

I

G
C

Cas9 nickase

Hypothetical deoxyadenosine deaminase

Genomic DNA

Base-edited DNA

Genomic
DNA binding
and opening 

Deamination
of target A 

DNA
replication
or repair 

a

b

Fig. 7.4  (a) DNA with a target C (red) at a locus specified by a guide RNA (blue) is bound by 
Cas9 nickase, which mediates local DNA strand separation. Cytidine deamination by a tethered 
APOBEC1 enzyme (cytidine deaminase, brown) converts the single-stranded target C to U (ura-
cil). The resulting G/U heteroduplex can be permanently converted to an A/T base pair following 
DNA replication or DNA repair. Modified from Komor et al. (2016). (b) ABEs contain a hypotheti-
cal deoxyadenosine deaminase, which does not exist in nature, and a catalytically impaired Cas9. 
They bind target DNA in a guide RNA-programmed manner, exposing a small bubble of single-
stranded DNA. The following deamination of adenosine (A) forms inosine (I), which is read as 
guanosine (G) by polymerase enzymes. Following DNA repair or replication, the original A/T base 
pair is replaced with a G/C base pair at the target site. Modified from Gaudelli et al. (2017)
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expanded through the development of base editors with different protospacer adja-
cent motifs, narrowed editing windows, and enhanced DNA specificity. Fourth-
generation base editors (BE4) further improve editing efficiency and product purity 
(Gaudelli et al. 2017). Recently, new base editors were designed called adenine base 
editors (ABEs) that convert A to G (or T to C) in bacteria and human cells (Fig. 7.4b). 
ABEs greatly expand the scope of base editing and, together with BE4, enable pro-
grammable installation of all four transitions (C to T, A to G, T to C, and G to A) in 
genomic DNA without any DNA cleavage (Gaudelli et al. 2017). Base editors hold 
great promise to repair single-nucleotide polymorphisms (SNP) in the human 
genome correlated with a pathogenic phenotype. About 48% of the described 32,044 
pathogenic human SNPs could be corrected by ABEs alone (Table 7.2).

7.2.3.3	 �Application of CRISPR/Cas in Domestic Animals
Since the first description of the successful use of CRISPR/Cas for targeting a specific 
genomic locus, the number of reports has dramatically increased. Current, still pre-
liminary data suggest that CRISPRs have similar specificity and efficiency as ZFNs 
and TALENs. The CRISPR/Cas technology was soon adapted to modify the genome 
of livestock animals, such as pigs, cattle, goat, and sheep. For a good overview, see 
Tan et al. (2016). Hai et al. (2014) targeted exon 5 of the vWF (von Willebrand factor) 
gene by microinjecting Cas9 mRNA and sgRNA into the cytoplasm of porcine 
zygotes. In vitro development of the injected embryos did not differ from that of the 
control embryos, indicating that the Cas9 mRNA/sgRNA injection did not interfere 
with early embryonic development. A total of 76 injected embryos were transferred 
into five surrogate sows; three pregnancies were established, 16 piglets were deliv-
ered, and ten of these contained indels in the targeted site. Six piglets carried a bial-
lelic knockout of the vWF gene. Expression of vWF at the protein level was not 
detectable in biallelic vWF-KO pigs, and the vWF-KO pigs displayed a phenotype 
comparable to the human von Willebrand disease. Off-target cleavage events were not 
found. CRISPR/Cas9 is very efficient in modifying the genome of very early embryos 
at the zygote stage, prior to the first division of the embryo. Cytoplasmic microinjec-
tion of the CRISPR/Cas9 vector is sufficient to lead to a majority (2/3) of offspring 
born with a biallelic modification of the targeted locus (Petersen et al. 2016).

CRISPR/Cas9 was also successfully employed to target the porcine p65 locus in 
fetal fibroblasts (Tan et  al. 2013). Despite efficient production of double-strand 
breaks in the target site, the frequency of CRISPR-/Cas9-mediated homologous 

Table 7.2  Base pair changes required to correct pathogenic human SNPs in the ClinVar database 
(https://www.ncbi.nlm.nih.gov/clinvar/)

Correction Percentage of pathogenic human SNPs (%)
A/T -> G/C 48
A/T -> C/G 15
C/G -> T/A 14
C/G -> G/C 11
A/T -> T/A 7
C/G -> A/T 6
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recombination (HR) was lower than with TALENs. Targeting the porcine APC gene, 
CRISPR/Cas9 worked more efficiently but still did not reach the level of HR induced 
by TALENs at the same site (30% vs. 60%). A highlight application of CRISPR-/
Cas9-mediated gene editing was the generation of pigs resistant against infection 
with the porcine reproductive and respiratory syndrome virus (PRRSV). PRRS 
manifests differently in pigs of all stages but primarily causes late-term abortions 
and stillbirths in sows and respiratory disease in piglets. PRRSV only infects a spe-
cific subset of cells of the innate immune system of the macrophage/monocyte lin-
eage. The virus uses a specific receptor, CD163, in order to make its own membrane 
fuse with the host cell membrane in an uptake vesicle to release the viral genetic 
information into the cytosol and achieve a successful infection. The knockout of the 
whole receptor (Whitworth et al. 2016) or only of the CD163 subdomain 5 (Burkard 
et al. 2017) rendered pigs resistant against PRRSV infections. These first reports on 
CRISPR/Cas suggest locus-specific differences with regard to HR efficiency which 
may be adjusted by modifying the conditions under which CRISPR/Cas works best. 
There is still a controversial debate within the scientific community with regard to 
efficiency and precision of cleavage of ZFNs, TALENs, and CRISPR/Cas. This may 
mainly be grounded on the different expertises of the labs with one or the other 
programmable endonuclease. More studies are required in order to fully exploit the 
potential of CRISPR/Cas9.

7.3	 �Concluding Remarks and Future Directions

Genome editing tools such as ZFNs, TALENs, and RNA-guided DNA endonucle-
ases (CRISPR/Cas) have emerged as valuable molecular tools that have already 
been shown to revolutionize biological research with great benefits for personalized 
medicine. These emerging technologies significantly expand the ability to create 
and study model organisms, including large animals, and will be instrumental for 
correcting many genetic diseases in livestock species and humans (Table 7.3 gives 
a selection of important achievements). With the aid of these tools, researchers are 
able to develop biomedical models in species that are physiologically closer related 
to humans than mice. The domestic pig is particularly promising in this regard. The 
growing number of human disease models in pigs supports this assumption 
(Flisikowska et al. 2014).

Due to the high degree of physiological similarity with humans, porcine organs 
are considered as promising solution to satisfy the growing demand of human 
organs for allotransplantation. To achieve this goal and to avoid immune rejection 
responses, the porcine genome has to be modified to ensure long-term survival of 
porcine organs in patients after xenografting. ZFNs, TALENs, and CRISPR/Cas can 
now be used to elegantly knock out candidate pig genes or to precisely knock in 
transgenes at specific genomic sites in the porcine genome to produce pigs specifi-
cally tailored as organ donors.

However, to exploit the full potential of these new technologies, important ques-
tions and challenges must be addressed. A high degree of specificity is a main 
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Table 7.3  A selective list of gene-edited livestock

Gene Genome editor Method Reference
NHEJ
Pig
PPARγ ZFN SCNT Yang et al. (2011)

α1,3GT ZFN SCNT Hauschild et al. (2011)

eGFP ZFN SCNT Whyte et al. (2011), Watanabe et al. 
(2010)

LDLR TALEN SCNT Carlson et al. (2012)
vWF CRISPR/Cas9 CMI Hai et al. (2014)

α1,3GT CRISPR/Cas9 CMI Petersen et al. (2016)

SLA-1,2,3 CRISPR/Cas9 SCNT Reyes et al. (2014)
B2M TALEN CMI Wang et al. (2016)
CD163 CRISPR/Cas9 CMI Whitworth et al. (2016), Burkard 

et al. (2017)

α1,3GT,CMAH,B4GalNT2 CRISPR/Cas9 SCNT Butler et al. (2016)

Cattle
BLG ZFN SCNT Yu et al. (2011)
GDF8 ZFN SCNT Luo et al. (2014)
GDF8 TALEN CMI Proudfoot et al. (2015)
PRPN CRISPR/Cas9 CMI Bevacqua et al. (2016)
Sheep
GDF8 TALEN CMI Proudfoot et al. (2015)
Goat
GDF8 CRISPR/Cas9 SCNT Ni et al. (2014)
FGF, GDF8 CRISPR/Cas9 CMI Wang et al. (2015)
HDR
Pig
RelA ZFN CMI Lillico et al. (2013, 2016)
Cattle
Polled locus TALEN SCNT Carlson et al. (2016)
NRAMP1 CRISPR/Cas9 SCNT Gao et al. (2017)
SP110 TALEN SCNT Wu et al. (2015)

challenge and would be a critical prerequisite for employing these technologies in 
human patients or for the generation of livestock animals. Comprehensive profiling 
of off-target cleavage sites will provide insight into the stringency of target recogni-
tion in each system, which in turn will help to increasing the specificity of the sys-
tems and to develop algorithms that calculate the most promising sequences to be 
targeted within a specific locus. The feasibility to use ZFNickases for genetic altera-
tions of farm animals is a great step forward to lower the risk of off-target events, 
making the technology more predictable.

Although CRISPR/Cas seems to show the greatest promise and flexibility for 
genetic engineering, sequence requirements within the PAM sequence may con-
strain some applications. Therefore, evolution of the Cas9 protein should pave the 
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way toward PAM independence and may also provide means to generate an even 
more efficient Cas9 endonuclease. Additional studies will also be required to evalu-
ate the specificity and toxicity of RNA-guided DNA endonucleases in  vitro and 
in vivo. Recent developments, in which an inactivated Cas element was conjugated 
to the FokI endonuclease that requires dimer formation, are promising as thereby a 
higher specificity can be achieved (Tsai et  al. 2014; Guilinger et  al. 2014). 
Biophysical and biochemical studies on CRISPRs could help to improve the design 
of next-generation genome editing tools.

The different genome editing tools have their individual advantages and disad-
vantages, and the selection of a specific system seems more to depend on the exper-
tise of the individual researcher rather than on the weaknesses of one of these 
technologies. In summary, genome editors are valuable tools, which scientists 
10 years ago could only dream of. These technologies expand and revolutionize our 
ability to explore and alter any genome and constitute a new and promising para-
digm to understand and treat diseases.
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8Regulatory Dysfunction inhibits 
the Development and Application 
of Transgenic Livestock for Use 
in Agriculture
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Abstract
Since the production of the first transgenic livestock, the technology for producing 
the animals and controlling transgene expression has matured. Initially, the lack of 
knowledge about promoter, enhancer, and coding regions of genes of interest 
greatly hampered efforts to create transgenes that would express appropriately in 
livestock and be useful to industry. There have been many developments in the 
technology to create transgenic animals, including somatic cell nuclear transfer-
based cloning and gene editing. In the 31 years since the first report of transgenic 
livestock, a number of potentially useful animals, including cattle, goats, pigs, and 
sheep, have been made. However, there still are no genetically engineered animal-
based food products on the market. There has been a failure of the regulatory pro-
cesses to effectively move forward across the world, with many countries adopting 
process-based regulations, rather than product-based, and some countries having 
no regulatory framework at all. Additionally, there is a perception among some 
consumers that transgenic technology is potentially harmful in spite of a large, and 
growing, body of evidence to the contrary. Estimates suggest the world will need 
to approximately double our current food production by 2050, including animal-
based foods; that is, we will have to produce an amount of food each year equal to 
that consumed by mankind over the past 500 years. The practical benefits of trans-
genic animals in agriculture have not yet reached consumers, and in the absence of 
predictable, science-based regulatory programs, it is unlikely that the benefits will 
be realized in the short to medium term.
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8.1	 �Introduction

While the development of transgenic technology started with the landmark paper of 
Gordon et al. (1980), it was the dramatic demonstration of the power of the technol-
ogy by Palmiter et al. (1982) that truly caught the attention of scientists. In their 
1982 paper on the dramatic growth of mice injected with a metallothionein-growth 
hormone construct, Palmiter et al. recognized the potential of genetic engineering 
for use in agriculture saying in the discussion:

The implicit possibility is to use this technology to stimulate rapid growth of commercially 
valuable animals. Benefit would presumably accrue from a shorter production time and 
possibly from increased efficiency of food utilization. --- Having a regulatable promoter 
may be particularly advantageous for timely expression of GH. Applying these techniques 
to large animals will be more difficult. Nevertheless, when genes for desired traits can be 
isolated, this approach should provide a valuable adjunct to traditional breeding methods.

The first transgenic livestock, swine, sheep, and rabbits, were reported 3 years 
later by the same group (Hammer et al. 1985). Many excellent reviews have been 
published, both foreshadowing potential applications of transgenic animals in pro-
duction agriculture (e.g., Pursel et al. 1989; Ward et al. 1990; Pursel and Rexroad 
1993; Maga and Murray 1995; Pinkert and Murray 1999; Murray and Maga 1999) 
and, more recently, summarizing what has been accomplished over the past three 
decades (e.g., Laible 2009; Kues and Niemann 2011; Tan et al. 2012; Cooper et al. 
2015; Garas et al. 2015; Murray and Maga 2016a). The excellent nature of these 
reviews over the years allows us the luxury to focus this article more on the develop-
ment of this field, maturation to potential applications, and the current need for this 
technology in agricultural applications.

8.2	 �The Developmental Years

Following the report that expression of a human growth hormone transgene in mice 
resulted in a 50% increase in body size and weight in mice (Palmiter et al. 1982), 
the effort to produce transgenic livestock for use in agriculture initially focused on 
growth-promoting transgenes in swine and sheep (Table 8.1). The work of Hammer 
et al. (1985) was followed over the next decade by numerous reports from research 
groups in the USA (Pursel et  al. 1987, 1989, 1999, 2004; Pinkert et  al. 1987; 
Rexroad et al. 1989, 1991; Ebert et al. 1990; Wieghart et al. 1990), Australia (Vize 
et al. 1988; Murray et al. 1989; Nottle et al. 1999), Germany (Brem et al. 1985), and 
the UK (Polge et al. 1989) using pronuclear microinjection to produce transgenic 
swine and sheep expressing various growth factor-based transgenes (Table  8.1), 
with the goal of producing lines of animals with superior growth and lean carcass 
traits. A variety of promoter elements were used to express transgenes incorporating 
human, rat, bovine, ovine, and porcine growth hormone (GH) genes, growth 
hormone-releasing factor (GRF), and insulin-like growth factor-1 (IGF-I). While 
transgenic animals routinely could be produced, the results for the most part were 
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unacceptable as the animals performed poorly and usually displayed a range of 
detrimental phenotypes due to the overexpression of GH (Pursel et  al. 1989; 
Nancarrow et al. 1991).

Ultimately the health problems were overcome in swine by two very different 
approaches. Nottle et al. (1999) took the approach of producing a very large number 
of lines of transgenic pigs and then selected two lines that expressed very low levels 
of GH. Alternatively, Pursel et  al. (1999) produced a line of pigs that expressed 
IGF-I under the control of a muscle specific promoter, thus limiting the effect of the 
transgene to the muscle. In both cases there were the predicted positive benefits of 
increased growth and muscle mass, with no documented deleterious effects on the 
health of the animals.

In addition to growth-promoting traits, other initial attempts at producing geneti-
cally engineered animals for use in agriculture focused on altering wool growth 
(Damak et al. 1996a), properties of wool (Bawden et al. 1998), or enhancing viral 
resistance (Clements et  al. 1994). While none of these applications have been 
advanced, collectively these efforts lead to a greater understanding of how to 

Table 8.1  Transgenic pigs and sheep for enhanced growth

Transgenea Reference
Pigs mMT/hGH Brem et al. (1985), Hammer et al. (1985), Pursel et al. 

(1987)
mMT/hGRF Pinkert et al. (1987), Pursel et al. (1989)
mMT/bGH Pursel et al. (1987)
hMT/pGH Vize et al. (1988), Nottle et al. (1999)
MLV/rGH Ebert et al. (1988)
bPRL/bGH Polge et al. (1989)
hALB/hGRF Pursel et al. (1989)
mMT/hIGF-1 Miller et al. (1989), Pursel et al. (1989)
rPEPCK/bGH Wieghart et al. (1990)
CMV/pGH Ebert et al. (1990)
MLV/pGH Ebert et al. (1990)
oMT/oGH Pursel et al. (1997)
cASK/hIGF-1 Pursel et al. (1999, 2004)

Sheep mMT/hGH Hammer et al. (1985), Pursel et al. (1987)
mMT/bGH Pursel et al. (1987), Rexroad et al. (1989)
oMT/oGH Murray et al. (1989)
mMT/hGRF Rexroad et al. (1989)
mTF/bGH, mAlb/
hGRF

Rexroad et al. (1991)

aTransgene shows promoter/coding region:
Promoters: mMT, mouse metallothionein; hMT, human metallothionein; MLV, mouse leukemia 
virus; bPRL, bovine prolactin; hALB, human albumin; rPEPCK, rat phosphoenolpyruvate car-
boxykinase; CMV, cytomegalovirus; oMTla, ovine metallothionein la; cASK, chicken α-skeletal 
actin; mTF, mouse transferrin; mALB, mouse albumin. Transgene: hGH, human growth hormone; 
hGRF, human growth hormone-releasing factor; bGH, bovine growth hormone; pGH, porcine 
growth hormone; rGH, rat growth hormone; hIGF-1, human insulin-like growth factor-1; oGH, 
ovine growth hormone
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configure gene constructs for better control of expression and improvements in pro-
ducing transgenic livestock.

Initially all livestock were produced using pronuclear microinjection, a relatively 
straightforward though inefficient technique, with only 1–3% of transferred, micro-
injected embryos born as transgenic animals (see Wall et al. 1992). At first, while 
skilled operators could regularly produce genetically engineered animals, the princi-
pal limitation was the result of inefficient protocols for the production of pronuclear 
embryos and the ability to visualize the pronuclei in the fertilized ova of some spe-
cies. During this initial developmental phase of the technology, there were technical 
advances in synchronization of ovulation (Nancarrow et al. 1984), centrifugation of 
embryos to allow visualization of the pronuclei (Wall et al. 1985), and in the develop-
ment of improved protocols for in vitro production of zygotes (Lu et al. 1987).

During this period technical advances were also made in two other important 
areas. First, increased understanding of the control of gene expression lead to better 
transgene constructs. Promoter and enhancer elements were identified that gave 
controlled tissue-specific patterns of expression (e.g., Archibald et  al. 1990; 
Krimpenfort et al. 1991; Ebert et al. 1994; Damak et al. 1996b; Pursel et al. 1999; 
Bleck et al. 1998), and insulator sequences were identified and tested (McKnight 
et al. 1992) that isolated the transgene from surrounding, endogenous genes. The 
result was improvements in the control of transgene expression in animals, such that 
ectopic transgene expression as a potential problem was largely eliminated.

By the mid-1990s all of our common livestock species, including cows, sheep, 
goats, pigs, and rabbits, could be genetically engineered (Pinkert and Murray 1999). 
While most transgenic livestock were produced by pronuclear microinjection, retro-
viral vectors (Haskell and Bowen 1995), lentiviral-based vectors (Naldini et  al. 
1996), and sperm-mediated gene transfer (Lavitrano et al. 1997) were developed as 
alternative methods. Finally transposons such as Sleeping Beauty (Ivics et al. 1997) 
and PiggyBac (Ding et al. 2005) were developed for use in mammalian cells. While 
collectively these developments improved the reliability of producing genetically 
engineered animals with targeted gene expression, the principal limitations to the 
use of transgenic animals in agriculture still applied, namely, the lack of knowledge 
of the genetic basis of factors limiting production traits and the need for tissue and 
developmentally appropriate promoters (Ward et al. 1986). The need to improve the 
efficiency of production of transgenic livestock was partially overcome by the use 
of lentiviral vectors and transposon systems, but both of these approaches are lim-
ited in terms of the amount of DNA that can be carried and the potential for multiple 
insertion sites.

8.3	 �Breakthroughs and Applications

In the late 1990s, three events, two resulting in major paradigm shifts and the other 
the inevitable consequence of the expanding genomics revolution, altered the trans-
genic livestock field. The first was the discovery by Campbell and Wilmut at the 
Roslin Institute that sheep could be cloned by the transfer of the nucleus from a 
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somatic cell into an enucleated ovum (Campbell et al. 1996; Wilmut et al. 1997). 
Somatic cell nuclear transfer (SCNT)-based cloning was not only a new method to 
produce transgenic animals (Schnieke et al. 1997; Cibelli et al. 1998), it also allowed 
for homologous recombination, which in turn is necessary for gene targeting and 
rapidly resulted in gene knockouts (KO) in sheep (Denning et al. 2001) and pigs 
(Dai et al. 2002). The ability to target gene integration into a preselected site in cells 
in tissue culture followed by SCNT-based cloning to regenerate a viable, fertile 
offspring from those cells opened up the possibility to enact any genomic change of 
interest. Not only could a transgene be inserted, but it could also be integrated into 
a preselected spot to eliminate potential insertional mutations and to facilitate 
appropriate expression. Endogenous genes could be knocked out or a specific muta-
tion introduced and all of this in any species in which SCNT cloning was available. 
The use of the SCNT cloning approach ensured that all offspring obtained were 
genetically engineered, but the inefficiencies of the cloning process itself still 
resulted in the overall process of obtaining a transgenic animal being inefficient.

The second revolutionary development occurring in the mid-1990s was the pro-
duction of programmable endonucleases which in turn enabled gene editing. The 
first such endonucleases developed were zinc finger nucleases (Shi and Berg 1995) 
and with them came the potential to directly target an endogenous genome sequence 
for mutation, KO, or transgene insertion (Durai et al. 2005). The first livestock pro-
duced using ZFNs were rabbits (Flisikowska et  al. 2011) and pigs (Whyte et  al. 
2011) in 2011.

Prior to the development of SCNT-based cloning, a number of potentially useful 
transgenic animals were produced by pronuclear microinjection and have subse-
quently been characterized for use in agriculture (Table 8.2). Notable among these 

Table 8.2  Transgenic animals produced and characterized for use in agriculture

References
Species Transgenea Production Characterization
Pig ba-LA/

ba-LA
Bleck et al. 
(1998)

Wheeler et al. (2001), Noble et al. (2002);
Marshall et al. (2006)

mPSP/
APPA

Golovan 
et al. (2001)

Forsberg et al. (2003, 2013, 2014a, b), Meidinger et al. 
(2013)

ba-LA/
hIGF-I

Monaco 
et al. (2005)

Hartke et al. (2005)

Cattle bCsn/hLF van Berkel 
et al. (2002)

Thomassen et al. (2005), Simojoki et al. (2010), Cooper 
et al. (2012, 2014a), Garas et al. (2016), Parc et al. 
(2017)

Goat bαS1Csn/
hLz

Maga et al. 
(2003)

Maga et al. (2006a, b, c, 2012), Scharfen et al. (2007), 
Brundige et al. (2008, 2010), Jackson et al. (2010), 
Cooper et al. (2011, 2013, 2014a), Carvalho et al. 
(2012), Clark et al. (2014), McInnis et al. (2015), Garas 
et al. (2016), Garas et al. (2017), Carneiro et al. (2018)

aTransgenes: ba-LA, bovine α-lactalbumin; mPSP/APPA, mouse parotid secretory protein/E. coli 
phytase; ba-LA/hIGF-1, bovine α-lactalbumin/human insulin-like growth factor-1; bCsn/hLF, 
bovine casein/human lactoferrin; bCsn/hLz, bovine αS1casein/human lysozyme
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were pigs expressing high levels of bovine α-lactoglobulin (Bleck et al. 1998) and 
IGF-I (Monaco et al. 2005) in their mammary glands, pigs expressing E. coli phy-
tase in their salivary glands (Golovan et al. 2001), dairy cows expressing human 
lactoferrin (hLF) in their mammary glands (van Berkel et  al. 2002), and goats 
expressing human lysozyme (hLZ) (Fig. 8.1) in their mammary glands (Maga et al. 
2003). The cumulative work on the lactoferrin and lysozyme animals has been 
recently reviewed (Cooper et al. 2015). While other lines of animals were also pro-
duced, what makes these five lines particularly noteworthy is the amount of charac-
terization of the health of the line and the efficacy of the resulting phenotype.

A number of general conclusions can be reached when the work on these five 
lines of animals is collectively appraised. First, each line has been maintained and 
studied over multiple generations and shown to stably transmit and consistently and 
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Fig. 8.1  Top left: Artemis—founder animal of lysozyme transgenic goat line born in 1999; Top 
right: Descendants of Artemis born in 2017. The Artemis line of transgenic goats has been propa-
gated for eight generations with no deleterious effects on animal health, reproduction, or milk 
production (Maga et al. 2006a; Jackson et al. 2010; Clark et al. 2014; McInnis et al. 2015), with 
consistent levels of human lysozyme expression in the milk (Maga et  al. 2006a). Studies have 
confirmed that the presence of human lysozyme in goat’s milk is an effective antimicrobial in vivo, 
promoting significantly faster recovery from enterotoxigenic E. coli infection at the clinical 
(Bottom left) and histological level (bottom right) within 50 h of feeding (from Cooper et al. 2013)
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predictably express the transgene from generation to generation. Second, the obser-
vation that each line does indeed transmit the transgene in a Mendelian pattern 
indicates that there are no health or reproductive impairments attributable to the 
mere fact that an animal carries a transgene. Third, each of these lines has expressed 
the incorporated transgene in a tissue-specific manner as directed by the promoter 
and enhancer elements used, thus illustrating that we have learned how to specifi-
cally direct transgene expression. Fourth, each line has demonstrated the predicted 
phenotype over several generations, and thus they represent new lines of livestock 
with a novel trait specifically addressing a need.

The pigs expressing high levels of bovine α-lactoglobulin (Bleck et al. 1998) and 
IGF-I (Monaco et al. 2005) in their mammary glands were produced to address the 
welfare and production problems associated with large litters and a limited milk 
supply from the sow following parturition. Pigs expressing E. coli phytase in their 
salivary glands (Golovan et al. 2001) were produced to decrease phosphorus excre-
tion in feces by allowing the pig to digest phytic acid, the principal storage form of 
phosphorus in plant tissues and seeds. Finally, the dairy cows expressing human 
hLF (van Berkel et al. 2002) and the dairy goats expressing hLZ (Maga et al. 2003) 
in their milk were both designed to increase the availability of these naturally occur-
ring human antimicrobial proteins for human use. In both cases, the proteins are 
reliably expressed in the milk and function when consumed by young pigs to 
enhance gastrointestinal health (for review, see Cooper et al. 2015).

8.4	 �Current Status

As just noted, lines of transgenic livestock (cattle, goats, pigs) have been produced 
and characterized that could potentially be useful in agriculture. In addition to the 
five lines discussed above, a number of other, less well-characterized lines are also 
available (Table 8.3). From Table 8.3 a number of conclusions can be drawn con-
cerning the development of transgenic livestock for use in agriculture.

First, although a fairly large number of transgenic lines have been produced, 
there has been little long-term characterization of the health of the animals and the 
robustness and efficacy of the phenotypes. This is partly due to the long-term nature 
of working with large animals, the length of their life cycles, and, except for pigs, 
the limited number of offspring per breeding. However, this is also a reflection of 
the limited level of funding available and lack of industry investment in most parts 
of the world.

Second, applications are not just concerned with growth promotion and the prop-
erties of milk, although some new work in the later area such as reducing the level 
of expression of ß-lactoglobulin (Jabed et al. 2012), a major milk allergen, has been 
initiated. Other applications though include developing BSE prion-free cattle (Richt 
et al. 2007) and enhancing disease resistance/resilience in pigs (Li et al. 2014) and 
cattle (Wang et al. 2015).

Third, the predominant amount of work to create transgenic animals for agricul-
ture has shifted from the developed world to Asia, with China being the site of 
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development of the majority of new transgenic lines of animals for agriculture since 
2006. This again reflects the availability of government funding for research and 
development, which is largely not available in the EU and has been significantly 
reduced in the USA and other Western countries initially involved in the production 

Table 8.3  Additional transgenic livestock produced for use in agriculture

Species Transgenea Reference
Pig maP2/FAD2 Saeki et al. (2004)

CAG/hfat-1 Lai et al. (2006), Liu et al. (2016)
bCsn/hLz Tong et al. (2011)
U6-RNA/PRRSVsiRNA Li et al. (2014)

Cattle
bCsn/hLF Krimpenfort et al. (1991)
MSV/cc-ski Bowen et al. (1994)
bbCsn/bbCsn and bk-Csn Brophy et al. (2003)
KO PrPBSE Richt et al. (2007)
hLA/hLA Wang et al. (2008)
hLF/hLF Yang et al. (2008)
bCsn/hLz Yang et al. (2011)
?/fat-1 Guo et al. (2011)
EF1a/anti-GDF8 shRNA Tessanne et al. (2012)
mMCKE-cbA/mfat-1 Wu et al. (2012)
mWAP-BLG-miRNA Jabed et al. (2012)
bMSR1-Ipr1 Wang et al. (2015)

Goat bLG/SCD Reh et al. (2004)
oCsn/hGH Lee et al. (2006)
oCsn/hLF Zhang et al. (2008)

Sheep RSV/CE, CK Rogers (1990)
oMT/CE, CK Ward and Nancarrow (1991)
mKER/oIGF-I Damak et al. (1996a)
U6-RNA/MSTNshRNA Hu et al. (2013)

aTransgene shows promoter/coding region:
Promoters: MSV, mouse sarcoma virus LTR; maP2, mouse aP2, adipocyte lipid-binding protein 
P2; cASK, chicken α-skeletal actin; CAG (also called CAGG/CAGGS), human CMV early 
enhancer fused to b-actin promoter; bCsn, bovine casein; bbCas, bovine ß-casein; bK, bovine 
Ƙ-casein; EF1a, elongation factor 1a; mKER, mouse keratin; hLA, human α-lactalbumin; hLF, 
human lactoferrin; oCas, ovine casein; oMTla, ovine metallothionein la; RSV, Rous sarcoma virus 
LTR; mMCKE-cbA, mouse muscle creatine kinase enhancer, cytomegalovirus enhancer with a 
chicken β-actin promoter; mWAP, mouse whey acidic protein; bMSR1, macrophage scavenger 
receptor 1 (MSR1); U6-RNA, U6-RNA gene promoter; bLG, bovine β-lactoglobulin; ? unknown
Transgenes: FAD2, spinach Delta-12 fatty acid desaturase; hfat-1, humanized (codon optimized) 
fat-1; hLz, human lysozyme; hER, human estrogen receptor; cc-ski, chicken c-ski DNA-binding 
protein; bbCas, bovine ß-casein; bK, bovine Ƙ-casein; KO PrPBSE, knockout of BSE-causing prion; 
hLA, human α-lactalbumin; hLF, human lactoferrin; anti-GDF8 shRNA, anti-myostatin short hair-
pin RNA; rSCD, rat stearoyl-CoA desaturase; hGH, human growth hormone; CE, E. coli cysE; 
CK, E. coli cysK; oIGF-I, ovine insulin-like growth factor-1; PrpBSE, anti-major bovine prion pro-
tein or CD230 short hairpin RNA; BLG-miRNA, miRNA specific for bovine ß-lactoglobulin; Ipr1, 
intracellular pathogen resistance; MSTNshRNA, shRNAs targeting sheep MSTN; PRRSVsiRNA, siR-
NAs to target the open reading frame (ORF) 1b and six regions of PRRSV
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of transgenic livestock. Over the past 20 years, the number of laboratories engaged 
in producing transgenic animals for use in agriculture has decreased or remained 
stagnant in the developed, Western countries.

8.5	 �Regulatory Dysfunction

In order to feed the world’s population in the coming decades, it will be necessary 
to significantly increase the production of animal-based food in an economically 
and environmentally sustainable manner; that is, we will need to produce more food 
with less land and water and in a manner that does not degrade the environment for 
future generations. While this is a well-understood and recognized problem, other 
than the AquAdvantage salmon in Canada, no other transgenic animal has been 
approved for use as food anywhere in the world. The data is clear that transgenic 
animals can be and, indeed, have been produced already that address significant 
issues facing animal agriculture, including animal welfare, increasing growth, and 
feed efficiency to increase the sustainability of animal production and to increase 
disease resistance/resilience in our livestock species (Maga and Murray 2010; 
Fahrenkrug et al. 2010; Garas et al. 2015). However, to date the social and regula-
tory debate concerning the use of transgenic animals for food production has 
focused solely on the perception that there may be some unknown risk associated 
with the use of the technology in general, in spite of the mounting evidence to the 
contrary.

We have pointed out before that a question that needs to be debated by politicians 
and regulators is: What benefits toward improving animal production, animal wel-
fare, and national and worldwide food security are we prepared to forego against the 
possibility that genetic engineering in animals as a technology will result in some, 
as yet unknown, negative impact (Murray and Maga 2010)? To date, worldwide 
governments have for the most part chosen to regulate the process of making a GE 
animal instead of the resulting product, i.e., the unique phenotype of the specific 
animal resulting from the expression, or lack of expression, of a specific transgene, 
in spite of the mounting evidence that there is nothing inherently hazardous stem-
ming from the act of making an animal transgenic. There are real benefits from 
using the technology as documented in the work characterizing the five lines of 
animals listed in Table 8.2, and for each of these lines, the animals have remained 
healthy and reproductively sound across multiple generations. The benefits these 
animals bring to agriculture and human health need to be weighed against potential 
adverse impacts keeping in mind three things, as we have noted before (Murray and 
Maga 2016a). First, the meta-data on the consumption of GE plant-based feeds by 
livestock has not found any evidence of any animals having adverse reactions to 
such feed (Van Eenennaam and Young 2014). Second, over the past 20+ years, 
humans have consumed billions of meals containing GE plant-based foods with no 
documented evidence of any adverse reactions. Third, the transgenic pig, cattle, and 
goat lines listed in Table 8.2 are healthy animals, with multiple generations having 
been studied, with no evidence of any adverse impact of the technology. Other than 
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in China, the last 10 years has been predominantly about advances in the technology 
and stagnation in the production of new animals specifically intended for use in 
agriculture due to regulatory dysfunction and the lack of industry investment.

There have been advances in the technology, including the development of 
somatic cell nuclear transfer-based cloning (Campbell et  al. 1996; Wilmut et  al. 
1997), the development of gene editing techniques based on TALENs (Boch et al. 
2009; Moscou and Bogdanove 2009) and CRISPR/Cas9 (Jinek et  al. 2012; 
Wiedenheft et  al. 2012) systems, and the widespread availability of genomic 
sequence information and annotations for a large range of both domestic and wild 
animals, which has allowed the identification of alleles in a wide array of loci affect-
ing production and disease traits, as well as loci contributing to disease resistance/
resilience. For the first 15–20 years following the production of the first genetically 
engineered livestock, the limitations to the production of transgenic animals for use 
in agriculture were the lack of knowledge of what alleles/genes to transfer; the lack 
of suitable promoters and enhancers to ensure proper, controlled expression of 
inserted transgenes; and the inefficiency of the process of making genetically engi-
neered animals (Ward et  al. 1986). These advances have largely overcome these 
limitations, as we have the ability to integrate and express genes where and when 
desired, with the limitations today being a lack of investment and regulatory dys-
function (Murray and Maga 2016a).

8.6	 �Conclusions

The bottleneck limiting the adoption of transgenic, and potentially gene-edited, ani-
mals into agriculture is the lack of timely and efficient product-based regulatory 
systems worldwide, which feeds the perception that the technology is dangerous, in 
spite of all of the scientific evidence to the contrary. The technology and science 
behind the applications are not the issue as biotechnology has evolved and largely 
removed the technical limitations. We have produced transgenic livestock suitable 
for use as food, for example, some of the lines listed in Table 8.2. The applications 
and benefits of transgenic technologies to animal agriculture, and thus human food 
security and animal welfare, are real, and it will be necessary in the coming decades 
to employ this technology.

Transgenic livestock pose no more threat to the environment and biodiversity 
than our current livestock breeds. Moreover, the cumulative experience with GE 
plants and animals indicates that they pose little to no food safety risk to people, 
with GE crops being widely consumed by both animals and humans. The limita-
tions to the use of transgenic animals in agriculture are largely political, with a 
diverse set of regulatory paradigms across countries, from a complete ban in the EU 
to any novel food triggering review in Canada. In the USA the regulatory system is 
essentially process-based, as it is the injection of the transgene DNA under FDA 
Guidance for Industry 187 (FDA 2009) that initiates regulatory action, rather than 
the product. In fact, with the current US regulatory system, transgenic animals made 
as biomedical models, or made to produce a pharmaceutical, or one made for food 
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all enter the same regulatory pathway even though the products are very different. 
In those countries with applications (USA, China, Canada, and perhaps New 
Zealand), they are dysfunctional in that regulatory decisions are not being made in 
a timely manner. One consequence of long time frames for regulatory approvals is 
the inhibition of investment and the stifling of innovation for agricultural applica-
tions. The regulatory environment is compounded (and perhaps fueled, e.g., in the 
EU or New Zealand) by the opposition of groups opposed to any use of genetic 
engineering in agriculture in the absence of any scientific or clinical data demon-
strating an adverse consequence to consuming the products of genetic engineering.

8.6.1	 �Recommendations

It is clear that in those countries with long-standing developers of transgenic ani-
mals for use as food that a fully functioning regulatory framework is lacking, either 
because developers have not submitted due to the costs or because of regulatory 
dysfunction within the system. The widespread consumption of food containing GE 
plant-derived components has demonstrated that the technology per se does not 
pose a food safety issue, but rather it is the product of the transgene that should be 
assessed for potential problems, which also holds true for GE animal-derived food 
products. Unless the transgene product is a known allergen, the level of the trans-
gene product in a given tissue should not be the issue but rather the amount con-
sumed as part of a meal. If the objective is to regulate agriculture to ensure food 
safety based on scientific grounds, then where are the data to suggest that any of the 
transgenes discussed above may pose a food safety risk? Short of such evidence, we 
are regulating the process based on the perception that there may be an unknown, 
and likely, unknowable food safety risk. Based on our experiences organizing the 11 
Transgenic Animal Research Conferences, in many discussions with regulators and 
developers, and as developers ourselves, we have offered the following recommen-
dations for changing the regulatory framework in the USA (Murray and Maga 
2016a) and feel that they should be relevant to any country interested in developing 
or revising a science-based framework for regulating the use of transgenic animals 
in agriculture.

First, although the fact that an animal is transgenic may be the trigger for regula-
tory review, the initial review should be based solely on whether or not the trans-
gene product is expressed in the food parts of the animal. If not, then, because the 
consumption of DNA is generally considered to be safe (or GRAS), the product 
should not be subject to premarket review. Post-market monitoring should be 
sufficient. Expression of the transgene should be determined by the presence of 
detectable mRNA for the transgene product based on regular PCR. Trace amounts 
of transgene product, especially if the product is normally found in food, should 
be acceptable rather than a requirement for no or zero tolerance of the product; 
that is, the product should be deemed substantially equivalent to the non-
transgenic product.
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Second, if the transgene product is found in food products derived from the 
transgenic animal, the regulatory review should ask if the product is normally 
found in the equivalent non-transgenic food product and whether the level in the 
transgene-derived product significantly exceeds the normal level, that is, falls 
outside the upper limit normally observed in the non-transgenic product. If the 
level contributed by the transgene to food is within the normal range of that prod-
uct in that food or in equivalent food products in general, then the application 
should be moved to discretionary enforcement, not regulated, or only subjected 
to post-market monitoring.

Third, where the product of the transgene is either found at levels significantly 
greater than normally found in the equivalent food or if the transgene product is an 
orally active compound, then the regulatory process should require further review.

Fourth, mandatory time limits should be established for each phase of the 
review.

Fifth, for gene editing applications of fish, poultry, or livestock for use in 
agriculture, i.e., targeted mutagenesis or homology-dependent repair-based 
allele conversion, the animal products of ZFN, TALEN, CRISPR, or similar-
based gene editing technologies should not be subject to premarket review. Post-
market monitoring is sufficient.

At present, a segment of the population worldwide has a biased perception of 
what genetic engineering technology does and what potential risks it may cause 
within the context of food safety. Ideally a government’s regulatory policy should 
assure these individuals, and the general population, that their food is safe and 
wholesome. At the same time, the regulatory process should make scientifically 
defensible decisions in a timely manner and conform to international treaty obliga-
tions concerning trade. Right now, we have neither. We put forward our suggestions 
in the hope that it will help lead to a robust regulatory process, based on a clear and 
defensible understanding of the potential risks and benefits. Transgenic animal tech-
nology can contribute to the future of animal agriculture for improving food secu-
rity and animal health and welfare and the improvement of the nutritional benefits 
of various foods for human consumption. This can only be realized through appro-
priate investment, and this will only occur when developers have the confidence of 
an appropriate regulatory process for those animals and food products. Many 
nations are poised to take steps forward with the application of transgenic animals 
in agriculture, and many benefits are clearly in sight, but for this to be realized in the 
short to medium term, we need to have a functioning, product-based regulatory 
system, both within and across national borders.
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Abstract
Major progress in genetic engineering and genome editing of livestock species 
has extended their use to biomedical applications, the most notable being tai-
lored large animal models for translational medicine; porcine cells, tissues and 
organs for xenotransplantation; and production of pharmaceutical proteins in 
transgenic large animals. The translation of novel discoveries from basic research 
to clinical application is a long, often inefficient and costly process. Appropriate 
animal models are critical for the success of translational research. Although 
rodent models are widely used, they often do not accurately represent the human 
disease. Thus, additional animal models that more closely mimic aspects of 
human anatomy and physiology are required. Several genetically engineered pig 
models have been generated, many of which represent human disease mecha-
nisms and phenotypes more closely than existing rodent models. In addition, 
genetically modified small ruminants and rabbits are interesting models for spe-
cific disease entities. Pigs are the most promising donor species for xenotrans-
plantation. Since multiple genetic modifications are required to prevent immune 
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rejection, to overcome physiological incompatibilities of xeno-organs and to 
eliminate potential risk factors such as porcine endogenous retroviruses (PERV), 
genome editing is speeding progress in this field. Last but not least, genetic engi-
neering of large animal species as bioreactors for the production of pharmaceuti-
cal proteins is still an interesting option, though only a few such products are on 
the market. In summary, genetically engineered large animals are playing an 
increasingly important role in biomedicine. In particular, genetically tailored 
large animal models may help to bridge the gap between proof-of-concept stud-
ies in rodent models and clinical trials in human patients.

9.1	 �Genetically Engineered Large Animal Models 
for Translational Medicine

Relevant animal models are critically important for discovering key disease mecha-
nisms, identifying targets for medical intervention and developing new diagnoses 
and therapies. Rodents are the most popular, but in many disease areas, findings in 
rodents differ markedly from those in human patients, as demonstrated, for example, 
by Leigh syndrome (Dell’agnello et  al. 2007), Huntington’s disease (Ehrnhoefer 
et  al. 2009), cystic fibrosis (Wilke et  al. 2011), Duchenne muscular dystrophy 
(Nakamura and Takeda 2011), hereditary colon cancer (Flisikowska et al. 2013) and 
inflammatory processes (Seok et al. 2013). Large animals offer an alternative and can 
provide more relevant and predictable models of human disease. These models share 
close similarities with humans in size and features of anatomy, physiology and 
pathology (reviewed in Bähr and Wolf 2012). Importantly, tailored large animal dis-
ease models can be studied with the same clinical approach used for human patients.

The use of pigs (Sus scrofa) in biomedical research is steadily increasing. Pigs 
share more anatomical and physiological similarities with humans than do any other 
small or large domestic animal (reviewed in Aigner et al. 2010) and consequently 
often model the human situation more accurately than other species. Pigs also com-
pare very favourably with other large domestic animal species in their reproductive 
performance; their relatively early sexual maturity (6  months), short generation 
interval (12  months), large litters (8–12 piglets) and year-round breeding all aid 
their practical usefulness. The availability of porcine genome data (Groenen et al. 
2012) and efficient and precise methods for genetic engineering/gen(om)e editing 
(reviewed in Whitelaw et al. 2016) enable the replication of genetic lesions to mimic 
human disease mechanisms at the molecular level. Genetically engineered strains 
extend the range of porcine experimental models beyond spontaneous or artificially 
induced conditions (e.g. via surgery or chemical agents), providing far greater 
scope, precision, reproducibility and informative power. Genetically tailored pig 
models are thus ideally placed to bridge the gap between proof-of-concept models 
and clinical testing of new diagnostic and therapeutic procedures (Fig.  9.1). 
Comprehensive reviews of genetically engineered pig models have been published 
recently (Fan and Lai 2013; Flisikowska et al. 2014; Luo et al. 2012; Rogers 2016). 
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In addition to pigs, rabbits and small ruminants are increasingly used for transla-
tional research.

The rabbit (Oryctolagus cuniculus) is highly relevant to the study of specific 
diseases, such as osteoarthritis, asthma, diabetes mellitus, hypercholesterolaemia 
and its cardiovascular effects and reproductive biology (reviewed in Bähr and Wolf 
2012). Basic reproductive techniques, including in vitro fertilisation and embryo 
cryopreservation, are well established in rabbits, and more advanced techniques 
such as transgenesis, intracytoplasmic sperm injection, nuclear transfer, gene dis-
ruption, targeted gene replacement and gene editing are now available (reviewed in 
Duranthon et  al. 2012). Several genetically engineered rabbit models of human 
diseases have been generated. These include polymorphic ventricular tachycardia/
long QT syndrome type 1 (Kim et al. 2015), hyperlipidaemia (Koike et al. 2009), 
atherosclerosis (Niimi et al. 2016), retinitis pigmentosa (Ueno et al. 2013), con-
genital cataract (Yuan et al. 2016) and infection/vaccine research (Srivastava et al. 
2015).

Goats (Capra hircus) and sheep (Ovis aries) are used as models for orthopaedic 
research and regenerative medicine. The goat is also used as a model for complete 
female-to-male XX sex reversal owing to a genomic mutation. Sheep are used for 
asthma research because key respiratory parameters, such as airflow, resistance and 
breathing rates, are similar to humans. Sheep are also used as models for reproduc-
tive pathology, including premature ovarian failure or polycystic ovaries (reviewed 
in Bähr and Wolf 2012). The generation and characterisation of a transgenic sheep 
model for Huntington’s disease has been reported (Handley et al. 2016; Jacobsen 
et al. 2010; Reid et al. 2013). Transgenic goats constitutively overexpressing Toll-
like receptor 2 (TLR2) have been used to study the effects of elevated TLR2 levels 
on inflammatory processes and clearance of bacterial infections (Deng et al. 2012). 
Expression of constitutively active transforming growth factor-beta1 (TGFB1) in 
transgenic goats results in atrial fibrosis and increased susceptibility to atrial fibril-
lation (Polejaeva et al. 2016).

Human patients

GWA studies

Pathophysiology

Proof-of-concept Translational model

Efficacy BiomarkersSafety

Fig. 9.1  Genetically engineered pig models as link between basic research and clinical trials in 
drug development
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While sheep, goats and rabbits are the species of choice for particular diseases, 
the main emphasis of disease modelling in larger species has been in pigs. This 
chapter therefore provides more detailed examples of pig models genetically engi-
neered for specific disease areas and discusses their phenotypic characteristics and 
the opportunities they provide to study disease mechanisms and test therapeutic 
options. This is not a comprehensive list of all large animals genetically modified 
with the intention to produce a model. There are many more at early stage or where 
the disease phenotype still has to emerge. For further examples, please also see 
review by Flisikowska et al. (2014).

9.1.1	 �Genetically Tailored Pig Models for Human Monogenic 
Diseases

Rare monogenic diseases are an attractive market for the pharmaceutical industry, 
because identification of the underlying mutations provides validated targets for 
drug development or genetic treatment. Development of drugs for these orphan dis-
eases frequently has higher success rates and shorter times to approval and, despite 
relatively small target patient populations, may generate lifetime revenues compa-
rable to non-orphan drugs. The molecular aetiology of more than half the estimated 
7,000 rare monogenic human diseases is now known, and the rate of disease gene 
discovery is expected to accelerate markedly with dramatic improvements in DNA 
sequencing technologies and associated analytical tools (reviewed in Klymiuk et al. 
2016b).

Cystic fibrosis (CF) is the most frequent inherited disease in Caucasians and 
affects ~70,000 individuals worldwide (reviewed in Cutting 2015). This autosomal 
recessive disorder is caused by alterations in the gene encoding the cystic fibrosis 
transmembrane conductance regulator (CFTR), an epithelial anion channel. While 
more than 1,000 different mutations within the CFTR gene are associated with man-
ifestation of CF, deletion of phenylalanine at position 508 (ΔF508) accounts for 
~70% of all cases (reviewed in Fanen et al. 2014). This mutation causes aberrant 
folding of CFTR and subsequent degradation of most synthesised protein. If 
F508del-CFTR is trafficked to the cell membrane, it has reduced membrane resi-
dency and aberrant chloride channel function (reviewed in Cutting 2015; Klymiuk 
et al. 2016b). CF is a multi-systemic disease, affecting the airways, the gastrointes-
tinal tract including the pancreas and hepatobiliary system and the reproductive 
tract. Chronic bacterial infections and persistent inflammatory processes of the lung 
are the main cause of morbidity and mortality (reviewed in Stoltz et  al. 2015). 
Although numerous Cftr mutant mouse models have been established, they only 
partially reproduce the disease processes in CF patients (reviewed in Wilke et al. 
2011). This is particularly true for the pathology of the respiratory tract, which is the 
primary cause of the patient’s declining quality of life leading to death. A CFTR-
deficient rat model has been reported to exhibit histological abnormalities in the 
ileum, increased intracellular mucus in the proximal nasal septa, reduced airway 
surface liquid and periciliary liquid depth and abnormal submucosal gland size 
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(Tuggle et al. 2014). Although the CF rat recapitulates several aspects of human CF 
(aberrant chloride transport, intestinal obstruction, impaired growth, malformation 
of the trachea, anomalous vas deferens), important hallmarks such as obstructive 
lung disease, dysfunction of liver and exocrine pancreas and diabetes mellitus have 
not been reported (reviewed in Cutting 2015; Klymiuk et al. 2016b).

Non-rodent animal models of CF have been established only recently. CFTR-
deficient pigs were generated by introducing a stop codon in exon 10 (Rogers et al. 
2008) or a STOP box that terminates both transcription and translation in exon 1 
(Klymiuk et al. 2012a). A third CF pig model reproduced the most relevant human 
CFTR mutation, F508del in exon 10 (Ostedgaard et al. 2011). Despite the different 
CFTR mutations, each of these models had an almost identical phenotype. One 
major feature was almost 100% penetrance of meconium ileus, a mechanical 
obstruction of the gut that also occurs in human patients, but only in 10–20% of 
cases (reviewed in Klymiuk et al. 2016b). Neither ileostomy, i.e. surgical removal 
of meconium, nor intensive enema, the standard treatment for human patients, was 
sufficient to resolve the obstruction, and the piglets usually died at several weeks 
old. Stoltz et al. (2013) generated a ‘gut-corrected’ CF pig that expresses a CFTR 
transgene in the gut under the control of the rat fatty acid binding protein 2 gene 
(Fabp2) promoter. This transgenic rescue can extend life up to 12 months; however 
in-depth evaluation of CF pigs has been performed only in neonates and a limited 
number of ileostomised pigs. Despite these limitations, the CF pig model has 
already contributed tremendously to the understanding of CF pathogenesis. In par-
ticular, the availability of neonatal material, which can be seen as a ‘native’ tissue, 
has revealed new insights into early stage disease development.

Progressive obstruction of the respiratory tract is the most important cause of 
morbidity in CF patients. While histological examination of newborn CF pigs 
revealed apparently normal lung tissue (Rogers et al. 2008), the trachea had a tri-
angular rather than circular cross section, and the cartilage appeared thicker and 
more discontinuous than in wild-type samples (Klymiuk et al. 2012a; Meyerholz 
et  al. 2010). This was confirmed in human CF infants (Meyerholz et  al. 2010). 
Similar to findings in CF patients, sinus disease developed spontaneously in older 
CF pigs, whereas at birth sinuses were hypoplastic, but showed no evidence of 
infection or inflammation. Although the lungs of newborn CF piglets showed no 
signs of infection, bacterial eradication was defective (Stoltz et al. 2010) and attrib-
uted to decreased pH on airway epithelia (Pezzulo et al. 2012). Furthermore, mucus 
detachment from submucosal glands of the airways (Hoegger et  al. 2014b) and 
mucociliary transport of particles is impaired in CF piglets (Hoegger et al. 2014a). 
Analyses of epithelial tissue and cultivated cells from CF pigs revealed that the 
lack of CFTR caused reduced trans-cellular transport of Cl− and HCO3

−, but no 
alteration of Na+ transport or liquid absorption (Chen et al. 2010). This was later 
confirmed in primary epithelial cells from human CF patients (Itani et al. 2011). 
This major paradigm shift was driven by interrogation of the pig model. The thick-
ening of mucus in CF airways had previously been postulated to be a consequence 
of disturbed osmotic balance, but the pig model data suggested a Na+-independent 
mechanism.
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The established CF pig lines also provide excellent models to evaluate therapeu-
tic strategies (Klymiuk et al. 2016b). For instance, gene therapy using viral vectors 
(adenovirus, adeno-associated virus, lentivirus) and non-viral vectors has not yet led 
to a clinically applicable therapy, but has uncovered a number of problems that limit 
efficacy for CF patients (reviewed in Griesenbach and Alton 2009; Prickett and Jain 
2013). These include challenges with local delivery of gene therapy vectors into 
epithelial cells through a thickened mucus layer and immune reactions against the 
viral vectors. A recent clinical trial of repeated nebulisation of non-viral CFTR gene 
therapy in CF patients revealed a significant, albeit modest, treatment effect with 
stabilisation of lung function (Alton et  al. 2015). Large CF animal models with 
airway and lung structures similar to human CF patients will help improve vector 
design and delivery strategies. For example, Cao et al. (2013) demonstrated efficient 
transfer of lacZ reporter genes and human CFTR expression cassettes into airway 
epithelia and submucosal glands of normal pigs after intra-tracheal application of 
aerosolised helper-dependent adenoviral vectors. In addition, intra-tracheal delivery 
of transfected airway epithelial cells has been suggested as a treatment for CF and 
proof of principle for efficient delivery shown in mice and wild-type pigs (Gui et al. 
2015). It will be interesting to test these strategies in CF pigs, where gene or cell 
delivery may be more challenging because of pre-existing mucus and inflammation. 
CF pigs are also an interesting model for testing viral CFTR gene delivery via the 
coeliac artery into the pancreas, a technique recently established in wild-type piglets 
(Griffin et al. 2014). The F508del-CFTR pig model can be used to evaluate combi-
nations of CFTR correctors and potentiators. CFTR correctors, such as lumacaftor, 
reverse the folding defect of F508del-CFTR and increase its stability. CFTR poten-
tiators, such as ivacaftor, increase the activity of the folding-corrected F508del-
CFTR (reviewed in Cutting 2015; Klymiuk et al. 2016b).

Duchenne muscular dystrophy (DMD) is a severe X-linked disease that affects 
1  in 3,500 males. It is caused by loss-of-function mutations of the DMD gene 
(~2.5 Mb, 79 exons) that lead to a shift in reading frame, out-of-frame transcripts 
and loss of the essential muscle cytoskeletal protein dystrophin (Hoffman et  al. 
1987; reviewed in Klymiuk et al. 2016b). Hotspots for mutations lie in exons 3–7 
and exons 45–55. DMD is characterised by progressive muscle weakness and wast-
ing. Patients present first symptoms before 5  years old, lose ambulation around 
12 years and die of respiratory or heart failure in the second to fourth decade of life 
(reviewed in Spurney 2011). While curative treatments are currently not available, 
genetic and pharmacological approaches are in different phases of clinical testing 
(reviewed in Fairclough et al. 2013). Animal models in different species have been 
instrumental in understanding the pathophysiology of DMD and developing thera-
peutic strategies, but have several limitations (reviewed in Nakamura and Takeda 
2011; Klymiuk et al. 2016b).

The original X-linked muscular dystrophy mouse (mdx) occurred spontaneously 
in the C57BL/10 strain and has a nonsense mutation in Dmd exon 23. Four other 
strains of mdx mice have been identified with different mutations. A mouse lacking 
Dmd exon 52 has also been generated by gene targeting (Araki et al. 1997). Various 
mdx mouse models have been used to develop therapeutic strategies, including exon 
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skipping, gene therapy and cell therapy. However, mdx mice do not develop overt 
muscle wasting except in the diaphragm and have a near-normal life span (Nakamura 
and Takeda 2011).

Mutations in the DMD gene have also been identified in several dog breeds, 
including Golden Retriever, Rottweiler, German Shorthaired Pointer and Cavalier 
King Charles Spaniel, with Golden Retriever muscular dystrophy (GRMD) being 
the most extensively examined and characterised (reviewed in McGreevy et  al. 
2015). GRMD is caused by a point mutation at the DMD intron 6 splice acceptor 
site, leading to skipping of exon 7 and a premature stop codon in exon 8 (Sharp et al. 
1992). Dystrophin-deficient GRMD dogs have a more severe condition than mdx 
mice, but the phenotype is highly variable and animals are difficult to breed. 
Furthermore, the DMD mutation of the GRMD model does not correspond with the 
location of mutations occurring in most human DMD patients. Feline muscular dys-
trophy with dystrophin deficiency is caused by a large deletion of muscle-specific 
and Purkinje cell promoters of the DMD gene (Winand et al. 1994). The nature of 
the mutation and the severe and complex phenotype of this mutant have however 
limited its use as a model (reviewed in Nakamura and Takeda 2011). Dystrophin-
deficient rat models have been generated by CRISPR/Cas9-induced deletions 
between Dmd exons 3 and 16 (Nakamura et al. 2014) and a TALEN-induced 11-bp 
deletion in Dmd exon 23 (Larcher et al. 2014). The DMD rats showed muscle weak-
ness and histological signs of muscular dystrophy. However, no treatment studies 
have so far been reported, and any such findings may be difficult to extrapolate to 
humans due to the small size of rats. Rhesus monkeys with mutant DMD alleles 
have recently been generated by injecting CRISPR/Cas9 into fertilised oocytes 
(Chen et al. 2015). Although partial dystrophin depletion and hypertrophic myopa-
thy were observed, the monkeys were mosaic, resulting in genetic and phenotypic 
variability, which limits their value as translational animal models.

To establish a tailored large animal model of DMD, Klymiuk et  al. (2013) 
deleted DMD exon 52 in male pig cells by gene targeting using a bacterial artifi-
cial chromosome modified by recombination and generated DMD mutant pigs by 
nuclear transfer. Cloned DMD pigs lacked dystrophin in skeletal muscles 
(Fig. 9.2a) and showed increased serum creatine kinase levels, impaired move-
ment and muscle weakness (Fig. 9.2b) and a maximum life expectancy of 14 weeks 
(reviewed in Klymiuk et al. 2016b). Pathological analysis found the skeletal mus-
cles to be pale and moist in texture, with multifocal areas of pale discolouration. 
Histological examination revealed myopathy with excessive fibre size variation, 
numerous large rounded hypertrophic fibres, branching fibres and fibres with cen-
tral nuclei, as well as scattered clusters of segmentally necrotic fibres, next to 
hypercontracted fibres and groups of small regenerating muscle fibres (Fig. 9.2c). 
These lesions were accompanied by interstitial fibrosis and mononuclear inflam-
matory cell infiltration, mimicking the hallmarks of the human disease. The sever-
ity and extent of these alterations progressed with age (reviewed in Klymiuk et al. 
2016b). DMDΔexon52 Yucatan minipigs have been developed by Exemplar Genetics, 
Inc., and a limited characterisation is included in their patent application 
WO2014117045A2.
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To facilitate new insights into the hierarchy of physiological derangements of 
dystrophic muscle, transcriptome studies were performed with skeletal muscle from 
young (2 days old) and older (around 3 months) DMD pigs and age-matched con-
trols. The transcriptome changes in 3-month-old DMD pigs accorded with gene 
expression profiles in human DMD muscle, reflecting the processes of degenera-
tion, regeneration, inflammation, fibrosis and impaired metabolic activity. In con-
trast, the transcriptome profile of 2-day-old DMD pigs showed similarities with 
transcriptome changes induced by acute exercise muscle injury, suggesting mechan-
ical stress on the muscle cell membranes as an early factor in the pathogenesis of 
DMD (Klymiuk et al. 2013). Fröhlich and co-workers (2016) performed a label-free 
proteome analysis of the same set of muscle samples. The extent of proteome 
changes in DMD vs. wild-type muscle increased markedly with age, reflecting pro-
gression of the pathological changes. In 3-month-old DMD muscle, proteins related 
to muscle repair such as vimentin, nestin, desmin and tenascin C were found to be 
increased in abundance, whereas a large number of respiratory chain proteins were 
decreased, indicating serious disturbances in aerobic energy production and reduc-
tion of functional muscle tissue. The combination of proteome data for fibre-type-
specific myosin heavy chain proteins and immunohistochemistry showed 
preferential degeneration of fast-twitch fibre types. The stage-specific proteome 
changes detected in the DMD pig model provide novel molecular readouts for 
future treatment trials.
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Fig. 9.2  Biochemical, clinical and pathological alterations after deletion of DMD exon 52. (a) 
Loss of the essential muscle protein dystrophin as demonstrated by Western blot and immunofluo-
rescence analyses. (b) Characteristic clinical phenotype, including the inability of climbing a small 
platform. (c) Progressive, severe muscular dystrophy (from Klymiuk et al. 2013)
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The DMD pig appears to be a bona fide model of the human dystrophy as ascer-
tained by the absence of the dystrophin protein, elevated serum creatine kinase, pro-
gressive muscular dystrophy and characteristic disturbances of locomotion, including 
the inability to climb onto a platform, which is comparable to the early difficulties of 
DMD patients in climbing stairs. DMD pigs exhibit the functional and pathological 
hallmarks of the human disease, but development is accelerated. This offers improved 
opportunities for early and clear-cut readouts from efficacy studies of new treat-
ments, compared with currently available animal models. Since loss of exon 52 is a 
frequent mutation in human DMD, and can be treated by exon 51 skipping (reviewed 
in Fairclough et al. 2013), this pig model could be suitable for testing and refinement 
of this therapeutic strategy. To provide sufficient numbers for systematic treatment 
trials, female DMD+/Δexon52 pigs, which have 50% male DMD offspring, have been 
generated (Klymiuk et al. 2016b). Alternatively, an elegant blastocyst complementa-
tion method has been used to generate chimeric boars that can transmit mutant DMD 
alleles and other X-linked diseases to progeny (Matsunari et al. 2018).

Genetic approaches to cure DMD include replacing the defective DMD gene, 
read-through of translation stop codons, exon skipping to restore the reading frame 
and increased expression of the utrophin (UTRN) gene which may compensate for 
loss of dystrophin (reviewed in Fairclough et  al. 2013; Klymiuk et  al. 2016b). 
Challenges for gene therapy include the large size of the DMD mRNA (14 kb) and 
the need to target all muscles. DMD mini- and micro-genes have been developed to 
overcome the size problem (reviewed in Davies 2013). The most common viral vec-
tors used to transduce muscle cells are based on adeno-associated virus, but DMD 
gene delivery using this vector has resulted in immune responses against mini-dys-
trophin (reviewed in Davies 2013).

Exon skipping is another strategy that could work for more than 80% of DMD 
mutations, including most out-of-frame deletions (reviewed in Fairclough et  al. 
2013). This strategy aims to restore an intact reading frame of the transcript. 
Skipping of specific exons can be induced by intramuscular or systemic treatment 
with RNase H-independent antisense oligonucleotides (AONs) that hybridise to 
complementary sequences in, or adjacent to, the target exon. 2′-O-Methyl-
phosphorothioate (2′OMe) AONs and phosphorodiamidate morpholino oligonucle-
otides (PMOs) have been tested in preclinical studies and clinical trials (reviewed in 
Fairclough et  al. 2013), but failed to show clear clinical benefit. A new class of 
AONs made of tricyclo-DNA (tcDNA) rescued dystrophin expression in skeletal 
muscles and heart and to a lesser extent in the central nervous system of mdx mice 
(Goyenvalle et al. 2015). Improvement of several clinical parameters was reported 
in mdx mice treated with tcDNA AON and also in double-mutant mice that lack both 
dystrophin and utrophin and show a more severe phenotype than mdx mice. A dis-
advantage of the exon skipping approach is that only the DMD RNA is modified and 
the therapeutic effect is therefore transient. Recently, in vivo genome editing using 
the CRISPR-Cas9 system has been successfully applied in the mdx mouse model to 
delete the mutated exon 23 of the Dmd gene, thus restoring expression of a trun-
cated dystrophin and achieving functional improvements (Long et al. 2016; Nelson 
et al. 2016; Tabebordbar et al. 2016).
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Results in dystrophic mouse models are thus promising, but it would be benefi-
cial to test the efficacy of exon skipping and gene editing strategies in a clinically 
severe large animal model before commencing clinical trials, because a number of 
key parameters cannot be easily investigated in dystrophic mouse models or DMD 
patients. These include (1) the best timing to initiate AON therapy or gene editing 
related to disease progression; (2) the amount of dystrophin required for near-
normal muscle function; (3) the optimal study duration, read-outs and outcome 
measures; (4) the most effective systemic administration route; and (5) the optimal 
dosage for long-term therapy (Klymiuk et al. 2016a). The DMD exon 52-deficient 
pig model is amenable to correction by skipping of exons 51 or 53 from the DMD 
primary transcript, or by deletion of these DMD exons in the muscle cells using 
gene editing, and is thus ideally suited to test these aspects of potential treatments. 
The DMD pig will also be useful in studying efficacy and safety aspects of DMD 
mini-gene therapy, including potential immunological complications, and of read-
through treatment strategies or cellular therapies. In comparison with the existing 
canine DMD models, studies in DMD pigs may also be ethically more acceptable.

9.1.2	 �Genetically Engineered Pig Models for Diabetes Research

Diabetes mellitus (DM) encompasses a heterogeneous group of metabolic disorders 
characterised by steadily increasing blood glucose levels, polydipsia, polyuria, 
weight loss as well as diabetic ketoacidosis and non-ketotic hyperosmolar syndrome 
as life-threatening consequences of metabolic decompensation (American Diabetes 
Association 2013). DM in humans is categorised as four aetiopathogenic classes:

	1.	 Type 1 diabetes mellitus (T1DM; 5–10% of cases) usually leads to absolute insu-
lin deficiency due to autoimmune-mediated or idiopathic destruction of the pan-
creatic beta cells.

	2.	 Type 2 diabetes mellitus (T2DM; 90–95% of cases) is mostly caused by insulin 
resistance combined with inadequate compensatory insulin secretion.

	3.	 Other types of DM, including a broad range of causes, such as genetic defects of 
beta-cell function or insulin action, diseases of the exocrine pancreas, endocri-
nopathies leading to DM, drug- or chemical-induced DM, DM caused by infec-
tions, uncommon forms of immune-mediated DM and other genetic syndromes 
sometimes associated with DM.

	4.	 Gestational diabetes mellitus (GDM).

DM has emerged as a steadily increasing health problem, and the predicted 
future dimension of the global DM epidemic is alarming. An increase from the cur-
rent 346 million people affected to over 400 million worldwide by the year 2030 has 
been extrapolated (reviewed in Wolf et  al. 2014). Concerted research efforts are 
therefore required to gain insight into disease mechanisms and to expand the basis 
for development of preventive and therapeutic strategies. Diabetic rodent models, 
derived either by forward (e.g. Aigner et al. 2008) or reverse genetics (e.g. Plum 
et al. 2005), have traditionally been used to follow these goals, but have limitations 
for translational research (reviewed in Kleinert et al. 2018).
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The pig is a classical animal model for diabetes research (reviewed in Renner et al. 
2016b). Physiological blood glucose levels in domestic pigs vary between 70 and 
115 mg/dl, the same range as humans. Pig and human pancreas and pancreatic islets 
are very similar, e.g. endocrine cell distribution and beta-cell content. Porcine insulin 
differs from human insulin in only one amino acid at position 30 of the B-chain and 
has been used for decades to treat diabetic patients. In both species, beta-cell mass 
clearly correlates with beta-cell function. While rodent beta cells have substantial pro-
liferative capacity, beta-cell proliferation is less in humans and pigs (reviewed in Wolf 
et al. 2014; Renner et al. 2016b). Also, the combination of functional data from physi-
ological tests and quantitative morphological data provides new opportunities to eval-
uate the relationship between beta-cell function and beta-cell mass in wild-type pigs 
and pig models with abnormalities in glucose homeostasis and/or beta-cell function.

The incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (GLP1) are secreted by enteroendocrine cells and are potent 
enhancers of insulin secretion (reviewed in Baggio and Drucker 2007; Renner et al. 
2016a). Type 2 diabetic patients have diminished insulinotropic GIP activity, and it 
has been suggested that impaired GIP action might be involved in the early patho-
genesis of type 2 diabetes mellitus (Nauck et al. 2004). To address this question, 
Renner et al. (2010) generated transgenic pigs expressing a dominant-negative GIP 
receptor (GIPRdn) in the pancreatic islets. GIPRdn transgenic pigs develop normally 
and show similar body weight gain as control littermates. However they exhibit 
blunted insulinotropic action of GIP; progressive deterioration of glucose control 
due to delayed and—at later stages—reduced insulin secretion (Fig.  9.3); and 
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Fig. 9.3  Progressive deterioration of oral glucose tolerance in prediabetic GIPRdn transgenic pigs 
(from Renner et al. 2010)
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impairment of age-related expansion of beta-cell mass (Renner et al. 2010). GIPRdn 
transgenic pigs thus provide a unique model to develop and test novel therapeutics 
and search for candidate biomarkers that predict deteriorating glucose control. In a 
targeted metabolomics approach, Renner et al. (2012) identified a number of plasma 
amino acids and lipids significantly associated with parameters of glucose homeosta-
sis, insulin secretion and beta-cell mass. A subsequent project using the GIPRdn 
transgenic pig model investigated whether reduced GIP function can be compensated 
by pharmacological stimulation of the GLP1 receptor (GLP1R) (Streckel et  al. 
2015). Several GLP1R agonists have been approved for the treatment of adult T2DM 
patients and shown to improve glycaemic control and moderately reduce body 
weight. GLP1R agonists also increase beta-cell mass in rodent animal models 
(reviewed in Renner et al. 2016a). However, since rodent pancreas has a much higher 
capacity for beta-cell proliferation than human pancreas (reviewed in Renner et al. 
2016b), effects on beta-cell mass observed in rodent studies may not be predictive for 
humans. An additional question was how juvenile animals respond to treatment with 
a GLP1R agonist. Streckel et al. 2015) thus studied effects of the GLP1R agonist 
liraglutide in adolescent (2-month-old) GIPRdn transgenic pigs. The animals were 
treated daily with liraglutide (0.6–1.2 mg per day) or placebo for 90 days. Liraglutide 
led to markedly reduced body weight gain (−31%) and food intake (−30%) com-
pared to placebo, associated with reduced phosphorylation of insulin receptor beta 
(INSRB)/insulin-like growth factor-1 receptor beta (IGF1RB) and protein kinase B 
(AKT) in skeletal muscle. Absolute alpha- and beta-cell mass was reduced in liraglu-
tide-treated animals, but alpha- and beta-cell mass-to-body weight ratios were 
unchanged. Liraglutide neither stimulated beta-cell proliferation in the endocrine 
pancreas nor acinus-cell proliferation in the exocrine pancreas, excluding both ben-
eficial and detrimental effects on the pig pancreas. While pro-proliferative effects on 
endocrine or exocrine pancreas were not observed, the marked reductions in weight 
gain and growth observed in this study on adolescent pigs warrant special care in 
clinical trials with adolescent patients (Streckel et al. 2015). Another important ques-
tion is whether GIPRdn transgenic pigs develop clinical diabetes and/or insulin resis-
tance after challenge with a high-carbohydrate, high-fat diet. If this was the case, the 
GIPRdn transgenic pig model would be even more interesting for drug treatment stud-
ies and also study of the effects of bariatric surgery on glucose homeostasis. The pig 
is already used to develop bariatric surgical techniques, such as the laparoscopic 
Roux-en-Y gastric bypass (Escareno et al. 2012).

To date, 20 heterozygous missense mutations in the human insulin (INS) gene 
have been identified as common causes of insulin-deficient, permanent diabetes 
mellitus diagnosed predominantly in the neonatal period and referred to as mutant 
INS gene-induced diabetes of youth (MIDY) (Liu et al. 2010). One INS mutation, 
INSC96Y, disrupts the C(B7)-C(A7) interchain disulphide bond of the insulin mole-
cule. The widely used Akita mouse model has the corresponding mutation in the 
Ins2 gene (Yoshioka et al. 1997). Mutant (pro)insulin impairs trafficking of normal 
proinsulin by forming high-molecular-weight complexes, and misfolded insulin 
accumulates in the endoplasmic reticulum (ER) causing ER stress which finally 
triggers beta-cell apoptosis (Liu et al. 2010). To generate a large animal model of 
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PNDM, Renner et al. (2013) produced transgenic pigs expressing INSC94Y under the 
control of porcine INS promoter sequences. A founder with high-level transgene 
expression (ratio of mutant to wild-type INS transcripts ~0.75) developed early clin-
ical DM. On insulin treatment the diabetic founder was fertile and produced 50% 
transgenic offspring after mating with wild-type females. The transgenic offspring 
were hyperglycaemic shortly after birth; however pancreatic beta-cell mass was 
unaltered, suggesting impaired insulin secretion as the major cause of diabetes at 
this stage. At 4.5 months old, INSC94Y transgenic pigs exhibited 41% reduced body 
weight, 72% decreased beta-cell mass (−53% relative to body weight) and 61% 
lower fasting insulin levels compared with control littermates. Beta cells of 
4.5-month-old INSC94Y transgenic pigs showed marked reduction of insulin secre-
tory granules and severe dilation of the ER (Fig. 9.4). Cataract development was 
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Fig. 9.4  Consequences of expression of mutant insulin C94Y in INSC94Y transgenic MIDY (mutant 
INS gene-induced diabetes of youth) pigs. (a) Permanently elevated fasting blood glucose levels. 
(b) Decreasing plasma C-peptide concentrations indicating perturbed insulin secretion and a 
decrease in beta-cell mass. (c, d) Ultrastructural changes of beta cells from MIDY pigs (age: 
4.5 months), which are indicative of ER stress. Beta cells of wild-type (WT) pigs (c) show multiple 
insulin granules (blue arrows). In beta cells from MIDY pigs, the number of insulin granules is 
markedly reduced, and characteristic dilations of the endoplasmic reticulum are visible (d; red 
arrows; from Renner et al. (2013)

9  Genetically Engineered Large Animals in Biomedicine



182

already visible in 8-day-old INSC94Y transgenic pigs and became more severe with 
age. Diabetes-associated pathological alterations of kidney and nervous tissue were 
not detected during the 1-year observation period (Renner et  al. 2013). INSC94Y 
transgenic pigs exhibit a stable diabetic phenotype without any further manipula-
tion. In this respect this animal model is superior to chemically induced diabetes 
models (e.g. by streptozotocin), which may have variable outcomes (Dufrane et al. 
2006), or to diabetes induced by pancreatectomy (Stump et  al. 1988), which is 
highly invasive and requires substitution of pancreatic enzymes. Due to their 
exceedingly stable diabetic phenotype, INSC94Y transgenic pigs are an interesting 
model to address a number of questions. They can be used for insulin treatment 
studies, to test the efficacy of gene (Callejas et al. 2013) or cell therapies (Sapir et al. 
2005), and act as well-defined recipients for islet transplantation (Sakata et  al. 
2012). Secondary lesions of diabetes mellitus are another interesting area of 
research. As early as 5 months old, INSC94Y transgenic pigs showed reduced capil-
larisation and pericyte investment in myocardium compared to age-matched con-
trols. After experimental induction of an ischaemic lesion, the myocardium 
responded with increased fibrosis. Local gene therapy with thymosin B4 markedly 
improved capillarisation and pericyte investment in wild-type pigs, but to a lesser 
extent in INSC94Y transgenic pigs (Hinkel et al. 2017). These findings are clinically 
relevant since reduced capillarisation and pericyte investment are also observed in 
myocardium of diabetic patients. Although diabetic neuropathy or kidney disease 
was not observed within the first year, long-term observation or challenge treat-
ments, e.g. with high-protein diet, might reveal secondary lesions. As a unique 
resource for studying systemic consequences of chronic hyperglycaemia, the 
‘Munich MIDY Pig Biobank’ was established from 2-year-old INSC94Y transgenic 
pigs and littermate controls (Blutke et al. 2017; highlighted in Abbott 2015). The 
biobank includes samples from more than 50 different tissues and body fluids that 
have been recovered following the principles of systematic random sampling and 
preserved to enable a broad spectrum of molecular and morphological analyses 
(Albl et al. 2016). The retina of INSC94Y transgenic pigs showed interesting diabetes-
associated alterations with similarities to diabetic retinopathy in human patients 
(Kleinwort et al. 2017).

Effects of maternal diabetes mellitus on embryos, foetuses and offspring are 
another interesting research topic. Preconceptional diabetes mellitus (PCDM) in 
humans adversely affects pre-implantation embryo development and pregnancy 
outcomes (Farrell et al. 2002). The underlying mechanisms have been investigated 
mainly in diabetic rodent models and are only partially understood. Pig embryos are 
more similar to human embryos than are mouse embryos, e.g. in the timing of 
embryonic genome activation and in metabolic characteristics (reviewed in Wolf 
et al. 2014). Thus the INSC94Y transgenic pig model appears to be ideally suited to 
study consequences of preconceptional maternal DM for oocyte, pre- and post-
implantation embryonic development and foetal development. However, a major 
limitation of the pig model in this context is the different placental structure com-
pared to humans (epitheliochorial vs. haemochorial).
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Different autosomal dominant mutations in the hepatocyte nuclear factor-1α 
(HNF1A) gene, located on human chromosome 12q, are responsible for defects in 
insulin secretion and derailed glucose homeostasis and have been categorised as 
maturity-onset diabetes of the young 3 (MODY 3) (reviewed in Nyunt et al. 2009). 
To generate a large animal model for this condition, Umeyama et al. (2009) pro-
duced transgenic pigs expressing a dominant-negative human HNF1α (P291fsinsC). 
The expression vector included the mutant HNF1A cDNA under the transcriptional 
control of cytomegalovirus immediate early gene enhancer/porcine insulin pro-
moter sequences and flanked by chicken β-globin insulators. Expression of 
transgene-derived mRNA was shown in the brain, heart, lung, liver, pancreas, spleen 
and kidney, and the 315-amino-acid HNF1α (P291fsinsC) protein was detected in 
the brain, lung, heart, pancreas, spleen and kidney. Persistent diabetes with non-
fasting blood glucose levels above 200 mg/dl was observed in four longer-living 
transgenic pigs. Histological analysis revealed abnormal pancreatic islet morpho-
genesis, immature renal development and pathological alterations of the kidneys, 
such as glomerular hypertrophy and sclerosis (Hara et  al. 2014) as well as liver 
alterations (Umeyama et al. 2009). Since expression of the transgene was not lim-
ited to pancreatic beta cells, it is not clear whether the kidney lesions were caused 
by the diabetic condition or toxic effects of the locally expressed HNF1α 
(P291fsinsC) protein. The latter is likely the case, since INSC94Y transgenic pigs (see 
above) develop similar hyperglycaemia, but show no signs of diabetic nephropathy, 
at least before 12 months.

9.1.3	 �Genetically Engineered Pig Models for Dyslipidaemia 
Research

Monogenic disorders causing abnormal levels of plasma cholesterol and triglycer-
ides may result in metabolic dysfunction and cardiovascular disease. Prominent 
examples of monogenic dyslipidaemias associated with increased LDL cholesterol 
in the paediatric and adolescent population include homozygous or heterozygous 
familial hypercholesterolaemia with mutations in the low-density lipoprotein recep-
tor (LDLR) gene, familial defective apolipoprotein B resulting from APOB mutation 
and gain-of-function mutations of PCSK9, encoding proprotein convertase subtili-
sin/kexin 9 (reviewed in Rahalkar and Hegele 2008).

The mouse is currently most widely used for atherosclerosis studies. However, 
mice and humans differ in the quality and localisation of atherosclerotic lesions. 
Human lesions occur more frequently in the coronary arteries, carotids and periph-
eral vessels (e.g. iliac artery), while in mice the primary locations are the aortic root, 
aortic arch and innominate artery (reviewed in Getz and Reardon 2012). Since wild-
type mice are relatively resistant to diet-induced atherosclerosis, a number of mutant 
strains exhibiting hypercholesterolaemia and atherosclerosis have been derived by 
forward and reverse genetics, with Apoe and Ldlr mutant mice being the most fre-
quently used (reviewed in Getz and Reardon 2012). Genetically modified mouse 
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models have provided insights into disease mechanisms and the role of signalling 
pathways and genetic factors during disease initiation and progression and have 
been extensively used to test pharmaceutical modifiers, including 3-hydroxy-3-
methylglutaryl-coenzyme A reductase inhibitors (statins) and other cholesterol-
lowering drugs (Zadelaar et al. 2007). However, efficacy studies of anti-atherosclerotic 
drugs in large animal models that mimic human pathophysiology more closely may 
reduce the risk of failure of anti-atherosclerotic interventions in clinical studies due 
to lack of efficacy.

Targeted disruption of the LDLR gene in Yucatan miniature pigs has provided a 
porcine model of hypercholesterolaemia and atherosclerosis. Davis et  al. (2014) 
generated homozygous knockout pigs by breeding heterozygous knockouts pro-
duced by adeno-associated virus-mediated gene targeting. Phenotypic examination 
demonstrated significantly increased total and LDL cholesterol levels that were 
more pronounced in homozygous than heterozygous LDLR knockout pigs. These 
severely hypercholesterolaemic animals subsequently developed atherosclerotic 
lesions in the coronary arteries and abdominal aorta that resemble human athero-
sclerosis. High-fat, high-cholesterol diets accelerated lesion development. In 
humans, loss of LDLR function results in familial hypercholesterolaemia (FH) 
(Rader et al. 2003) consistent with the phenotype of LDLR knockout pigs, including 
the dose effect between hetero- and homozygous knockouts. This porcine model 
therefore offers an opportunity to evaluate new therapeutic and diagnostic tools for 
cardiovascular disease (Li et al. 2016).

A similar phenotype was observed in another transgenic minipig model of FH 
and atherosclerosis by Al-Mashhadi et al. (2013). Here, a D374Y mutant human 
PCSK9 was overexpressed in the liver. When fed a high-fat, high-cholesterol diet, 
these pigs develop severe hypercholesterolaemia and human-like atherosclerotic 
lesions. PCSK9 downregulates hepatic LDLR activity by increasing lysosomal deg-
radation. With D374Y PCSK9, this inhibitory effect is enhanced, causing a severe 
form of autosomal dominant hypercholesterolaemia (Soutar 2011) that could be 
recapitulated in this transgenic pig model. Importantly, the authors demonstrated 
that development of atherosclerotic lesions in their minipig model could be moni-
tored by imaging techniques, facilitating longitudinal studies of anti-atherosclerotic 
drug effects and testing of new atherosclerosis imaging modalities. This model was 
also used to study the effect of diabetes on atherosclerotic lesions (Al-Mashhadi 
et al. 2015).

Nevertheless, the pig has limitations as a model of human lipoprotein metabo-
lism and atherosclerosis. These include a relatively small effect of statin treatment 
on plasma LDL cholesterol levels, e.g. in Yucatan minipigs, and the lack of the 
cholesteryl ester transport protein (CETP), hampering the testing of CETP inhibi-
tors in pigs. This drawback may be overcome by expression of human CETP in 
genetically engineered pigs (Agarwala et al. 2013).

Apolipoprotein C3 (APOC3) transgenic mice have been generated to study the 
role of hypertriglyceridaemia as a risk factor for coronary heart disease (Ito et al. 
1990). But as lipoprotein metabolism in mice is rather different to humans, the pig 
might be more suitable for evaluating the role of APO in cardiovascular disease. Wei 

E. Wolf et al.



185

et al. (2012) developed a transgenic miniature pig that expresses human APOC3. 
Analysis of the founder animals demonstrated expression of the transgene exclu-
sively in the liver and intestine. Phenotypic examination showed increased overall 
plasma triglyceride levels and a shift towards large particle fractions in the lipopro-
tein profile corresponding to very low-density lipoprotein/chylomicrons. Delayed 
triglyceride absorbance and clearance was also detected. This represents mild to 
moderate hypertriglyceridaemia as often found in humans. As the lipoprotein pro-
file of pigs and humans is very similar, this model might be useful in gaining insight 
into the functional role of human APOC3 in lipid metabolism and of triglycerides in 
atherosclerosis. Furthermore, this model may be used for evaluating drugs for 
hypertriglyceridaemia (Wei et al. 2012).

Transgenic pigs expressing human apolipoprotein(a) (APOA) exhibit high 
plasma levels of human lipoprotein(a) [LPA] and may be useful for evaluating the 
pharmacology and efficacy of new drugs for atherosclerosis (Shimatsu et al. 2016; 
Ozawa et al. 2015).

Overexpression of lipoprotein-associated phospholipase A2 (Lp-PLA2) in trans-
genic pigs resulted in increased postprandial plasma triglyceride levels and increased 
expression of pro-inflammatory genes in peripheral blood mononuclear cells. This 
model has been generated to study the consequences of elevated circulating 
Lp-PLA2 levels and to test Lp-PLA2 inhibitors (Tang et al. 2015).

9.1.4	 �Genetically Engineered Pig Models for Cancer Research

Animal models are crucial for the development of cancer diagnostic and therapeutic 
techniques. Genetically modified mice are widely used, but their small size and 
short life span preclude some preclinical studies. It is, for example, difficult to scale 
down radiological, thermal or surgical treatment of tumours or perform longitudinal 
studies of tumour progression and remission or longer-term response to therapy.

Mouse and human cancer biology also differ. Murine cells are more easily trans-
formed in vitro than human cells (Rangarajan et al. 2004), and the set of genetic 
events required for tumorigenesis is different (Kendall et al. 2005). Mouse models 
may therefore not always provide the best representation of human cancers. 
Although pigs have not so far played a major role in this field, this is set to change. 
New genetically modified pig lines will provide valuable complementary resources 
for cancer research.

As in humans, spontaneous cancer caused by natural mutations is rare in pigs, 
the most common forms being lymphosarcoma in young animals (Anderson and 
Jarrett 1968; Stevenson and DeWitt 1973) and melanoma in adult pigs (Fisher and 
Olander 1978). For many years, only two spontaneous pig tumour models, based on 
germline mutations, were available for biomedical research. These are the Libechov 
and Sinclair minipigs, both predisposed to melanoma. These, however, differ from 
humans because the melanomas spontaneously regress at high frequency (reviewed 
in Flisikowski et al. 2015). The causative genetic lesions are also undefined, making 
it difficult to draw parallels with human melanoma.
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A variety of non-transgenic strategies have been employed to experimentally 
generate cancers in pigs. Adam et al. (2007) reported a porcine cancer model based 
on autologous transplantation of primary porcine cells transduced with retroviral 
vectors carrying oncogenic cDNAs. These studies revealed important similarities in 
tumorigenesis between pig and human. However this model falls somewhat short as 
a representation of human cancer. The use of viral cDNA constructs does not reli-
ably reflect the expression and regulation of endogenous genes. Tumours arising 
from grafted cells also differ in important respects from autochthonous tumours. 
Tumours arising from grafted cell lines also tend to be poor predictors of clinical 
efficacy, for example, anticancer drugs found to be effective on such grafts can be 
ineffective on real tumours (Zhou et al. 2009).

The first transgenic pigs designed to model cancer carried the v-Ha-ras oncogene 
directed by the mouse mammary tumour virus long terminal repeat promoter, but no 
phenotype was observed (Yamakawa et al. 1999). Constitutive expression of the Gli2 
transcriptional activator in keratinocytes resulted in basal cell carcinoma-like lesions 
in young pigs, but these were euthanised due to bacterial infection before fuller 
investigation could be carried out (McCalla-Martin et al. 2010). More recent porcine 
models carrying a combination of two or three oncogenic transgenes have been gen-
erated. Schook et al. (2015) have reported pigs carrying randomly integrated Cre-
inducible porcine transgenes encoding KRASG12D and TP53R167H. Although these are 
generally expressed at nonphysiological levels, they demonstrated transformation 
and tumorigenesis after Cre activation of the latent transgenes. With the aim of gen-
erating a model for colorectal cancer, Callesen et al. used transposon vectors to gen-
erate a double transgenic pig in which one vector carried a Flp-inducible oncogene 
cassette containing KRASG12D, cMYC and SV40LT and the second vector Flp recom-
binase controlled by the gut-specific villin promoter (Callesen et  al. 2017). 
Unexpectedly the resulting neoplasia was a large cell neuroendocrine tumour (at the 
time of writing); nevertheless this is currently the only porcine cancer model show-
ing metastatic spread to a local lymph node. A similar combination using the pan-
creas-specific PDX1 promoter to express FLP resulted in increased proliferation and 
clonal expansion of epithelial acinar cells in one of the founder animals (Berthelsen 
et al. 2017). Unfortunately none of the founder animals survived beyond day 45.

To more closely mimic the molecular changes in human cancer, other research-
ers have modified endogenous porcine genes. Mutations in the human breast 
cancer-associated gene 1 (BRCA1) are known to predispose to breast and/or ovar-
ian cancer. Brca1 mutant mouse models are numerous (reviewed in Dine and 
Deng 2013) and have helped to elucidate the basic biological functions of this 
gene. However, heterozygous Brca1 mutations in mice are not sufficient to cause 
breast cancer even at advanced ages, while humans heterozygous for BRCA1 
mutations have up to 80% increased risk of developing breast cancer (Alberg et al. 
1999). The need for an alternative animal model led Luo et al. (2011) to inactivate 
BRCA1 in pigs. The gene was inactivated in porcine fibroblasts using adeno-asso-
ciated virus, and animals were produced by nuclear transfer. These were the first 
gene-targeted pigs for cancer. The heterozygous founder piglets displayed no vis-
ible phenotype at birth. BRCA1 mRNA levels were found to be lower than in 
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controls, but protein levels were unaffected. Unfortunately none of these founders 
survived beyond 18 days, most likely due to nuclear transfer-related problems. 
The same group did later report a 2-year-old sow with morphological changes in 
the mammary gland.

The Schnieke group is engaged in program to model human cancers in pigs. 
Similar genetic alterations in a relatively small set of genes are responsible for ini-
tiating many human tumour types (Futreal et al. 2004), so it should be possible to 
replicate a variety of cancers by combining and activating defined oncogenic muta-
tions in chosen tissues. An initial disease focus was cancer of the colon and rectum, 
a serious and common condition in which the molecular basis of disease initiation 
is understood (Bogaert and Prenen 2014). Disruption of the Wnt pathway, often by 
reduced function of the tumour suppressor APC, is key to initiating the sporadic 
form of the disease (Powell et al. 1992) and an inherited predisposition, familial 
adenomatous polyposis (FAP) (Kinzler et al. 1991; Groden et al. 1991). FAP varies 
widely in severity, but patients typically develop hundreds of adenomatous polyps 
in the colon and rectum between puberty and 20 years old, almost inevitably pro-
gressing to cancer in midlife (Croner et al. 2005).

Pigs have been generated carrying missense mutations of the adenomatous pol-
yposis coli (APC) gene at codons 1061 and 1311, orthologous to germline muta-
tions responsible for mild and severe forms of FAP (Flisikowska et  al. 2012). 
Examination of a 1-year-old founder and offspring animals carrying the APC1311 
mutation (orthologous to a human severe FAP mutation, APC1309) revealed polyps in 
the colon and rectum. This accords with the location and early onset of human FAP 
and contrasts with equivalent mutations in mice where polyps develop predomi-
nantly in the small intestine. Several generations of APC1311 pigs have been pro-
duced and animals examined up to 4 years of age. Regular colonoscopic examinations 
revealed that, as in humans, the severity of polyposis in individuals carrying the 
same APC mutation varied from mild to very severe. Histological and immunohis-
tological analysis showed the same progression to tumours as in human FAP—aber-
rant crypt foci, adenomatous polyps with low- to high-grade dysplasia and carcinoma 
in situ up to 5 cm in diameter. Gene expression data of polyps from APC1311 pigs 
correlates with alterations in molecular pathways involved in early pathogenesis of 
human colorectal cancer (Flisikowska et al. 2017). Time will tell whether porcine 
polyps progress to invasive disease and metastasis. Examination of APC1061 mutant 
animals revealed a far milder phenotype; many were free of polyps or had one or 
two very small (~3 mm) polyps.

Tan et al. (2013) used TALENs to produce Landrace and Ossabaw pigs carrying 
knockout alleles in the APC gene. These however differ from the model described 
above, as they carry a truncation mutation upstream of the APC1061 position. No 
phenotype has yet been reported.

Loss of p53 function occurs in more than 50% of human cancers, so this tumour 
suppressor has been a natural focus for cancer modelling. Pigs have been generated 
with a Cre-dependent TP53R167H mutation, which in latent form is a knockout 
(Leuchs et al. 2012). Evidence so far indicates that the porcine TP53R167H mutation, 
which is orthologous to human TP53R175H and mouse Trp53R172H, confers similar 
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changes as in humans and mice. Mutant porcine p53-R167H protein accumulates in 
affected cells, indicating failure of normal p53 degradation (Saalfrank et al. 2016).

Analysis of older heterozygous pigs carrying the uninduced TP53 knockout muta-
tion revealed spontaneous osteosarcoma development, while homozygous TP53 
knockout resulted in multiple large osteosarcomas in 7–8-month-old animals, located 
mainly in the long bones, skull and mandible (Saalfrank et al. 2016). Osteosarcoma 
is a relatively rare solid tumour, but the most common primary bone cancer. It pre-
dominantly affects young people and is highly malignant, requiring aggressive surgi-
cal resection and cytotoxic chemotherapy. Five-year survival for patients with 
metastatic osteosarcoma is only around 30% (Mirabello et al. 2009). The initiation 
and progression of human osteosarcoma are not well understood. The new porcine 
model promises new resources to elucidate the molecular pathways and driver muta-
tions involved and devise means of managing and treating this devastating disease.

Genetically modified mice have been used for many years to model osteosar-
coma. Trp53 inactivation in mice results in diverse cancers, with ~25% osteosarco-
mas in heterozygotes and ~4% osteosarcomas in homozygotes, which mainly 
develop lymphomas (Jacks et al. 1994). The high incidence of other tumours has 
motivated development of improved mouse osteosarcoma models with Cre-
mediated conditional deletion of Trp53  in the osteogenic lineage, sometimes in 
combination with Rb1. These show highly penetrant osteosarcoma formation, but 
have been criticised because murine primary tumours predominantly affect the axial 
skeleton, while human osteosarcomas are most common in the long bones of the 
limbs (Guijarro et al. 2014). Rats show a similarly mixed tumour spectrum, with 
approximately half of heterozygous Trp53 knockout rats developing osteosarcomas, 
while most homozygotes develop haemangiosarcoma (van Boxtel et al. 2011).

Yucatan pigs have also been described that carry the TP53R167H mutation (Sieren 
et al. 2014). Pigs heterozygous for this mutant allele were reported to be free of 
tumours, while some homozygous pigs developed lymphomas and some developed 
osteogenic tumours.

Activating mutations in the KRAS proto-oncogene initiate pancreatic adenocar-
cinoma and non-small-cell lung cancer (reviewed in Pylayeva-Gupta et al. 2011) 
and occur in many other human cancers such as colorectal cancer, where KRAS 
mutations are associated with poor prognosis (Karnoub and Weinberg 2008). Efforts 
to devise effective therapies that target mutant KRAS have had little success, and 
there is an urgent need to develop means of early diagnosis and new targets for drug 
therapy. Li et  al. (2015) have generated pigs with a Cre-dependent oncogenic 
KRASG12D mutation and demonstrated the functionality of both KRASG12D and 
TP53R167H in xenotransplantation experiments.

An important component of pig cancer modelling is local and tissue-specific 
activation of mutant oncogene(s) in a chosen tissue to mimic the spontaneous 
somatic events that initiate many human cancers. Such activation, e.g. by Cre-
mediated recombination, can thus enable replication of diverse cancer types using 
the same mutant gene. In mice, Cre reporter strains provide a means of monitoring 
the location, pattern and extent of Cre recombination in vivo. A dual fluorescent 
reporter pig for Cre recombination that provides a multipurpose indicator of Cre 
activity has been generated (Li et al. 2014), and the Schnieke group is in the process 
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of producing transgenic pigs with tissue-specific Cre recombinase expression and 
investigating local application of Cre recombinase.

The advent of efficient CRISPR/CAS9 genome editing now makes it possible to 
introduce oncogenic mutations into the tissue of choice in live animals, eliminating 
the need to generate pigs with germline modifications. Building on similar experi-
ments in mice, Wang et al. (2017) have generated transgenic pigs carrying the CAS9 
component to enable genome editing of somatic tissues in vivo. Using lentiviral 
vectors to introduce multiple guide RNAs, they simultaneously targeted five tumour 
suppressor genes (APC, BRCA1, BRCA2, TP53, PTEN) as well as KRAS in the por-
cine lung. Necropsy revealed multiple pulmonary adenocarcinomas, proving the 
efficacy of this approach. Without doubt genome editing provides an incredibly 
versatile tool to introduce modifications both in vivo and in vitro and can drastically 
reduce the time required for generating new porcine models.

The examples shown in this chapter demonstrate that genetically tailored pig 
models have the potential to bridge the gap between basic research in rodent models 
and clinical trials in human patients, providing an improved prediction of efficacy 
and safety of new treatments. However, compared with the large number of scien-
tists and huge infrastructures involved in mouse genetics and phenotyping, the num-
ber of laboratories working on genetically engineered pig models is small. Thus it 
will be necessary to establish appropriate scientific networks and infrastructures 
aiming at the generation, characterisation and implementation of genetically tai-
lored pig models in biomedical research. Such institutions would benefit multiple 
parties: Genetically tailored pig models offer clinicians the chance to develop and 
test new therapeutic treatments in human-sized animals that show the same disease 
mechanisms and symptoms as the affected patients. Since large animal models are 
expected to accelerate the development of efficacious and safe therapies, patients 
would also benefit. Importantly, rare diseases such as cystic fibrosis or genetic mus-
cle diseases can be readily addressed in genetically tailored pig models, increasing 
the chance of therapeutic options for affected patients. Improved predictive data is 
likely to reduce the risk of drug failure in clinical trials and thus has enormous value 
for pharmaceutical and biotech companies. Healthcare systems can only cope with 
increased need if new disease treatments can be developed at acceptable cost and if 
categories of patients likely to benefit are identified. The concept of personalised or 
stratified medicine is thus central to all healthcare agendas. Tailored large animal 
models are a promising means of discovering new biomarkers and will support per-
sonalised medicine. Analogous to rodent species, attempts for increasing the 
genetic, environmental and experimental standardisation of the studies may further 
increase the success in the work with genetically modified pigs.

9.2	 �Genetically Modified Pigs as Donors of Cells, Tissues 
and Organs for Xenotransplantation

The number of donated human organs and tissues falls far short of the need (Ekser 
et al. 2015), a situation that threatens the life of many potential recipients. Alternative 
techniques such as xenotransplantation are therefore urgently needed. The pig is the 
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preferred donor species for a number or reasons, including size, anatomical and 
physiological similarities with humans and efficient techniques for genetic engi-
neering/gene editing. More than 40 different genetic modifications have been intro-
duced into pigs to prevent immune rejection of xenografts, overcome physiological 
incompatibilities and reduce risk of transmitting zoonotic pathogens (reviewed in 
Cooper et al. 2016). The challenge of combining multiple transgenes to enable prac-
tical animal breeding, avoiding segregation of independent integration sites, can be 
overcome by ‘combineering’ and gene stacking, i.e. random or targeted placement 
of multiple expression cassettes at a single genomic locus (Fischer et  al. 2016; 
Rieblinger et al. 2018).

Technical advances in the generation of genetically multi-modified pigs and new 
developments in the field of immunosuppression have supported significant prog-
ress in many areas of xenotransplantation, including pancreatic islets (reviewed in 
Klymiuk et al. 2016a; Park et al. 2015), neuronal cells (reviewed in Vadori et al. 
2015) and corneas (reviewed in Kim and Hara 2015), but also vascularised organs, 
especially the kidney (reviewed in Iwase and Kobayashi 2015) and heart (reviewed 
in Mohiuddin et al. 2015). Xenotransplantation can thus be considered as a realistic 
future therapeutic option together with other regenerative medicine strategies, e.g. 
stem cells (Perkel 2016).

This chapter summarises the genetic modifications introduced into pigs to render 
them suitable as donors of cells, tissues and organs for xenotransplantation and also 
outlines recent attempts at developing human tissues within large animal hosts.

9.2.1	 �Genetic Modifications to Overcome Hyperacute and Acute 
Vascular Rejection of Pig-to-Primate Xenografts

Hyperacute rejection of pig-to primate xenografts is triggered by binding of pre-
formed antibodies to specific xeno-antigens. Subsequent activation of the comple-
ment system cannot be controlled due to species incompatibilities between the 
regulators on the xenograft and the recipient’s effector molecules (reviewed in 
Kourtzelis et al. 2015). The major xeno-antigen is galactose-α1,3-galactose (αGal) 
synthesised by α-1,3-galactosyltransferase (GGTA1). This enzyme is defective in 
humans and old-world monkeys, and αGal is consequently absent. Immunogenic 
contact with bacterial αGal epitopes in the intestinal tract causes humans and old-
world monkeys to raise anti-αGal antibodies in early life. Other prominent xeno-
antigens are N-acetylneuraminic acid (Neu5Gc, also called Hanganutziu-Deicher 
antigen) synthesised by cytidine monophosphate-N-acetylneuraminic acid hydrox-
ylase (CMAH) and an Sd(a)-like glycan made by porcine β-1,4-N-acetyl-
galactosaminyltransferase 2 (B4GALNT2) (reviewed in Byrne et al. 2015).

A first step to overcome hyperacute rejection of pig-to-primate xenografts was the 
generation of transgenic donor pigs that express human complement-regulatory pro-
teins, such as CD46 (membrane cofactor protein, MCP), CD55 (complement decay-
accelerating factor, DAF) and CD59 (membrane inhibitor of reactive lysis, MIRL), 
singly or in combination. These attenuate complement activation and significantly 
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prolong survival of pig-to-primate xenografts (reviewed in Cooper et al. 2016). A 
major step towards long-term survival of vascularised pig-to-primate xenografts was 
the inactivation of the porcine GGTA1 gene. Following the first publication of 
GGTA1 (and consequently αGal)-deficient pigs (Phelps et al. 2003), multiple GGTA1 
knockout pig lines were generated, initially by gene targeting (reviewed in Klymiuk 
et al. 2010) and later by gene editing (e.g. Hauschild et al. 2011). To remove the 
Neu5Gc xeno-antigen, pigs lacking CMAH were generated (Kwon et al. 2013) and 
have been combined with GGTA1 deficiency (Lutz et al. 2013; Burlak et al. 2014; 
Miyagawa et al. 2015). The porcine B4GALNT2 gene was also inactivated to elimi-
nate an Sd(a)-like xeno-antigen (Estrada et al. 2015). The authors showed that cells 
from GGTA1/CMAH/B4GALNT2-deficient pigs exhibited reduced human IgM and 
IgG binding compared to cells lacking only GGTA1 and CMAH.

Besides preformed antibody binding to carbohydrate antigens, porcine cells 
elicit a humoral immune response, as after allotransplantation (reviewed in Vadori 
and Cozzi 2015). The risk is likely increased in pre-sensitised patients with antibod-
ies against major histocompatibility complex (MHC) class I molecules/human leu-
cocyte antigens (HLAs), since these may cross-react with conserved epitopes of 
swine MHC subclasses/swine leucocyte antigens (SLAs) (Mulder et  al. 2010). 
MHC class I-deficient pigs have been reported; these show reduced levels of CD4− 
CD8+ T cells in the peripheral blood, but appeared healthy and developed normally 
(Reyes et al. 2014). Porcine cells and tissues lacking or with reduced SLA should 
elicit only a weak response from the human immune system.

9.2.2	 �Genetic Modifications to Overcome Cellular Rejection 
of Pig-to-Primate Xenografts

Both innate and adaptive components of the cellular immune system contribute to 
xenograft rejection (reviewed in Griesemer et al. 2014). Immune cell infiltration of 
tissue and solid organ xenografts starts with neutrophils, followed by macrophages 
and T cells (reviewed in Vadori and Cozzi 2015). In addition, natural killer (NK) 
cells may induce endothelial cell activation in the xenograft (Dawson et al. 2000) 
and lyse porcine cells directly and via antibody-dependent cytotoxicity (reviewed in 
Weiss et al. 2009).

Cellular xenografts such as porcine islets in non-human primates are mainly 
rejected by CD4+ T cells. Their activation can be induced by direct binding of pri-
mate T-cell receptors to SLA class 1 and class 2 molecules of porcine cells or indi-
rectly by antigen-presenting cells (APCs) of the recipient expressing MHCs with 
processed xeno-antigens (reviewed in Vadori and Cozzi 2015). In addition to this 
T-cell receptor-mediated signal, T-cell activation is regulated by a co-stimulatory 
signal, which may—depending on its nature—induce and amplify an effective 
immune response or exhibit an inhibitory tolerogenic function. In the context of 
xenotransplantation, the best-studied T-cell co-stimulatory signalling complexes are 
CD80/CD86-CD28 and CD40-CD154, with CD28 and CD154 (=CD40L) being 
localised on T cells and CD80/CD86 and CD40 on APCs. The CD80/CD86-CD28 
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co-stimulation pathway can be blocked by systemic treatment with CTLA4-Ig 
(abatacept®) or LEA29Y (belatacept®), which have markedly improved the long-
term outcome of allogeneic and xenogeneic tissue grafts (reviewed in Bartlett et al. 
2016). These molecules can also be expressed in genetically modified donor pigs, 
opening the prospect of inhibiting T-cell activation locally at the graft site, thus 
avoiding systemic immunosuppression of the recipient and the consequent risk of 
infection (commented in Aikin 2012). LEA29Y expressing transgenic porcine neo-
natal islet cell clusters (NICCs) transplanted into immunodeficient diabetic mice 
normalised blood glucose levels and, in contrast to wild-type NICCs, were not 
rejected after the recipient mice were reconstituted with human immune cells 
(Fig. 9.5) (Klymiuk et al. 2012b). A subsequent study using diabetic mice with a 
long-term ‘humanised’ immune system as recipients showed that xenografted por-
cine islets that expressed LEA29Y survived for several months and normalised the 
recipients’ blood glucose levels, whereas wild-type islets did not engraft in this 
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transgenic islets are protected (from Klymiuk et al. 2012b). (d) Histology of the transplantation 
site. CD45 labels infiltrating T cells
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model (Wolf-van Buerck et al. 2017). Transgenic porcine neuronal cells expressing 
human CTLA4-Ig have been transplanted into a non-human primate model of 
Parkinson’s disease. Although peripheral immunosuppression was necessary for 
long-term survival of porcine neuronal xenografts, the transgenic cells showed 
improved survival and effects on locomotor functions (Aron Badin et  al. 2016). 
Skin from transgenic pigs expressing human CTLA4-Ig under control of the human 
keratin 14 gene promoter exhibited remarkably prolonged survival after transplanta-
tion to rats, compared with wild-type porcine skin (Wang et al. 2015).

Transgenic pigs expressing human TNF-related apoptosis-inducing ligand 
(TRAIL) (Klose et al. 2005; Kemter et al. 2012), human FAS ligand (FASL) (Seol 
et al. 2010) and HLA-E/beta2-microglobulin have also been generated to prevent 
cellular rejection. Cells from the HLA-E/beta2-microglobulin pigs were effectively 
protected against human NK-cell-mediated cytotoxicity, depending on the level of 
CD94/NKG2A expression on the NK cells (Weiss et al. 2009). To control macro-
phage activity, human CD47 has been expressed on porcine cells to activate the 
‘don’t eat me signal’ receptor SIRPα on (human) monocytes/macrophages and to 
suppress phagocytic activity (reviewed in Cooper et al. 2016).

9.2.3	 �Genetic Modifications to Overcome Dysregulation 
of Coagulation and Inflammation

Dysregulation of coagulation and disordered haemostasis are frequent complica-
tions in preclinical pig-to-non-human primate xenotransplantation (reviewed in 
Bulato et al. 2012). Manifestations range from acute life-threatening consumptive 
coagulopathy with thrombocytopenia and bleeding to thrombotic microangiopathy 
leading to loss of the xenograft. Proposed causes include inflammation; vascular 
injury; innate, humoral and cellular immune responses; and in particular molecular 
incompatibilities between porcine and primate regulators of coagulation (Cowan 
and Robson 2015).

Key endothelial anticoagulant/antithrombotic proteins that have been modified/
supplemented by genetic engineering of donor pigs include human thrombomodu-
lin (THBD), endothelial protein C receptor (EPCR), tissue factor pathway inhibitor 
(TFPI) and ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1 alias 
CD39) (reviewed in Cowan and Robson 2015).

Porcine THBD binds human thrombin, but is a poor cofactor for activation of 
human protein C (Roussel et al. 2008). To overcome this problem, lines of trans-
genic pigs have been generated that express human THBD under various promoters: 
CMV (Petersen et al. 2009), CAGGS (Yazaki et al. 2012), human ICAM (Mohiuddin 
et al. 2016) and porcine THBD (Fig. 9.6) (Wuensch et al. 2014). A GGTA1 knock-
out, hCD46 transgenic pig heart with the latter THBD expression vector survived 
for more than 900 days after heterotopic abdominal transplantation into a baboon 
with appropriate immunosuppression (induction with anti-thymocyte globulin and 
anti-CD20 antibody, maintenance with mycophenolate mofetil and intensively 
dosed anti-CD40 (2C10R4) antibody) (Mohiuddin et al. 2016).

9  Genetically Engineered Large Animals in Biomedicine



194

EPCR binds protein C and presents it to the THBD/thrombin complex for activa-
tion, enhancing the generation of activated protein C (Taylor et al. 2001). Expression 
of human EPCR in porcine aortic endothelial cells reduced human platelet aggrega-
tion almost as efficiently as human THBD (Iwase et al. 2014). The authors con-
cluded that transgenic expression of human EPCR can enhance the effect of porcine 
THBD, but would have an even greater effect when co-expressed with human 
THBD.

Porcine TFPI is a less efficient inhibitor of human TF/factor VIIa than human 
TFPI (reviewed in Cowan and Robson 2015). A recent study demonstrated that 
Kunitz domain 1 is critical for the species incompatibility between pig TFPI and 
human tissue factor (TF) and that clotting can be inhibited by human TFPI-
transfected porcine bone marrow mesenchymal cells (Ji et  al. 2015). Transgenic 
pigs expressing human TFPI have been generated to overcome this incompatibility 
(Lee et al. 2011; Wijkstrom et al. 2015).

CD39 rapidly hydrolyses ATP and ADP to AMP. AMP is hydrolysed by ecto-5′-
nucleotidase (CD73) to adenosine, an antithrombotic and cardiovascular protective 
mediator. Transgenic pigs expressing human CD39 under the control of the murine 
H-2Kb promoter showed reduced infarct size after myocardial ischaemia/reperfusion 
injury (Wheeler et al. 2012). Subsequently, kidneys (Le Bas-Bernardet et al. 2015; 
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Pintore et al. 2013) and islets (Bottino et al. 2014) of genetically multi-modified pigs 
(including expression of human CD39) were tested in xenotransplantation experi-
ments in non-human primates. However specific effects of human CD39 could not be 
distinguished among the other genetic modifications.

Reduced expression of pro-coagulatory TF has been achieved by siRNA-
mediated knockdown (Ahrens et al. 2015). Aberrant phagocytosis of human plate-
lets during perfusion of porcine livers could be partially overcome by deleting the 
porcine asialoglycoprotein receptor (ASGR) (Paris et al. 2015).

In addition to modifications targeting coagulation disorders in xenotransplantation, 
transgenic pigs have been produced that express anti-apoptotic and anti-inflammatory 
proteins, such as human tumour necrosis factor-alpha-induced protein 3 (A20) 
(Oropeza et al. 2009) and human haem oxygenase-1 (HO-1) (Petersen et al. 2011).

9.2.4	 �Genetic Modifications to Decrease the Risk for Zoonoses

Xenotransplantation of porcine cells, tissues or organs carries the risk of transmit-
ting porcine microorganisms to the human recipient and induction of zoonotic dis-
ease (Fishman et al. 2012; Mueller et al. 2011). Allotransplantation is in rare cases 
associated with transmission of pathogenic microorganisms such as human immu-
nodeficiency and rabies viruses. Xenotransplants are however strictly regulated as 
advanced therapy medicinal products (ATMP) and subject to the highest level of 
safety requirements and thus may actually be safer than allografts in the future 
(Fishman 2014). Although a wide range of bacteria, viruses, parasites and fungi 
pose theoretical risks, comprehensive investigations of different pig colonies have 
shown that the actual number of microorganisms found in pigs is limited (e.g. 
Wynyard et al. 2014; Morozov et al. 2015). A complete picture of the microorgan-
isms in individual pigs is not yet available and will strongly depend on the test 
methods used, but it is unlikely that many new pathogens will be identified. One 
reason is the thousand years of co-existence of humans and pigs, and second is that 
most pig donors are produced under SPF or near-SPF conditions, preventing infec-
tions from third species. Nevertheless, screening for putative zoonotic microorgan-
isms and sterility testing is mandatory.

Porcine endogenous retroviruses (PERVs) cannot easily be eliminated, since 
they are integrated into the porcine genome, and thus pose the most refractory 
source of risk (reviewed in Denner and Tonjes 2012). PERV-A and PERV-B are able 
to infect some human tumour cells and to a lesser extent human primary cells. 
PERV-C infects only pig cells, but recombinants with PERV-A can infect human 
cells and are characterised by a high replication rate. Since PERV-C is not present 
in all pigs, it is possible to identify and select PERV-C-free animals as potential 
donors. Thus far, in vivo transmission of PERVs has not been documented, despite 
many studies, including the first clinical trials of porcine islets with more than 200 
patients. Neither has PERV transmission been documented in numerous preclinical 
trials of pig cells and organs transplanted into non-human primates (reviewed in 
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Denner and Tonjes 2012). However, in almost all clinical xenotransplantation trials, 
no immunosuppression was applied and only a small number of cells were trans-
planted. Animal xenotransplantation and PERV infection experiments involve 
recipient species that do not have a fully functional PERV receptor, e.g. non-human 
primates or rats. Data on PERV infectivity in vivo are therefore not considered to be 
complete.

Strategies to prevent PERV transmission include (1) selection of PERV-C-free 
animals (Fischer et al. 2016) with low expression of PERV-A and PERV-B, (2) 
vaccines based on neutralising antibodies (for review, see Denner 2013) and (3) 
long-term reduction of PERV expression by PERV-specific siRNA (e.g. Dieckhoff 
et al. 2008; Ramsoondar et al. 2009). A paper reported simultaneous inactivation 
of up to 62 proviruses in an immortal pig kidney cell line (PK15) using the 
CRISPR/Cas9 system (Yang et al. 2015). This approach could be reproduced with 
primary pig cells, generating healthy PERV-free animals (Niu et al. 2017; com-
mented in Denner 2017a, b). It is currently a matter of debate whether genome-
wide PERV inactivation is a prerequisite for entering clinical xenotransplantation 
trials (Guell et al. 2017).

9.2.5	 �Attempts to Develop Human Organs in Animal Hosts

The group of Hiromitsu Nakauchi (Tokyo University) provided the first proof of 
concept for developing an allo- or xenogeneic pancreas in interspecific chimaeras 
(Kobayashi et al. 2010). They used mouse blastocysts with defective copies of the 
pancreatic and duodenal homeobox 1 (Pdx1) gene, which is essential for pancreas 
development. Embryos and foetuses developing from these blastocysts have an 
empty pancreas niche, and apancreatic pups die shortly after birth from severe 
hyperglycaemia. This lethal phenotype could be rescued by injecting embryonic 
stem cells (ESC) or induced pluripotent stem cells (iPSC) from Pdx1-intact mouse 
strains into the Pdx1-defective blastocysts. The resulting chimaeras had a pancreas 
entirely derived from injected pluripotent stem cells. Injection of rat iPSC into 
Pdx1-defective mouse blastocysts resulted in interspecific chimaeras with a rat-
derived pancreas, demonstrating that intra- and interspecific blastocyst complemen-
tation with pluripotent stem cells can form an entire organ in a host engineered to 
have a free developmental niche.

As a first step towards generation of a human pancreas in an animal host, 
Matsunari et  al. (2013) generated pancreatogenesis-disabled transgenic pigs that 
express Hes1 (hairy/enhancer of split-1) under PDX1 promoter control. Since no 
fully functional porcine pluripotent stem cells are available, blastocyst complemen-
tation was performed with embryonic blastomeres expressing the fluorescent marker 
Kusabira-Orange (K-O). The resulting chimaeric foetuses and offspring had pan-
creata derived entirely from the K-O-labelled cells.

The availability of specific organogenesis-impaired pig hosts opens the pos-
sibility of targeted organ generation from human pluripotent stem cells, but 
whether this is feasible between phylogenetically distant species remains to be seen. 
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Masaki et al. (2015) developed an assay to test the ability of pluripotent stem cells 
to form interspecies chimaeras and found that human iPSC failed to integrate into 
the epiblast of mouse egg-cylinder stage embryos. This they ascribed to different 
gastrulation mechanisms and incompatibility of ligands or adhesion molecules and 
proposed the use of host embryos from more closely related species. However even 
between rat and mouse, developmental incompatibilities may limit the success of 
blastocyst complementation. Usui et al. (2012) used this approach for de novo kid-
ney formation by injecting mouse ESC or iPSC into mouse blastocysts lacking a 
functional Sall1 gene. SALL1 deficiency results in impaired development of the 
metanephric mesenchyme (MM)-derived components of the kidney (reviewed in 
Kemter and Wolf 2015). Chimaeric mice generated by this approach had kidneys 
derived almost entirely from the injected pluripotent cells, except for the renal vas-
cular and nervous system (Usui et  al. 2012). However injection of rat iPSC into 
Sall1 mutant mouse blastocysts failed to generate rat kidneys in mouse, suggesting 
insufficient crosstalk between ureteric bud (UB) and MM from different species 
(reviewed in Kemter and Wolf 2015).

A recent study evaluated the ability of different types of human PSC to contrib-
ute to chimaeras after injection into porcine and bovine blastocysts. While naïve 
PSC were reported to engraft in blastocysts of both host species, contribution to 
post-implantation pig embryos was limited. A higher (although still very low) 
degree of chimaerism was observed when using an intermediate PSC type (Wu et al. 
2017). These observations suggest that species barriers prevent extensive post-
implantation chimaerism.

In addition to biological difficulties, such use of human pluripotent stem cells 
raises ethical issues, for example, the possibility of unanticipated human contribu-
tions to neurons or even germ cells (Hermeren 2015). A possible solution would be 
stem cells with limited differentiation potential. Kobayashi et  al. (2015) demon-
strated that inducible expression of Mixl1 (Mix-like protein 1) limits the differentia-
tion potential of mouse pluripotent stem cells to derivatives of the endodermal germ 
layer. Such cells could still form pancreas, but not neurons or other ectoderm or 
mesoderm derivatives.

Another possibility to avoid ubiquitous chimaerism is ‘conceptus complementa-
tion’, i.e. transplantation of progenitor tissue into the appropriate foetal (or postna-
tal) environment (reviewed in Nagashima and Matsunari 2016). Porcine embryonic 
metanephroi (the progenitor structures of the definitive kidney, including the UB 
and MM) developed fully functional nephrons after implantation into immunosup-
pressed or immunodeficient mice (reviewed in Yamanaka and Yokoo 2015). The 
need for immunosuppression might be avoided by using genetically engineered por-
cine donor embryos lacking major xeno-antigens and expressing immune modula-
tory proteins (reviewed in Kemter and Wolf 2015). While the size of a 
metanephros-derived kidney tissue is primarily controlled by the metanephros 
donor species, growth of a porcine ‘neo-kidney’ in a rodent host is obviously lim-
ited. Therefore, Yokote et al. (2015) transplanted metanephroi from 30-day-old pig 
embryos into the omentum of syngeneic cloned recipient pigs. The grafted meta-
nephroi showed substantial growth (5–7 mm after 3 weeks, 3 cm after 8 weeks), 
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formation of kidney glomeruli and tubuli and production of urine. When a larger 
embryonic graft including the metanephros and cloaca (a common opening to the 
urinary and digestive tracts during development which permits formation of a uri-
nary bladder) was used, a graft-derived neo-bladder was formed. This structure 
could be surgically connected to the recipient’s ureter system to facilitate continu-
ous discharge of graft-derived urine. The development of a de novo kidney with a 
‘stepwise peristaltic ureter (SWPU) system’ in an animal with similar size as 
humans may pave the way to overcome the shortage of donor organs for kidney 
transplantation.

Metanephroi cannot only form functional kidney tissue per se but also serve as a 
developmental niche inducing differentiation of injected human mesenchymal stem 
cells (hMSCs) into all kinds of specialised cell types of the kidney (Yokoo et al. 
2005). A scenario can thus be envisaged where metanephroi in pig embryos are 
employed as a developmental niche for hMSCs to derive human kidney progenitor 
tissue that can then be transplanted into patients with end-stage renal disease to 
form a de novo kidney (reviewed in Kemter and Wolf 2015).

9.3	 �Genetically Modified Large Animals for the Production 
of Pharmaceutical Proteins

For three decades transgenic animals have been promoted as a cost-effective method 
of producing biopharmaceuticals, often termed ‘pharming’. The original proposal 
for large-scale production of pharmaceutical proteins in milk was made by Rick 
Lathe, John Clark and collaborators at a seminar in Edinburgh in June 1985 (Lathe 
et al. 1986; Clark et al. 1987). Expression in milk has developed furthest (Clark 
1998), but the idea has also been extended to blood and proposed for urine and 
seminal fluid (Dyck et al. 2003). In 2006 the first therapeutic product produced in 
milk gained regulatory approval by the European Medicines Agency, recombinant 
human antithrombin III ‘Atryn’ an anticoagulant produced by rEVO biologics (for-
merly GTC Biotherapeutics). This was an important milestone, but the field remains 
very small and has now largely been overtaken by advances in rival means of pro-
duction such as chemical synthesis and bulk cell culture. To date, only one other 
transgenic milk-derived product has gained approval, C1 esterase inhibitor 
‘Ruconest’ produced by Pharming for the treatment of a rare disease hereditary 
angio-oedema, approved by the European Medicines Agency in 2010 and by the US 
Food and Drug Administration in 2014. Throughout its history pharming in mam-
mals has faced considerable commercial and regulatory obstacles, and there is a 
long list of abandoned projects. It is however worth mentioning that animal pharm-
ing did play a central motivating role in key advances in mammalian reproductive 
and transgenic technology, most notably somatic cell nuclear transfer in the form of 
Dolly the sheep (Wilmut et al. 1997) and her transgenic and gene-targeted succes-
sors (Schnieke et al. 1997; McCreath et al. 2000), which paved the way for most of 
the other large animal work described in this chapter.
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For completeness we should also mention that chickens are also a useful species, 
with transgene expression directed into egg white (Sang 2006; Lillico et al. 2007). 
To date one such drug has gained regulatory approval, lysosomal acid lipase 
‘Kanuma’ produced by Alexion and approved by the US Food and Drug 
Administration in 2009 for the treatment of rare hereditary lysosomal acid lipase 
deficiency.
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Abstract
The main drive to study stem cells is their possible use as therapeutic agents. 
Within veterinary medicine, a direct medicinal use of stem cells is reserved to 
companion species. Domestic ungulates like ruminants and pig are often used for 
preclinical research.

A stem cell is an unspecialized cell type able to undergo asymmetrical divi-
sions: one cell is identical to its mother; the other begins its transformation 
toward one or more cell types capable of specific functions.

Physiologically, small populations of stem cells are present in each organ, and 
their function is to counteract the physiological wear and tear. These are named 
organ-specific stem cells and can be isolated from any animal species as well as 
in humans.

Embryonic stem cells are not a physiological cell type and are derived from 
early embryos or can be generated artificially (induced pluripotent cells) by 
inducing a somatic cell to overexpress four specific pluripotency-related genes. 
They can proliferate indefinitely if kept undifferentiated or can give rise to any 
other cell type when cultured in the appropriate conditions or transplanted back 
into an embryo. However, as opposed to organ-specific stem cells, pluripotent 
stem cells have so far been difficult to obtain in any species other than humans 
and laboratory rodents.

In order to circumvent the lack of pluripotent cells in livestock species as well 
as their inherent susceptibility to culture-induced alterations and tumorigenic 
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transformation, novel techniques of cell conversions have been developed that 
work effectively with no species-specific limitations. Epigenetic mechanisms are 
used to enhance cell plasticity so that the exposure to adequate culture conditions 
can transform easily accessible dermal fibroblasts into a wide range of different 
cell types. Their lack of permanent pluripotency makes them promising candi-
dates for safe therapeutic applications in all species including livestock.

10.1	 �What Is a Stem Cell?

A stem cell is an unspecialized cell type defined by its capacity to undergo asym-
metrical division when required by the physiological or experimental circumstances. 
The products of an asymmetrical division are two cells: one is identical to its mother 
cell; the other is different because it has begun its transformation toward one or more 
cell types capable of specific functions. This ensures the conservation of a stem cell 
population and, at the same time, enables the generation of new specialized cells.

In the early phases of mammalian embryonic development, we identify three germ 
layers, the endoderm, mesoderm, and ectoderm; each one forms a different set of 
specific organs and tissue types. Stem cells are classified according to their potency 
that can span from unipotency, when only a single-cell type can be generated, to mul-
tipotency, when a stem cell can originate to all or many cells of a single germ layer.

When a stem cell can differentiate into cells that arise from all three germ layers, 
it is defined as pluripotent.

In nature, pluripotency is limited to the epiblast, a transient tissue that exists only 
for a brief period of embryonic development, before giving origin to the three germ 
layers. Therefore, the epiblast is not a kind of stem cell because it lacks the property 
of asymmetric division and stable pluripotent cells are not a physiological compo-
nent of the body but are created only in vitro (Smith 2001).

The main drive to study stem cells is their possible use as therapeutic agents. 
Within veterinary medicine, a direct medicinal use of stem cells is reserved to com-
panion species, like dogs, cats, and horses. Domestic ungulates like ruminants and 
pigs are often used for preclinical research. Their use in regenerative medicine is 
crucial as intermediate models between laboratory rodents and humans, providing 
an important step for the translation of basic research into clinical applications. 
However, whereas the derivation of organ-specific stem cells has been successful in 
livestock species (Spencer et al. 2011), pluripotent stem cells have so far been dif-
ficult to obtain.

10.2	 �Different Properties of Adult and Embryonic Stem Cells

Every organ has its specific stem cell population, neatly located in specialized areas, 
called niches. Niches ensure that stem cells receive the necessary signals for regu-
lating proliferation proportionally to cell loss, in order to maintain a functional equi-
librium, defined as tissue homeostasis.
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The skin, intestine, and bone marrow undergo a high rate of wearing out and, 
consequently, of renewal, whereas the skeletal muscle, heart, and brain typically are 
more stable, and their cells have a longer life span. It is not always easy to identify 
the stem cells of every adult organ, and their number decreases with age; however, 
adult stem cells have been isolated and studied in several livestock species.

The domestic pig is one of the best models for the study of human diseases, 
because of its well-known similarities in terms of anatomy, physiology, metabolism, 
and organ development with humans. As described in Chap. 9, the creation of 
humanized pigs and the improvement of preclinical disease models by targeted 
genetic engineering have further expanded the role of this species. In this context 
the derivation of adult stem cells further strengthens the pig as a relevant and power-
ful biomedical model.

Research on cardiac regenerative medicine is a typical example. The evident dif-
ferences in coronary architecture and in the extent of vessel variations between 
mouse and human hearts severely limit the clinical relevance of the experiments 
performed in rodents. Differences can also be appreciated at the cellular level, as 
indicated by the higher capillary density and the larger cross-sectional area of the 
myocytes in human, in comparison to the mouse. On the contrary, the coronary 
anatomy and the subendocardial to epicardial collateral network of the swine heart 
are very similar to those of the human. Therefore, the pig has emerged as useful 
large animal model in cardiovascular research, bridging the gap between classical 
rodent models and humans.

Recent studies demonstrated the presence of resident cardiac progenitors that, 
although more abundant in early postnatal life, persist and assure local remodeling 
in the adult organism as well. These cells were isolated from three different heart 
regions, including the aorta, ventricle, and atrium, respectively, indicating that this 
subpopulation of committed, but still proliferating, cardiac progenitor cells is not 
confined to a specific region within the organ, but rather evenly distributed to sev-
eral areas (Fig. 10.1). Interestingly enough, these cells seem to be more abundant in 
the outer layers of the organ, indicating the epicardium as a possible site of origin 
for resident stem or progenitor cell populations in the pig.

Mesenchymal stem cells (MSCs) are another example of somatic stem cells 
extensively studied and used in regenerative medicine. Previously known as “stro-
mal stem cells,” the term “mesenchymal stem cells” was coined in 1991 by Arnold 
Caplan and became widely adopted. However, not long ago Caplan himself 

a b c

Fig. 10.1  Cardiac progenitor cells isolated from explants of the aorta (a), ventricle (b), and atrium 
(c) of a healthy adult pig heart
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proposed the alternative term “medicinal signaling cells” based on the observation 
that MSCs get activated in an inflammatory environment and express their “medici-
nal” functions—which are primarily immunomodulatory and trophic. Therefore, in 
a way, MSC’s biological function has nothing to do with “stemness.” The concept 
behind the renaming is that we should focus on what cells can do therapeutically 
rather than on what they can differentiate into. Furthermore, since the experimental 
proof that MSCs, or even their subsets, fulfill the stem cell definition is still lacking 
at the single-cell level, the term “stem cell” seems inappropriate. However, despite 
the question whether or not MSCs qualify as “stem cells” remains legitimate, the 
term “mesenchymal stem cells” has gained such global usage that professionals 
have not adopted yet the new “medicinal signaling cells” name.

The first source reported to contain MSCs was the stromal compartment of the 
bone marrow. For this reason, the bone marrow is currently the best investigated 
origin of MSCs in domestic animals. MSCs derived from the bone marrow 
(BM-MSCs) are typically multipotent since they can differentiate into the bone, 
cartilage, and adipose tissue (Fig. 10.2).

Alternatively and, in some cases, less invasive sources of MSCs or MSC-like 
cells are the adult adipose tissue and amniotic fluid as well as the fetal blood, liver, 
bone marrow, and lung.

MSC’s potency of differentiation varies depending on their origin. For example, 
the capability of bone marrow MSCs (BM-MSCs) to differentiate into the cartilage 
is higher than that of MSCs derived from the adipose tissue, but inferior to that iso-
lated from the umbilical cord blood. Despite BM-MSCs represent the most com-
monly investigated cell type for application in human and veterinary regenerative 
medicine, it is important to remember that BM-MSCs have a relatively limited 
potential in  vitro proliferation ability. Their plasticity and growth decline with 
increasing donor age and in vitro passage number.

Mesenchymal stem cells

Osteoblasts Adipocytes Condrocytes

Fig. 10.2  MSCs derived 
from the bone marrow and 
multipotent differentiation 
capacity. BM-MSCs can 
generate multiple 
mesoderm-type cell 
lineages, such as 
osteoblasts, adipocytes, 
and chondrocytes
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The adipose tissue is another source of MSC frequently used in humans and 
domestic animals. The successful and efficient recovery of adipose-derived MSC in 
domestic animals indicates that fat is an effective MSC source for clinical applica-
tion. Furthermore, these cells display higher proliferation rate and lower senescence 
compared to MSCs from other sources.

All MSCs secrete soluble factors that have beneficial effects on the regeneration 
of injured tissues. They also inhibit apoptosis, limit pathologic fibrotic remodeling, 
stimulate proliferation and differentiation of endogenous progenitor cells, decrease 
inflammatory oxidative stress, and modulate immune reactions (Fig. 10.3).

MSCs of domestic animals are not only used as models for human therapies but 
are being increasingly used for the treatment of a number of diseases, including 
arthritis, atopic dermatitis, and tendon injury.

One major application of MSCs in livestock is repairing damaged tendons and 
ligaments, because MSCs are physiologically present in these structures. The local 
injection of MSCs in far greater numbers than normally present within tendon tissue 
would have the potential for regenerating or repairing the tendon. Several studies on 
horse tendinopathies revealed that cells remain close to the injection site and that 
both autologous and allogeneic MSCs do not stimulate an undesirable immune 
response from the host. However, it is still unclear whether the major contribution 
of MSCs to the healing process is their differentiation into tenocytes or the supply 
of growth factors, which stimulate residing cells within the tendon. A combination 
of the two mechanisms may also occur.

However, the collection of the bone marrow and adipose tissue in several animal 
species, like horse, requires an invasive procedure. To overcome the invasive 

Regeneration of injured tissues

Inhibition of apoptosis

Stimulation of proliferation

Modulation of immune reactions

Fig. 10.3  MSCs secrete soluble factors that have beneficial effects on regeneration of injured tis-
sues, inhibit apoptosis, stimulate proliferation, and modulate immune reactions

10  Stem Cells and Cell Conversion in Livestock



220

collection of the bone marrow and adipose tissue, progenitor cells derived from 
extra-fetal sources, such as the umbilical cord and amnion, could represent alterna-
tive candidates.

An attractive alternative source of MSCs is the amnion, the membrane that limits 
the fluid-filled cavity where the embryo develops during pregnancy, which is part of 
the placenta. The first amnion-mesenchymal cells (AMCs) were derived and char-
acterized in the horse (Lange-Consiglio et al. 2012). AMCs and BM-MSCs both 
exhibit adult stromal cell-specific gene and protein expression, but AMCs have 
higher and quicker differentiation ability than MSCs.

Since amnion is discarded at birth, collecting amniotic cells is noninvasive and 
low cost. Adding this to their rapid proliferation and greater differentiation potential 
makes AMCs a potentially useful cell type for therapy.

Indeed, comparative studies that employed cryopreserved heterologous AMCs 
and fresh autologous BM-MSCs in spontaneous equine tendon lesions in  vivo 
showed that AMCs were well tolerated by patients and provided beneficial effects 
(Lange-Consiglio et al. 2013). A distinct advantage of stored AMCs is that they can 
be administered at a much shorter interval from the injury than BM-MSC because 
fresh autologous cells require prolonged in vitro culture to reach the required num-
ber. On the contrary, the short interval between AMC thawing and their injection at 
the selected site enables them to act before the physiological repair mechanisms 
leave any permanent structural change within the injured tendon. The regenerated 
tissue is more elastic and therefore functionally closer or even identical to a normal 
tendon.

In summary, tissue-specific stem cells are a physiological component of the 
human and animal body that replace worn-out cells with new ones, maintaining the 
functional equilibrium, known as tissue homeostasis, that characterizes a healthy 
status. These cells are identical in humans and animals, and a large body of evidence 
indicates that the cells can be effectively used for therapeutic purposes in several 
circumstances.

However, tissue-specific stem cells have some notable limitations: their number 
decreases with age; they are difficult to identify or reach in certain organs, like the 
central nervous system; and they have a relatively limited life span in vitro which 
limits their capability to be expanded in very large numbers.

These limitations can be overcome by pluripotent stem cells that, as opposed to 
tissue-specific stem cells, are not a physiological component of the organisms but 
were originally derived from the mouse blastocyst, an early stage of embryonic 
development that is reached within 4 days after fertilization prior to implanting into 
the uterine wall. A small population of cells, the inner cell mass, is isolated from the 
rest of the blastocyst and adapted to grow in vitro under specific culture conditions. 
These cells become able to proliferate indefinitely as an unspecialized cell popula-
tion. However, if transplanted back into a blastocyst, they are able to integrate into 
the host embryo and to contribute to all tissues including the gametes. In vitro, dif-
ferentiation is achieved by changing culture conditions, in order to obtain the desired 
cell type. In this way, it is possible to obtain cell populations whose physiological 
stem cells have not been properly identified, e.g., endocrine pancreatic cells or liver 
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or heart cells, or are difficult to reach in living individuals, e.g., neural stem cells. 
Furthermore, their unlimited capacity to proliferate in vitro enables the possibility 
of obtaining an equally unlimited number of differentiated cells.

10.3	 �Pluripotent Stem Cells Are Not Equal 
in Different Species

Whereas tissue-specific stem cells are physiological cell types normally residing in 
the organism, embryonic stem cells (ESCs) are the equivalent of the epiblast, a 
transient component of early embryos that normally evolves into other more dif-
ferentiated tissues. Therefore, ESCs are not a permanent part of the embryo, and 
their establishment as a cell line requires the artificial adaptation of the epiblast to 
specialized culture conditions. Consequently, ESCs substantially differ among spe-
cies possibly reflecting differences in embryonic development and the requirement 
of specific culture conditions.

Truly pluripotent, so-called bona fide, embryonic stem cells (ESCs) have been 
derived from the laboratory mouse (Evans and Kaufman 1981) and rats (Buehr et al. 
2008; Li et al. 2008). Mouse and primate ESCs share some major properties such as 
unlimited replication in vitro (self-renewal); expression of core pluripotency genes 
such as OCT4, SOX2, and NANOG; and capacity to differentiate in vitro into any 
of the different tissues that make the body. If ESCs are injected into mice deprived 
of their immune system, they form a teratoma, a benign tumor that comprises sev-
eral differentiated tissues like the cartilage, muscle, epidermis, teeth, etc. and that is 
considered a proof of pluripotency.

Whereas ESCs have been originally derived from embryos, it is now possible to 
obtain cell lines with the same properties simply by overexpression of four key 
genes, Oct4, Sox2, Kfl4, and c-Myc, the so-called Yamanaka factors, named after 
the Nobel Laureate Shinya Yamanaka who first established this technology 
(Takahashi and Yamanaka 2006). This “artificial” form of ESC is called induced 
pluripotent stem cells (iPSCs), and as for the original ESCs, they have been obtained 
and are best characterized in mouse, primates, and humans. Since ESC and iPSC for 
all practical purpose are indistinguishable from each other, they are now collectively 
referred to as pluripotent stem cells (PSCs).

Interestingly, however, substantial differences have been found between primate 
and mouse PSC. These begin in the culture medium which requires the presence of a 
set of special additives (LIF and BMP4) to maintain the undifferentiated state of 
mouse ESC (mESC). They are different from those required for primate ESC (activin 
A and FGF2) (Ying et al. 2003; Xu et al. 2005, 2008). Furthermore, mouse ESC can 
be derived only from a small number of “permissive” strains, whereas primate ESCs 
show no limitations related to genetic background. Mouse and primate ESCs differ 
also in their morphology. Small, compact, and domed colonies are typically formed 
by mESC as opposed to primate ESCs that grow in larger, flat colonies. Mouse ESC 
colonies are propagated after dissociation to single cells, but the same treatment 
would rapidly kill primate ESC, whose colonies need to be detached from the feeder 
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layer and fragmented mechanically. Typically, mESC grow vigorously and can easily 
adapt to culture conditions that enable the derivation of lines from single cells. This 
is much more difficult with primate cells, which grow at a slower pace and respond 
poorly to single-cell culture conditions (Nichols and Smith 2009, 2011). The deriva-
tion of cell lines from a single cell is important because it is the only way to prove 
that each cell of a colony is truly pluripotent. Furthermore, the ability to survive and 
proliferate starting from single cells is crucial for mouse ESC’s ability to form chi-
meras. If we inject mESC into an early embryo at the blastocyst stage, they mix up 
with its cells. Upon transfer of this embryo into a surrogate mother, a chimera is born 
which is a mouse whose tissues are made partly by the recipient blastocyst and partly 
by the injected ESC. When ESCs are of good quality, chimerism involves all tissues 
and organs including germ cells and gametes. This is the only experimental proof 
that a mESC line is truly pluripotent.

The generation of chimeras has never been achieved with nonhuman primate 
PSC. Recent results confirmed that rhesus monkey ESCs are unable to be integrated 
into host blastocysts, but chimera formation was achieved for the first time from the 
aggregation of several four-cell embryos (Tachibana et al. 2012). This suggests that 
the inability of primate ESCs to form chimeras may not be linked to a lack of pluri-
potency but to their inability to be dissociated to a single cell, thus explaining their 
inability to mix with other cells and form chimeras.

These differences have gone largely unexplained until pluripotent cell lines were 
derived from the epiblast of postimplantation mouse embryos (E5.5–E7.5) as 
opposed to standard preimplantation embryos (E3.5 or earlier) (Brons et al. 2007; 
Tesar et al. 2007). These cell lines were named epiblast stem cells (EpiSC). The 
major property of EpiSC is to share the main characteristics that differentiate human 
and nonhuman primate ESC from mESC. All this has provided a biological expla-
nation for the startling differences between rodent and primate ESC. It is now clear 
that they derive from two different stages of embryonic development: one has been 
defined as naïve epiblast and can be found in the mouse preimplantation blastocyst; 
the other is defined as primed epiblast and is found in primate preimplantation blas-
tocysts and mouse postimplantation embryos (Nichols and Smith 2009, 2011). The 
notion that primate ESCs are the equivalent of mouse EpiSC rather than of mouse 
ESC is now largely accepted.

It has also been observed that it is possible to derive mouse EpiSC from mESC 
simply by exposing them to the appropriate growth factor combination (activin A/
FGF2), therefore indicating that EpiSC are the “physiological” evolution of ESC 
(Guo et al. 2009). Therefore, it can be hypothesized that cells isolated from primate 
preimplantation blastocysts, presumably originating from naïve epiblast, as it occurs 
in the mouse, spontaneously progress to the primed epiblast stage in vitro, before 
giving rise to stable cell lines that, despite the fact that have been named ESC, are 
actually EpiSC. The opposite is also possible so that when primed human stem cells 
are cultured in a specifically formulated medium called naïve human stem cell 
medium (NHSM), they revert to their naïve form and acquire all the properties pre-
viously exclusive of mouse ESC (Gafni et al. 2013). These include the ability to 
form cross-species chimeric mouse embryos.
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With a different modification of the culture medium, a third and novel type of 
PSC has recently been isolated: the region-selective pluripotent stem cells (rsPSCs) 
(Wu et al. 2015). These cells maintain the more developmentally advanced state of 
the primed ESC together with their positive property of being poised for rapid and 
efficient differentiation. In addition, they possess a high cloning efficiency and a 
more robust growth rate that lead to their ability to integrate in all three germ layers 
in chimeric embryos.

10.4	 �Livestock Pluripotent Stem Cells Are Difficult to Obtain

As opposed to mouse and primates, it is very difficult, if not outright impossible, to 
derive embryonic stem cells in livestock species. For a detailed summary of the 
research results obtained, you are referred to some recent reviews (Brevini et al. 
2010; Koh and Piedrahita 2014; Kumar et al. 2015; Soto and Ross 2016).

In most cases, cell lines in these species are defined as ES-like and show several 
major deficiencies, ranging from short life in culture to lack of controlled pluripo-
tency or of the ability to form chimeras (Talbot and Blomberg le 2008). Despite the 
extensive research activity, it is still unclear why it is not possible to derive truly 
pluripotent ESC from embryos of these species.

As we illustrated before, ESCs originate from the epiblast either naïve or primed. 
This leads to the question: Is the lack of domestic animals’ ESC due to the lack of 
appropriate culture conditions or the epiblast from these species inherently different 
that “suspending” it in vitro may not be possible?

The process of epiblast formation is known in detail especially in mouse. During 
the first embryonic divisions, all blastomeres are developmentally equivalent and 
totipotent and all express the transcription factor OCT4. The first differentiation 
process consists in the generation of trophectoderm (TE) and inner cell mass (ICM) 
cells from their unique totipotent blastomere precursors. This is marked by the 
restriction of OCT4 expression to ICM cells, which is caused by its repression by 
CDX2. The result is that TE cells express CDX2 and ICM cells express OCT4. ICM 
cells will then undergo a further differentiation leading to the formation of the hypo-
blast, which will lose OCT4 expression, and of the epiblast that will retain it. The 
latter is the pluripotent tissue that will originate all three germ layers in vivo or will 
originate both primate and rodent ESC when cultured in vitro.

Mouse epiblast differentiation and Oct4 restriction to this tissue are completed by 
E3.5. By E5.5 mouse embryos are embedded into the uterine wall. Human embryos 
go through the same changes but at a slower pace (Rossant 2011) with OCT4 restric-
tion to the epiblast completed by E6 and implantation taking place at E7–9.

When we examined the distribution of OCT4 in bovine embryos, we soon real-
ized that it is not as tightly restricted to ICM as described in mouse and human 
embryos but it was ubiquitously expressed also in expanded blastocysts (van van 
Eijk et al. 1999). When observations were extended to later-stage embryos, it was 
determined that OCT4 restriction to the epiblast is completed only by E11 in bovine 
(Berg et al. 2011) and E8–9 in pig (Hall et al. 2009) embryos.
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Based on this different timing, attempts have been performed using day 10–12.5 
elongated pig blastocysts, this time using the knowledge that late, or primed, epi-
blast responds better to FGF2 than to LIF (Alberio et al. 2010). Indeed results were 
encouraging with cell lines showing a robust self-renewal and the ability to differ-
entiate into precursor cells derived from all three germ layers as well as into troph-
ectoderm and germ cell precursors. This indicates that pig cells, and possibly other 
ungulates, respond to culture conditions similar to primate embryos.

Since it is possible to convert mouse and human primed ESC into the naïve state 
simply exposing them to the suitable culture medium EpiSC to ESC culture medium 
(Bao et al. 2009; Gafni et al. 2013), it will be interesting to see if pig EpiSC will 
show the same plasticity and will provide a reliable source of pig naïve PSC.

However, performing this experiment may be difficult, since it is unclear which 
are the culture conditions required for pig naïve ESC.  The most recent papers 
describing putative pig ESC either used both LIF and FGF2 (Brevini et al. 2010) or 
a very rich mixture of LIF, FGF2, activin, and EGF (Vassiliev et al. 2010). Therefore, 
the respective role of each of these molecules is unclear.

10.5	 �What Happens When We Do Not Use an Embryo?

Given the possibility that the specific morphological and functional characteristic of 
domestic ungulate preimplantation embryos may have a profound influence on the 
possibility to derive ungulate ESC lines, it was interesting to see whether the forced 
induction of pluripotency thanks to the iPS technology has made it possible to test 
if bypassing the embryo as a starting material could allow to obtain bona fide plu-
ripotent stem cells in ungulates.

Indeed iPS have been obtained in a wide range of domestic ungulates which 
include pig (Esteban et al. 2009; Ezashi et al. 2009; Wu et al. 2009; West et al. 
2010; Montserrat et al. 2011), sheep (Bao et al. 2011; Li et al. 2011a, b; Liu et al. 
2012), cow (Sumer et al. 2011), and horse (Nagy et al. 2011) with some variations 
in the results. In some instances, however, expression of the exogenous pluripo-
tency genes was not downregulated or was artificially maintained. In the first case, 
this made it difficult to induce teratoma formation. In the latter, the absence of 
expression induced a rapid differentiation in pig (Esteban et al. 2009; Wu et al. 
2009), sheep (Li et  al. 2011a, b), and cow (Sumer et  al. 2011) cell lines. More 
importantly, the ability of livestock iPSCs to generate chimeras was very low, and 
even lower was their ability to contribute to the germ line (West et al. 2011). The 
results are consistent with the fact that most of these cell lines show the character-
istics of the primed type.

The recent developments of new media able to convert primed cell lines into the 
naïve type or to confer higher clonal and chimeric properties to primed lines give us 
hope that further developments may be achieved in livestock species as well.

However, recent results suggest that it is possible that these species harbor a yet 
undefined “third” stage that differs from both the naïve and primed epiblast whose 
nature could prevent its stable conversion into a pluripotent cell line.
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Somatic cells transformed into iPSC maintain the culture requirements typical of 
the species of origin with mouse cells giving rise to the naïve type of stem cells and 
human cells originating cell lines with the characteristics of the primed state (Telugu 
et al. 2010). This indicates that, once a somatic cell is reprogrammed to pluripo-
tency, it follows the default behavior that is typical of the epiblast of its species.

It was therefore interesting to see which are the properties of ungulate iPSC 
and, as a consequence, which is the typical default behavior. But once again the 
picture is unclear. If we consider pig iPSC, we see that, in one case, cell lines 
show a slow proliferation rate and inability to form chimeras, reminiscent of an 
EpiSC model (Ezashi et al. 2009), whereas in another, a rapid proliferation rate 
was accompanied by the chimera generation, typical of mouse naïve ESC (West 
et al. 2010). In this case chimeric cells were detected also in the germ line of 4.7% 
of the offspring. However, the results were not robust since only two second-
generation piglets inherited the marker gene but both died at birth or shortly 
thereafter (West et al. 2011).

In many cases proliferation speed of pig (Montserrat et  al. 2011), sheep (Liu 
et al. 2012), and cow (Sumer et al. 2011) iPS cells was not reported, and cells were 
propagated in media supplemented with both LIF and FGF2, thereby making it 
impossible to classify them either as naïve or primed. However, morphology was 
described as similar to that of human ESC, but chimera formation, at least at the 
blastocyst stage, was reported for sheep iPS (Liu et al. 2012). Therefore, the picture 
is unclear but suggests that in most case ungulate iPS, so far, belong mainly to the 
EpiSC/primed category.

Altogether, these results suggest that true LIF-dependent naïve/ESC equivalent 
to those of mouse cannot be obtained in ungulates, possibly due to some inherent 
characteristic of their epiblast. It will be interesting, in the future, to see if other 
methods can be developed to reprogram ungulate EpiSC into naïve ESC working on 
the epigenome.

10.6	 �Epigenetics and Stem Cell Research

The current lack of true pluripotent cell lines in livestock and domestic species 
leaves unsolved the problem of finding a source of cells for regenerative medicine 
of those organs whose specific stem cells are not available or are difficult to access.

In addition, irrespective of the species, true pluripotency is unphysiological and 
inherently labile and makes cells prone to culture-induced alterations and tumori-
genic transformations. Furthermore, although various methodologies have been 
established, the efficiency of iPSC induction remains low. A serious concern is also 
the integration of transgenes that severely limits their use in clinical studies (Okita 
et al. 2007) due to the problems related to residual DNA and chromosomal disrup-
tions that may result in harmful genetic alterations (Kim et al. 2009).

In order to circumvent these limitations, several approaches were suggested, in 
an attempt to promote cell reprogramming without the requirement for exogenous 
transcription factors. In this line, it has been shown that small-molecule compounds 
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can be used instead of some of the reprogramming genes and are able to modulate 
the epigenetic state of the target cells through the activation and/or inhibition of 
specific differentiation signaling pathways (Huangfu et al. 2008; Ichida et al. 2009; 
Li et al. 2011a, b; Hou et al. 2013). Since epigenetic mechanisms exert a key role in 
somatic cell reprogramming, small-molecule inhibitors of epigenetic-modifying 
enzymes were selected.

Huangfu et al. reported that valproic acid (VPA), which is an inhibitor of histone 
deacetylating enzymes, allows efficient induction of human and murine iPSCs and 
greatly improves reprogramming (Huangfu et  al. 2008). Mouse adult fibroblasts 
could be reprogrammed using a chemical combination of VPA, CHIR99021, 
616452, and tranylcypromine (TCP), in the presence only of Oct-4, and without the 
use of any other transcription factors (Li et al. 2011a, b).

A recent study also reports that seven small-molecule compounds, namely, VPA, 
CHIR99021, 616452, TCP, Forskolin (FSK), 2-methyl-5-hydroxytryptamine 
(2-Me-5HT), and D4476, can reactivate endogenous pluripotency programs without 
introduction of exogenous genes and generate iPSCs from murine somatic cells at a 
frequency up to 0.2% (Hou et al. 2013).

Consistent with these findings, Moschidou et al. demonstrated that the use of a 
low growth factor medium in combination with VPA reverts 82% of amniotic fluid 
cells to a pluripotent state. These cells displayed high transcriptional identity with 
ESC, formed embryoid bodies (EB), differentiated into the three germ layers, and 
generated teratomas (Moschidou et al. 2012). Similarly, endogenous high plasticity 
transcription factor genes were reactivated in adult human dermal fibroblasts 
exposed to VPA and in the absence of any transgenes (Rim et al. 2012).

Altogether, these findings represent a remarkable progress, since with these 
novel approaches the use of retroviruses and/or lentiviruses vectors as well as the 
insertion of transgenes is avoided. However, it is important to highlight that all the 
cells described above are characterized by a stable pluripotent state that is nonphysi-
ological and makes them prone to error, leading to an elevated risk of malignant 
transformation. This suggests great caution for their use in regenerative medicine 
(Kim et al. 2009).

10.7	 �Epigenetic Erasing and Writing: A Novel Way 
to Direct Cell Differentiation

The first paper reporting the ability of a small molecule to induce dedifferentiation 
of mouse C2C12 myoblasts was published in 2004 (Chen et al. 2004). The results 
obtained demonstrated that reversine, a 2,6-disubstituted purine, could increase cell 
plasticity, inducing lineage-committed myoblasts to become multipotent mesenchy-
mal progenitor cells. The extremely powerful effect of this compound was subse-
quently demonstrated in 3T3E1 osteoblasts (Chen et  al. 2007), human primary 
skeletal myoblasts (Chen et al. 2007), and murine and human dermal fibroblasts 
(Anastasia et al. 2006). In all these cell types, reversine was able to increase plastic-
ity and address toward a progenitor-like state.
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The growing understanding of the mechanisms driving epigenetic controls of 
cell differentiation and phenotype definition, together with the huge development of 
epigenetic chemistry, has increased our knowledge about the use of epigenetic mod-
ifiers, such as writers and erasers (Fig. 10.4). The first catalyze modifications either 
on DNA, RNA, or histone proteins by the addition of chemical groups. This group 
includes histone methyltransferases (HMTs), histone acetyltransferases (HATs), 
and DNA methyltransferases (DNMTs). In contrast to the previous enzymes, eras-
ers remove the structural modifications introduced by the writers. They comprise 
histone deacetylases (HDACs) and demethylases (for details see the Chap. 3 by 
N. Beaujean).

There is growing evidence that cell plasticity may be increased through the use 
of erasers. For instance, recent experiments demonstrated that brief exposure to a 
demethylating agent can push cells to a less committed state, increasing their per-
missivity for a short window of time, sufficient to readdress cells toward a different 
cell type (Harris et  al. 2011; Pennarossa et  al. 2013, 2014; Brevini et  al. 2014; 
Mirakhori et al. 2015; Chandrakanthan et al. 2016). The starting hypothesis is based 
on the observation that the processes associated with differentiation are driven by 
several mechanisms. Among these, DNA methylation plays a fundamental role dur-
ing both early embryonic development and cell lineage specification, causing 
silencing of a large fraction of the genome and subsequent expression of genes 
essential for the maintenance of the differentiated and tissue-specific phenotype.

Writers

Methyltransferases
Acetyltransferases
Phosphorilases

Demethylases
Deacetylases
Phosphatases

Erasers

Fig. 10.4  Epigenetic modifiers: writers and erasers. The writers are enzymes able to add mole-
cules on DNA, RNA, or histone tails. The erasers remove the structural modifications introduced 
by the writers
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In particular, 5-azacytidine (5-aza-CR), a well-characterized DNMT inhibitor, 
has been used in order to remove the epigenetic “blocks” that are responsible for 
tissue specification. This drug is known to directly inhibit methylation in newly 
synthesized DNA, exerting a block on DNMT functions (Stresemann and Lyko 
2008). These features give 5-aza-CR a very powerful erasing ability, resulting in 
DNA hypomethylation, gene expression modification, and reactivation of silent 
genes in eukaryotic cells (Jones and Taylor 1981; Taylor and Jones 1982; Jones 
et al. 1983; Jones 1985a, b; Glover et al. 1986).

In agreement with these findings, human mesenchymal stem cells (MSCs) and 
skin fibroblasts were transformed into hematopoietic cells after an incubation with 
5-aza-CR, granulocyte-macrophage colony-stimulating factor (GM-CSF), and stem 
cell factor (SCF) (Harris et al. 2011). Moreover, adult skin fibroblasts and granulosa 
cells, derived from different species, namely, human (Pennarossa et  al. 2013; 
Brevini et al. 2014), porcine (Pennarossa et al. 2014), and dog (Brevini et al. 2016), 
were converted into a different cell type belonging to the same embryonic lineage 
or to a different one.

The “highly permissive state” obtained by cells, after 5-aza-CR erasing, was 
demonstrated by a decrease in global DNA methylation and was accompanied by 
significant phenotype changes with increased nuclear volume and highly decon-
densed chromatin (Pennarossa et al. 2013, 2014; Brevini et al. 2014; Manzoni et al. 
2016). These morphological features are distinctive of highly plastic cells that dis-
play loosely packed chromatin, in order to maintain genes in a potentially open state 
and prepare them for future expression (Tamada et al. 2006).

Differently from iPSC, the erasing process is transient and does not drive con-
verted cells in a stable irreversible pluripotent state, greatly reducing the risk of 
error and malignant transformation (Pennarossa et  al. 2013, 2014; Brevini et  al. 
2014).

Once cells enter into the “higher plasticity window,” they can be easily directed 
toward a different phenotype if they are exposed to specific differentiation stimuli 
(Fig. 10.5).

In particular, human, porcine, canine, and murine skin fibroblasts were converted 
toward pancreatic lineage (Pennarossa et al. 2013, 2014, 2018; Brevini et al. 2014). 
At the end of the epigenetic conversion, they expressed the main hormones and 
glucose sensor genes specific of the pancreatic tissue. Furthermore, cell functional-
ity was also demonstrated using severe combined immunodeficient (SCID) mice 
whose β-cells had been selectively destroyed with streptozotocin (Pennarossa et al. 
2013, 2014).

The possibility to apply epigenetic conversion to different cell types was 
further proved using granulosa cells as starting cell population and converting 
them into muscle cells (Brevini et al. 2014) and human foreskin fibroblasts that 
were readdressed to neural progenitor-like cells (Mirakhori et  al. 2015). 
Another study demonstrated the conversion of human and murine fibroblasts 
into proliferating chemical-induced neural progenitor cells (ciNPC), using a 
cocktail containing inhibitors of histone deacetylation, glycogen synthase 
kinase, and TGF-β pathway under physiological hypoxic conditions (5% O2) 
(Cheng et al. 2014).

F. Gandolfi and T. A. L. Brevini



229

Further experiments described the epigenetic conversion of human skin fibro-
blasts into mature Schwann cells through the use of the HDAC inhibitor VPA 
(Thoma et al. 2014) with neuro-supportive and myelination capacity and with the 
expression of proteins specific of the peripheral nervous system. Recently, a com-
bination of 5-aza-CR and PDGF has also been shown to successfully convert 
somatic cells into regenerative multipotent stem cells (Chandrakanthan et al. 2016).

�Conclusions
Bona fide pluripotent stem cells from ungulates are not here yet but are much 
closer than ever before. Above all a much better-defined conceptual framework 
has emerged, thanks to the recognition of the difference between naïve and 
primed epiblast stage and between ESC and EpiSC. Within this framework, it 
looks as if ungulate cell lines belong to EpiSC type, and as such they can sustain 
a robust self-renewal and form teratomas, and their derivation is not restricted by 
the genotype but is not prone to chimera formation. However, this does not solve 
all the problems, and ungulate cell lines do not behave exactly as primate lines, 
essentially because not only their pre- and peri-implantation development is sub-
stantially different but also because differences in the molecular mechanism of 
cell fate specification are emerging.

Building on this rapidly expanding knowledge is leading the scientific com-
munity very close to the so far elusive goal to widen the range of species where 
pluripotency can be captured in a stable cell line. In parallel unexpected progress 
have been obtained using the growing knowledge of the epigenetic mechanisms 
controlling cell differentiation and commitments. Novel approaches have proved 
successfully in controlling and erasing differentiation, paving the way to alterna-
tive protocols for the generation of stem cells in ungulates.
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Fig. 10.5  Epigenetic-converted cells are generated through exposure to 5-aza-CR.  This agent 
induces a transient high plasticity state that allows cells to differentiate toward a new cell lineage
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Abstract
This chapter seeks to give an overview of governance approaches to animal bio-
technologies. It will identify common themes and trends. The law is in most 
cases a domestic affair and it would be outside the remit of this chapter if it 
sought to analyse the legal situation in any number of states. The German and the 
European regulatory frameworks will be used by way of an illustration how insti-
tutions and normative concepts are connected and interact, but this will be put in 
the greater context of understanding regulation. The aim of this chapter is, there-
fore, to give the reader an overview over the structure of the governance land-
scape, the issues and challenges and the approaches to deal with these. 
Nevertheless, the difficulties in encompassing the reality of how we use animals, 
and need to use animals, and our moral perception of animals are a common 
theme which we need to be aware of to understand how the regulation described 
in this chapter functions and how norms and institutions interact. The chapter 
will initially outline the different frameworks and institutions which play a role 
in the legal governance of animal biotechnologies. Afterwards, it will look at 
how governance works in this field, before discussing how the law approaches 
animal biotechnologies. Finally, the chapter will take a look at issue after the 
market introduction of an animal biotechnology before drawing some 
conclusions.
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11.1	 �Introduction

Law is a reflection of societal attitudes to relationships. Animal biotechnology, 
understood as the ‘application of scientific and engineering principles to the pro-
cessing or production of materials by animals to provide goods or services’ (USDA 
2017), gives rise to a number of relationships between institutions, individuals and 
the subject matter of the technology: animals. As animals are not simply inert 
objects but living things, it is this relationship which causes a great deal of legal 
brow furrowing, especially where society’s perception of this relationship changes 
dramatically.

Where our attitude towards a certain activity, relationship or tangible (commodi-
tised) object changes over time, the law changes along with it (though, admittedly, 
sometimes rather slowly). This is generally true for all manner of drastic—and over-
due—societal changes, and it is clear that the societal perception of animals in soci-
ety has fluctuated dramatically in this way since the first half of the twentieth 
century. Kellert and Westervelt showed in 1983 that public debate surrounding ani-
mals was strongly utilitarian during the war years, especially during World War I 
(Kellert and Westervelt 1983). The contemporaneous context of society dictated 
that under harsh wartime conditions we could not afford to view animals as any-
thing other than means to an end. Such utilitarian attitudes to animals then declined 
again between the end of the war and 1976 (which was the end of Kellert and 
Westervelt’s analysis period). They conclude that:

…[m]ajor increases in the aesthetic and humanistic attitudes in the urban newspapers inti-
mates the growth of a more appreciative and emotional perspective toward animals among 
city residents. Additionally, a pronounced increase in the ecologistic attitude in the urban 
areas suggests a more protection-attitude toward wildlife and natural habitats among urban 
residents. Significant contrasts with the rural areas on these attitude dimensions intimates 
major urban/rural differences in the decades ahead. (Kellert and Westervelt 1983)

The empirical gist of their analysis can be summarised as this: the attention we 
pay to animals’ welfare is secondary to that which we pay to our own welfare. We 
use animals to further our own welfare to a point and make the animals’ welfare 
contingent on this. Whether, and if so, to what extent, this is morally defensible is a 
subject matter of contentious debate, and many positions in this debate are plausible 
and justifiable, even if some of these positions are often articulated poorly or 
aggressively.

When looking at legal governance aspects of animal biotechnologies, we are 
therefore—to a certain extent—concerned with the moral justifiability of activities 
involving animals. By and large, however, the law deals with phenomena in the real 
world, and the evidence on how we actually treat animals naturally interests us 
more than the discussion of how we should treat animals.

It is trite to write that the domestication of animals is one of the most important 
cultural achievements of the last 13,000 years (Diamond 2002). It is not so trite to 
posit that the social effects of domestication are manifold (Twine 2010), and a 
legally significant aspect of this domestication is the commodification of the animal 
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and with it the legislative categorisation of animals as commodities that can be 
owned, sold, bought, used, destroyed, etc. Indeed, a first look at German civil law 
(Bürgerliches Gesetzbuch, BGB) reveals that there is an assumption that animals are 
constructive commodities of some sort, Section 90a BGB:

Animals are not commodities. They are protected by specific legislation. The law in relation 
to commodities can be applied to them unless the law provides otherwise. (My 
translation.)

This is the crux of the major regulatory challenge many legislators have strug-
gled with in relation to animal biotechnologies: whilst history bequeaths a strong, 
utilitarian property approach towards animals, developing societal attitudes demand 
that we increasingly see them as imbued with a moral status which forbids some of 
the activities we would ordinarily associate with regular commodities. This balanc-
ing act is a common theme that we can find in numerous instruments and norms 
dealing with the relationship of people and institutions in the context of the use of 
animals (and in other jurisdictions, too. See, e.g. the Netherlands (Brom and 
Schroten 1993)).

11.1.1	 �Strength of Norms

A particularly interesting example is, since 2002, the provision of fundamental pro-
tection of animals in the German constitution (Grundgesetz, GG), Art. 20a GG:

Mindful of its responsibility for future generations, the state protects […] animals within 
the framework of constitutional order by way of legislation and on the basis of the law 
through the executive and judiciary. (My translation.)

Whilst this does not, prima facie, sound particularly contentious, it is its posi-
tioning in the normative hierarchy that carries the hidden message here: to provide 
for the protection of animals in a constitutional norm means that the welfare of 
animals can be balanced against other constitutional norms (e.g. that of scientific 
freedom, Art. 5(3) GG). In other words, other constitutional rights and freedoms do 
not automatically trump the welfare of animals any more. This was a dramatic 
change in the way the law treated the use of animals within the German legal land-
scape (and has had significant knock-on effects, as we will see later on). I will 
address hierarchies of norms below, but it is worth noting the importance of under-
standing these hierarchies in the context of animal biotechnologies at this point. 
Where a rule in relation to how we treat animals is read, the reader needs to be able 
to contextualise the value of that rule: is it a general item of guidance, or a constitu-
tional norm of exceptional weight?

Away from such (unusual) constitutional norms, the issue in Germany is some-
what compounded by the use of quasi-religious language in section 1 of the German 
Animal Protection Act (Tierschutzgesetz, TierSchG). Rather unusually, the provi-
sion has this wording, s. 1 TierSchG:
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The purpose of this Act is to protect the life and welfare of animals, based on our human 
responsibility for animals as fellow creatures. […] (My translation, my emphasis; the 
German term ‘Geschöpf’ smacks significantly more of ‘creation’ than the English term 
‘creature’..)

Both of these norms show the difficulty legislators have in encoding our exten-
sive history of using animals as means to an end (and its continued necessity in 
modern society) in a way which can be reconciled with our appreciation of the 
special moral status of animals as, if I may paraphrase, fellow living things (rather 
than ‘creatures’). The German legislation is a prominent example but by no means 
the only context in which we encounter this issue. The last years have seen a number 
of attempts to free non-human primates (NHP) from captivity on the basis of 
seventeenth-century legal doctrine (habeas corpus). The doctrine of habeas corpus 
provides that a prisoner is entitled to be produced at court to have the legitimacy of 
their detention tested. These cases involving primates do not generally survive an 
initial test, and certainly not an appeal, but there are first instance decisions which 
have been significantly less than critical of the assertion that human rights and free-
doms should equally apply to NHP. Instead of an outright refusal to hear such cases, 
a court recently issued an order requiring a New York university to explain why the 
chimpanzees Hercules and Leo should not be freed immediately (Nonhuman Rights 
Project Inc., on behalf of Hercules and Leo v. Stony Brook University 152736/2015 
(Manhattan Supreme Court), 20 April 2015). Even more recently, the animal rights 
organisation PETA (People for the Ethical Treatment of Animals) attempted to 
assert copyright on behalf of a crested macaque who had famously taken a selfie 
using a camera left by a wildlife photographer (reportedly bankrupting the reporter 
in the process of litigation (Wong 2017)). It is difficult to see how such legal action 
is anything other than a disruptive abuse of process; from the perspective of how the 
law works, it is futile and a waste of resources to attempt to legally equate humans 
with animals (rather than work towards a better normative framework for the protec-
tion of animals as sui generis categories of protectable entities). What it may be an 
indication of is this: there is sufficient uncertainty in the law governing our use of 
animals to enable some actors to try to blur the boundaries between humans, ani-
mals and commodities. Nonetheless, it is clear that some form of firm regulation in 
this field is desirable (as is commonly the case in the science context). Where there 
is strong, detailed and harmonised regulation, standards are better and the scientific 
output improves (or so the theory goes). Where this is not the case, scientific quality 
may suffer as a result (Mohr et al. 2016).

11.1.2	 �Aims and Objectives

Two things are important to note. Firstly, this chapter seeks to give an overview of 
governance approaches to animal biotechnologies. It will identify common themes 
and trends. Law is, in the end, always a domestic affair and it would be outside the 
remit of this chapter (and well outside the remit of my competence) if I sought to 
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analyse the legal situation in any number of states. I will use the German and the 
European regulatory frameworks by way of an illustration how institutions and nor-
mative concepts are connected and interact but will put this in the greater context of 
understanding regulation. The aim of this chapter is, therefore, to give the reader an 
overview over the structure of the governance landscape, the issues and challenges 
and the approaches to deal with these. Secondly, I have already alluded to the fact 
that much of the regulatory difficulty in this context stems from some sort of moral 
status we recognise in animals which makes them different to other commodities. 
This means that much of our analysis of this part of governance is merely a faint 
echo of the much more substantive and challenging discussion of the ethics of ani-
mal biotechnologies, which is in the chapter from Lanzerath in this book.

Nevertheless, the difficulties in encompassing the reality of how we use animals, 
and need to use animals, and our moral perception of animals are a common theme 
which we need to be aware of to understand how the regulation described in this 
chapter functions and how norms and institutions interact. I will initially outline the 
different frameworks and institutions which play a role in the legal governance of 
animal biotechnologies. Afterwards, we will look at how governance works in this 
field, before discussing how the law treats the market introduction of the relevant 
products. Finally, we will take a look at post-marketing issue in relation to these 
biotechnologies before drawing some conclusions.

11.2	 �Normative Frameworks

It is worth spending some moments considering how legal frameworks in this con-
text work. It is clear that legal norms are delicately placed cogs in intricate hierar-
chies of norms: otherwise we would not be able to set them off against each other 
where they collide. We have already seen that Germany has enshrined animal wel-
fare in a constitutional norm, which is at the top of the normative hierarchy domesti-
cally. Where an ordinary item of primary legislation collides with this constitutional 
norm, it is the constitutional norm which survives the collision. Within a domestic 
legal system, there are constitutional norms (right at the top) and secondary legisla-
tion (such as orders outlining the way executive agencies expect the law to be inter-
preted), as well as local and regional guidelines and semi-private codes of conduct 
at the bottom of the stack. These hierarchies become broader at the bottom: whilst 
there is generally only one constitution in a state, there may be several executive 
agencies, for example at county/regional level, or for different purposes, or as ema-
nations of different ministries or departments. The same is true for the courts 
charged with interpreting the law where there is disagreement. There are many first 
instance courts in different locations and with different specialisations. The further 
a case travels to the top of a legal system, the fewer the courts with jurisdiction are 
and the weightier their judgement. Where we seek legal certainty in relation to ani-
mal biotechnologies, we need to look to the top of these hierarchies, norms and 
courts, to find it.

11  The Legal Governance of Animal Biotechnologies



240

11.2.1	 �Supranational Sources of Law

Outside the domestic hierarchy, there are supranational and international instru-
ments, and it is important to understand their place and to realise that these frame-
works do not automatically supersede the domestic law (but often inform its 
interpretation in court). The European Union, as one of the most important creators 
of supranational law in this area, provides for a number of different instruments that 
mean different things in terms of their application and power. Starting from the bot-
tom of the EU hierarchy of norms, there are:

•	 Recommendations and opinions (which are non-binding)
•	 Decisions (which are binding only for those to whom they are specifically 

addressed)
•	 Directives (which are binding on member states as to their intended result, but 

have to be implemented in domestic law)
•	 Regulations (which are binding in all member states and directly applicable)

The EU’s hierarchy of norms is finely balanced: it contains soft mechanisms 
which can be used to carefully nudge protagonists in the right direction, as well as 
hard mechanisms (such as regulations) which create a legal reality regardless of the 
current statutory situation in each member state. The choice of mechanism also 
depends on how much competence the EU has in a particular regulatory area. In 
essence, the EU must not provide legislation in areas where there is no treaty com-
petence or where the member state is in a significantly better place to regulate 
locally. Treaty competence means that the international treaties which establish the 
European Union contain explicit areas in which the EU can regulate for all member 
states. For example, article 13 of Title II of the Treaty of Lisbon (TFEU) states:

In formulating and implementing the Union’s agriculture, fisheries, transport, internal mar-
ket, research and technological development and space policies, the Union and the Member 
States shall, since animals are sentient beings, pay full regard to the welfare requirements 
of animals, while respecting the legislative or administrative provisions and customs of the 
Member States relating in particular to religious rites, cultural traditions and regional 
heritage.

This, together with Article 114 TFEU (which contains the EU’s treaty compe-
tence for environmental protection), is the basis for passing the EU’s main instru-
ment for regulating the use of animals for scientific purposes (Directive 2010/63/
EU). The directive outlines the provisions member states had to implement in order 
to protect animals which are used in scientific contexts. It is worth remembering that 
a directive by itself is relatively unhelpful (with very few exceptions) when it comes 
to understanding the law in a certain context. The directive can only provide a vague 
idea of what the European legislator wanted to achieve. The implementation is to be 
found in domestic law, and this is where many of the issues we can identify as prob-
lems arise—through unclear or half-hearted implementation of EU directives in 
domestic law.
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Outside the European Union’s legislative framework, there are international trea-
ties which are either bilateral (i.e. between two sovereign states) or multilateral (i.e. 
between many states), agreeing on certain common norms. The European Convention 
for the Protection of Vertebrate Animals Used for Experimental and Other Scientific 
Purposes (ETS No. 123) is such an international treaty (established by the Council 
of Europe), and it is very important to remember that the Council of Europe and the 
European Union are entirely separate entities. The Council of Europe has a small 
number of treaties (or conventions) in relation to the welfare of animals: farm ani-
mals (ETS No. 87), pets (ETS No. 125), animals destined for slaughter (ETS No. 
102) and the international transport of animals (ETS No. 065; ETS No. 103). Each of 
these conventions has its own list of signatories and ratifications and it is by no means 
the case that all treaties are accepted by all states. It is also rather problematic to 
enforce non-adherence to a convention in relation to animals: the Council of Europe 
only provides one forum for enforcing convention rights—the European Court of 
Human Rights in Strasbourg. The court’s jurisprudence regularly deals with animal 
rights organisations’ petitions in relation to the organisations’ convention rights, but 
quite appropriately, not with petitions on behalf of animals.

11.2.2	 �Non-governmental Organisations

Remaining at the level of international organisations (such as the Council of Europe), 
the World Trade Organisation provides a number of agreements which impact on 
animal biotechnologies. TRIPS, the agreement on Trade-Related Aspects of 
Intellectual Property Rights, regulates the intellectual property exploitation of bio-
technologies in an international context. Additionally, there are agreements which 
seek to eliminate unnecessary product requirements where these can be a barrier to 
trade (e.g. the Agreement on Technical Barriers on Trade, TBT, and the Agreement 
on Sanitary and Phytosanitary Measures, SPS). SPS prescribes that regulatory frame-
works in relation to animal health must be necessary to achieve the required level of 
protection only, non-arbitrary or non-discriminatory, science-based and must not 
lead to undue delay. The World Organisation for Animal Health (OIE), based in 
Paris, is concerned (amongst other things) with the sanitary safety of animals and 
animal products which are traded internationally. Whilst these agreements often con-
tain relevant rules and norms, it is rare that we can refer to them directly when mak-
ing a case for, or against, a certain kind of activity in the area of animal biotechnologies: 
we always have to go back to domestic law to find the relevant national norm. Where 
it is clear that the national norm is in conflict with the state’s treaty or agreement 
obligations, it is not possible to disregard the domestic norm and choose the treaty 
norm. Instead, the state in question will have to be reminded of its international obli-
gations and the long and arduous process of changing domestic law has to be started.

There is, to a certain extent, a palpable trend towards normative convergence 
across different jurisdictions (not just in the setting of the EU’s desirable conver-
gence and harmonisation efforts). This is by and large a phenomenon which can be 
attributed to the power of the markets (i.e. the ability to globally market a product, 
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which means that some sort of common standard is helpful), as well as the interna-
tional interconnectedness of research. If we take a look across the Atlantic at the 
legislative instruments in the United States, we can identify similar but not quite 
identical norms as those in EU member states. The general direction of governance 
is similar, but the conditions for working in the context of animal biotechnologies 
differ, making it an attractive proposition to ‘forum shop’ when it comes to the ques-
tion where certain work is carried out (i.e. to seek out the jurisdiction with the least 
impediment to the animal biotechnology in question). It is additionally worth noting 
that we do not have to look all the way to the United States to identify a good 
amount of fragmentation. We have already seen that, whilst the international norms 
and norm-giving bodies we have identified are informative, it is in most cases (with 
the notable exception of EU Regulations) usually domestic law which we have to 
turn to in order to understand the legal regulation of animal biotechnologies. 
Looking again at our example of German law, the state’s international obligations 
have percolated into significantly fragmented and unsatisfactory collection of norms 
at federal as well as regional level. This has diminished legal certainty in relation to 
the ability to use animals for biotechnological purposes and has made the process of 
research in this area enormously difficult.

11.2.3	 �Legal Approaches

There are a number of different legal approaches to governing animal biotechnolo-
gies. This is a result of a number of competing sets of norms in this rather diverse 
context. The methods deployed in this field can be used to modify and breed live-
stock for the provision of food or for experimental purposes, including the creation 
of specifically modified organisms for xenotransplantation research. These diverse 
uses touch on normative areas such as agriculture, consumer protection and food 
safety, genetically modified organisms (GMO), animal welfare and—potentially—in 
vitro fertilisation (IVF) and embryo protection legislation. When assessing the nor-
mative landscape in relation to a certain use, it is important to remember the discus-
sion in relation to the hierarchies of norms. It may very well be that there is a 
convention in relation to a certain use case, but the member state in which the tech-
nology is used may simply not have signed up to the convention. It is worth reiterat-
ing what was discussed at the outset, namely, that most legal frameworks provide for 
a fundamental understanding of how the legislator envisages how animals are used 
(i.e. in some cases not at all) and then opens individual doors with very specific leg-
islation. We will look at these areas of regulation in the next section.

11.3	 �International and Supranational Governance

The majority of European instruments for the governance of animal use in biotech-
nology, in particular in the context of scientific research, have an interestingly linear 
provenance. The germ cell of this lineage can be said to be ETS No. 123 of 1986, 
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the European Convention for the Protection of Vertebrate Animals Used for 
Experimental and Other Scientific Purposes. Subsequent legislators, domestic and 
supranational, used this Convention as a mould for casting own norms. The 
Convention entered into force in 1991 with four ratifications. By 2016, it was signed 
and ratified by 21 states and the European Union. The preamble of the Convention 
sets the tone for this and subsequent legislation:

[...] Recognising that man has a moral obligation to respect all animals and to have due 
consideration for their capacity for suffering and memory;

Accepting nevertheless that man in his quest for knowledge, health and safety has a 
need to use animals where there is a reasonable expectation that the result will be to extend 
knowledge or be to the overall benefit of man or animal, just as he uses them for food, cloth-
ing and as beasts of burden;

Resolved to limit the use of animals for experimental and other scientific purposes, with 
the aim of replacing such use wherever practical, in particular by seeking alternative mea-
sures and encouraging the use of these alternative measures;

Desirous to adopt common provisions in order to protect animals used in those proce-
dures which may possibly cause pain, suffering, distress or lasting harm and to ensure that 
where unavoidable they shall be kept to a minimum [...]

The tenor of this preamble can be found, in an abbreviated form, in the preamble 
of the main EU directive, which we will return to again below. It is worth briefly 
looking at the different areas which the Convention regulates in order to understand 
the interplay between international and supranational law here.

The Convention applies to the experimental use of animals only, which is defined 
as any activity which is aimed at avoiding and preventing illness, such as testing 
drugs and products (Article 2 a i), to diagnose and treat (Art. 2 a ii), undertake 
research (Art. 2 d) and for the purposes of education and training (Art. 2 e). It 
requires that there be a good general environment for the animals (Art. 5) and 
expects that the best standard in procedures is used (Art. 6). Further stipulations 
concern the appropriate choice of species for the experiment (Art. 7) and the anaes-
thetic that is to be used (Art. 8). There are specific licencing (Art. 9) and authorisa-
tion rules (Art. 13), and the Convention also addresses the sacrifice (Art. 11) and 
setting free (Art. 12) of experimental animals. Interestingly, the Convention also 
addresses the possibility of deviating from the rules where the experimental setup 
requires this (Art. 10). The Convention distinguishes the rules for breeding estab-
lishments (Arts. 14–17) and those for user establishments (Arts. 18–24), outlines 
training and education requirements (Arts. 25 and 26) and sets reporting standards 
(Art. 29). In summary, the Convention provides member states with a strong, top-
down framework for those issues that ought to be addressed when encapsulating the 
experimental use of animals in domestic rulesets. Whilst the rules are by and large 
generalised, they are also to the point in a fashion which makes it difficult to see any 
later implementation significantly deviate from them.

As the Convention was signed and ratified by the European Union (Council 
Decision 1999/575/EC), it stands to reason that EU instruments would also not 
deviate from the spirit of the Convention. Indeed, the current Directive’s predeces-
sor (Directive 86/609/EEC on the approximation of laws, regulations and 
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administrative provisions of the member states regarding the protection of animals 
used for experimental and other scientific purposes) was virtually identical to the 
Convention.

We have seen the balancing act which is performed in the Convention’s pream-
ble, and we started off this chapter discussing the generally very difficult situation 
legislators find themselves in when trying to find the right normative place for ani-
mals in biotechnology. When we move on from Convention level to look at how the 
use of animals for experimental purposes is governed in the EU, we immediately 
come across an example of this, namely, in para. 10 of the preamble of Directive 
2010/63/EU, which I have already alluded to above:

[...] this Directive represents an important step towards achieving the final goal of full 
replacement of procedures on live animals for scientific and educational purposes as soon 
as it is scientifically possible to do so.

The Directive’s preamble is silent on how this is to be achieved, given the pleth-
ora of novel challenges and responses thereto which we encounter every year. At 
this point in time, it is difficult to see this assertion as anything more than symbol-
ism or wishful thinking. It does, however, perform one important task: it makes the 
pragmatic baseline for the use of animals in science clear. ‘We would rather not use 
animals but, for the time being, we must’. It is also obvious that the EU’s preamble 
is a stronger version of the carefully worded Convention preamble. This may be due 
to the comparably strong wording of the treaty (see Art. 13, quoted in full above) 
and with the balancing exercise prescribed by Art. 191 TFEU:

[...] Union policy on the environment shall contribute to pursuit of the following objectives: 
preserving, protecting and improving the quality of the environment, protecting human 
health, prudent and rational utilisation of natural resources [...] (My emphasis.)

The relevant Directive (2010/63/EU) on the protection of animals used for scien-
tific purposes sets the scene for EU-level regulation of the scientific use of animals. 
It is based on the principles of the 3R (reduce, replace, refine) (Russel and Burch 
1959), which in turn is the reflection of the desired world without animal experi-
mentation hinted at in the Directive’s preamble: the idea is that a consequent deploy-
ment of refinement, reduction and replacement will lead to a diminishing need for 
animals in this field. The scope of the Directive is slightly wider than one would 
ordinarily expect, extending to foetuses of mammalian species in their last trimester 
of developments, as well as to cephalopods. The type of activity the Directive cov-
ers is basic research, higher education and training (i.e. the first half of the biotech-
nology spectrum). Much like the Convention, the Directive lays down minimum 
standards for housing and care and stipulates a systematic project evaluation. The 
Directive expects regular, risk-based inspections and mandates non-technical proj-
ect summaries as well as retrospective assessments.

Art. 8 of the Directive concerns itself with the use of non-human primates, which 
is of particular interest from a legal perspective. The ordinary way of regulating an 
activity would be to work on the assumption that any activity which is not actively 
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proscribed is therefore allowed. In the case of non-human primates, the Directive 
works on the assumption that there is a general prohibition of using such primates 
for research and then opens up individual doors for exemptions from this prohibi-
tion. These doors are where the work proposed concerns debilitating or life-
threatening conditions in humans and where such work could not be achieved using 
other species. This norm, prima facie aiming at protecting non-human primates, 
essentially creates a system in which it is permissible to use animals to help humans 
but prohibited to use animals to help animals: veterinary research is, in this context, 
precluded.

At EU level, there are a number of additional instruments which make up the 
supranational regulatory landscape. Decision 2012/707/EU deals with the common 
stipulated format for the information that has to be submitted on the use of animals 
for scientific purposes (i.e. there is an established reporting structure for controlling 
animal use in the EU), which has started collecting data from 1 January 2014. 
Recommendation 2007/526/EC contains guidelines for the accommodation and 
care of animals used for experimental and other scientific purposes.

11.4	 �National Governance

Both the Convention and, where applicable, the Directive are instruments which 
will have been implemented in domestic legal systems in those states which have 
signed up to either the first or both of the systems in question. In an ideal world, this 
should mean that there is at least widespread convergence of norms in relation to 
animals used for scientific purposes, possibly even harmonisation. At the same time, 
it is part and parcel of the nature of Directives that they give a great deal of discre-
tion to member states how to implement the aims of the legislation. In areas of ethi-
cal volatility, such as this, this often leads to fragmentation across different legal and 
ethical cultures.

In Germany, the norms of the Directive are combined with the pre-existing 1970s 
legislative provisions of the Animal Protection Act (TierSchg). The TierSchG is an 
act which contains preventative prohibitions and stipulates that, whilst the use of 
animals for scientific purposes is permitted, this must be done under the mantle of 
appropriate licences (i.e., those who wish to experiment using animals cannot do so 
unless they have expressed official permission in each individual case). This, prima 
facie, collides with the researchers’ constitutional freedom of research (Art. 5(3) 
GG). A derogation from a constitutional right or freedom is only possible where an 
equally weighty right is in play. We have seen at the outset that, from 2002 onwards, 
the German constitution contained a provision for the protection of animals (Art. 
20a GG), which has put the provisions of the TierSchG on much more solid consti-
tutional ground than it was in the previous 30 years.

The TierSchG has a very broad scope. It is concerned with where animals are 
used to generate original knowledge under conditions which may cause pain, suffer-
ing or harm to the animal (or, interestingly, where a germ-line modification may 
lead to pain, suffering or harm to subsequent generations). Section 1 of the TierSchG 
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contains the blanket prohibition of causing pain, suffering or harm to animals with-
out reasonable grounds (the reasonable grounds being licenced activities or other 
statutory defences (such as self-defence or necessity)). Acceptable, and therefore 
licensable, activities include human or veterinary biomedical research, generating 
knowledge of new drugs, environmental hazards, toxicity of chemicals and food-
stuffs, as well as basic research. Unacceptable uses are experiments aiming to test 
the efficacy of weapons, ammunitions and related items. Generally unacceptable 
(i.e. exceptions are possible) are tobacco product testing, detergents and cosmetics. 
The TierSchG further provides for a framework for outlining the experimental setup, 
issues in relation to accountability and reporting, and the question who is in fact 
entitled to work with animals at all. Art. 8 of the Directive (on non-human primates) 
was implemented into German domestic law by way of secondary legislation (§23 
TierSchVersV) rather than in primary law such as the TierSchG (with mixed results—
the interpretation and continuing application of the TierSchVersV is rather 
debatable).

The law here also requires researchers to make a number of cases in relation to 
their methodology, the choice of species and the effects on the animal and also in 
relation to the ethics of the experiment proposed. There is an expectation that a 
balancing of benefits and burdens is performed and this is part of the basis of the 
licence which is eventually granted (though this aspect of the licence application is 
subject to scrutiny (Röcklingsberg et al. 2014)). Licence contraventions are punish-
able by a fine up to €35,000 or even imprisonment. It is, to say the least, an exotic 
regulatory approach to ask the potential infringer to (a) pre-emptively argue his 
defence, (b) act as the expert witness in his own case and (c) attach significant crimi-
nal law norms to an area of inherent scientific uncertainty. It can be said that the law 
in this particular area tries to achieve too many things: transpose supranational law 
in the spirit of international treaties, make animals available for use but treat them 
with respect, regulate access to animals on the basis of applicants’ own assessments 
and attach criminal sanctions to situations of immense scientific uncertainty. This is, 
of course, hugely unsatisfactory and creates a great deal of legal uncertainty for all 
involved. The path to a better way of regulating here is, however, not immediately 
obvious.

11.5	 �Other Areas of Law and Jurisdictions

There are a number of other areas of law and features of other jurisdiction which 
one should look at briefly. Agricultural law, for example, is the body of norms, 
nationally and internationally, which regulates the way natural resources are used. 
Notions of agricultural law will play a role in at least two different settings: where 
there is the production of an animal for the downstream purpose of agricultural use 
and where there is agricultural production of animals for a different downstream 
purpose (such as industrial-scale production of experimental animals or for xeno-
transplantation). The regulation of agriculture also aims at setting appropriate stan-
dards for the output of products of comparable quality and safety. The treaty bases 
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generally cited by the EU instruments in this area are those of consumer protection 
and environmental protection. Common standards for the safety of products which 
are shared in a common market are an important mechanism for ensuring the eco-
nomic viability of the EU as an economic union.

11.5.1	 �Precautionary Principle, GMO and CRISPR

There has, traditionally, been significant concern about the safety of genetically 
modified products, and it is this area particularly which has given rise to the precau-
tionary principle (contained in Art. 191 TFEU). The precautionary principle is an 
unusual type of regulation, as it comes rather close to the codification of a slippery 
slope argument. It provides that an activity which may cause harm to the environ-
ment or the public is deemed to be harmful, and it is the obligation of those wishing 
to carry out that activity to prove otherwise. It is essentially a reversal of the burden 
of proof in cases where there is, ever so diffuse, fear that an activity may give rise to 
undesirable consequences.

At European level, genetically modified organisms (GMO) are subject to a whole 
bundle of instruments of differing intensity. There are three directives, 2001/18/EC 
(deals with the deliberate release of GMO into the environment), 2015/412/EU 
(amendment providing for member states to make their own rules on cultivation of 
GMO) and 2009/41/EC (which genetically modified microorganisms). In addition, 
there are three regulations: EC/1829/2003 (on genetically modified food and feed), 
EC/1830/2003 (on tracing and labelling requirements for genetically modified 
organisms and products) and EC/1946/2003 (on transboundary movements of 
GMO). The density of regulations, which we recall from the discussion of norma-
tive hierarchies is the hardest instrument in the EU’s arsenal, shows that this is an 
important area of governance for the EU. At the same time, the EU’s definition of a 
genetically modified organism is rather restrictive and seems to miss out on captur-
ing novel technologies, such as CRISPR in its ambit. Article 2(2) of Directive 
2001/18/EC states:

[For the purposes of this Directive:] […] ‘genetically modified organism (GMO)’ means an 
organism, with the exception of human beings, in which the genetic material has been 
altered in a way that does not occur naturally by mating and/or natural recombination.

It is subject to intense debate in the ethical and legal implications research com-
munity, whether a CRISPR intervention which removes a segment without intro-
ducing anything else to the organism’s genome is caught by this definition. In 
addition, the Directive provides an annex with a list of different methods that 
amount to genetic modification (which is an unusual way to regulate in a highly 
innovative and fluid field). This is, to a certain extent, mirrored in a general stake-
holder uncertainty about the differences in using traditional breeding, GM or 
genomics techniques to produce certain animals (Coles et al. 2015). This is not 
unlike the legal confusion that is created by the context of breeding human-animal 
chimera for xenotransplantation purposes. Most IVF norms presuppose the use of 
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a human ovum (e.g. the German ESchG). Using, for example, a porcine ovum and 
introducing human material to create a chimera does not, immediately, trigger leg-
islation in relation to IVF or embryo protection. Similar to the context of geneti-
cally modified organisms, the legislator seems to have missed a context here. Not 
so the bioethics context; there is some evidence that in this field in particular, bio-
ethics expertise plays an elevated role and is likely to influence future regulation 
(Salter and Harvey 2014).

11.5.2	 �Product Classification

Another interesting legal issue arises when an animal is either a product in and of 
itself (such as in the case of genetically modified animals destined for research) or 
where it is the production unit for a subsequent regulated entity (e.g. where a xeno-
transplant is generated within an animal). Products derived from animal biotechnol-
ogy often straddle the divide between agricultural products and health products. 
This issue is additionally compounded where, at the end of the translational spec-
trum, we consider an industrial-scale (agricultural) production of these entities. 
There are, additionally, a number of post-marketing vigilance instruments (derived 
in general from the broad area of consumer protection, see, e.g. FDA 2006); the 
main aim of which is to ensure that a licenced animal-derived biotechnology prod-
uct does not harm consumers or the environment. Where the product is the animal 
itself, there are also general animal welfare rules which provide for the appropriate 
keeping of the animals. In all cases, the general laws of liability and product liability 
apply equally to animal biotechnologies as they do to other products: where there is 
a product and a consumer, there is a duty to ensure that the consumer is not harmed 
by the product.

11.5.3	 �Intellectual Property

Finally, and well outside the scope of this chapter, there is the discussion surround-
ing intellectual property rights in living things. Ever since the US Supreme Court 
decision in Diamond v. Chakrabarty (1980, 447 US 303) in which a General Electric 
engineer wanted to patent an oil-slick-devouring bacterium, there is an ongoing 
debate about ‘patenting life’. The debate reached EU courts with the case of Brüstle 
v. Greenpeace (Case C-34/10, Oliver Brüstle v. Greenpeace e.V., 2011 E.C.R. I-9849), 
which turned on the question whether embryonic stem cells were legally the same 
as an embryo. There is significant literature available on this topic from the start of 
the debate (Raines 1990; O'Connor 1992; Morin 1997) all the way to today (Liddell 
2012), and it suffices to say that issues in relation to intellectual property hinge 
greatly on where one is and what one wished to patent there. The disconnect between 
a generally felt moral attitude to intellectual protecting property rights in biotechno-
logical innovations and the actual moral aspects of the patenting system is of par-
ticular relevance in this consideration (Forsberg et al. 2017).
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�Conclusion

The legal landscape surrounding the use of animals for the purposes of biotech-
nology is complex. It is, as we have seen, an amalgam of a pragmatic acknowl-
edgement of the need to use animals for certain purposes and the realisation that 
animals are not merely lifeless things which can be owned and used to our hearts’ 
content.

As the law is merely a reflection of society, the regulatory frameworks which 
we have explored in this chapter are, to a great extent, also a reflection of this 
societal challenge. Centuries of domestication and commodification have left 
their traces in the laws which are designed to protect animals from being used as 
means to an end in a context where this would be inappropriate. The balancing 
act performed by the law in this field is difficult: the German constitutional 
approach is an unusual way to enshrine the importance of interacting with living 
things in a respectful way, as it forces the rest of the regulatory system to move 
along with its legislative aim. At the same time, the objectives we have distilled 
from the preambles of international conventions and supranational instruments 
have shown that this is by no means a singular legislative occurrence.

It is also clear that good legal governance in this setting would lead to a better 
quality of research and a greater degree of reproducibility across the field. It is 
therefore likely that the legal system of governance of animal biotechnologies 
would greatly benefit from an overhaul. This is, unfortunately, not to be expected 
and we may anticipate having to work with the rulesets we have inherited for the 
foreseeable future. At the same time, there is increasing evidence that it may be 
a better course of action, in a regulatory sense, to acknowledge that biotechno-
logical innovation generates new regulatory targets, which require bespoke 
approaches (Faulkner and Poort 2017).
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12Ethical Aspects of Animal Biotechnology

Dirk Lanzerath

Abstract
An ethical perspective on a field like the application of genetic engineering on 
animals in farming and food production is much more than mere technology 
assessments of risks and benefits. Rather ethics must approach the relationship 
between principles and practical moral challenges as a kind of reflective equilib-
rium. Against this background, applied ethics is not merely the application of 
principles to practice but a process in which practical experiences reciprocally 
influence the content and interpretation of ethical principles. Ethical theory 
learns from moral practice. Given that the interventions of biotechnology and 
genetic engineering principally affect the existence of nonhuman animals, ethics 
not only addresses questions relating to human health or social cooperation but 
takes a particularly fundamental interest in the ever-changing normative relation-
ship between humans and animals as well as humans and nature. Therefore in 
this paper the analysis of the ethical challenges posed by biotechnology applied 
on animals reveals several problem areas that must be considered in developing 
ethical criteria for the investigation of biogenetic activities. Firstly, the paper will 
address the basic relationship of humankind and its technologies to nature (Chap. 
1) in addition to the development of relevant evaluative criteria in environmental 
ethics and the ethics of nature (Chap. 2). The latter aid in the normative evalua-
tion of technologies when weighing up which ends and means can be considered 
justified in relation to the goods a society recognises (Chap. 3). Against the back-
ground of biotechnological contributions to food production, the anthropological 
question as to what role food plays in a current culture and lifestyle—and what 
kind of change that culture and lifestyle might admit—will be analysed (Chap. 
4). Yet the evaluation of biotechnology, to the extent that it is used on animals, 
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covers more than just the well-being of humans and society; transgenic animals 
also pose a great challenge to animal protection and welfare (Chap. 5). Finally 
the paper discusses that a society dealing with new technologies must constantly 
consider what form risk assessment should take and what kind of tolerance for 
environmental, health, and economic risks that implies (Chap. 6). Processes that 
advance sustainability, justice, food quality, and animal welfare alike should be 
placed at the centre of modern agriculture and food production. From an ethical 
perspective, the gene technological and biotechnological production of animals 
must be measured according to the extent of its contribution to these complex 
and highly relevant goals.

12.1	 �Introduction

The ethical evaluation of the uses of modern biotechnology involves analysis of the 
relationship between a given technology’s means and ends and the values and moral 
principles of the society in which that technology is or is to be implemented. As a 
philosophical discipline, then, ethics is fundamentally concerned with the norma-
tive demands that confront societies faced with the question of whether to introduce 
or newly regulate technologies like biotechnology and genetic engineering or even 
to limit their usage. What does biotechnological activity mean for our society and 
self-image? And what are the ramifications of such technologies for our relationship 
to animals but also to nature as a whole?

In addressing questions such as these, ethical reflection goes significantly beyond 
the kind of risk analysis undertaken in the field of technology assessment. An ethi-
cal judgement ought primarily to be guided by careful analysis of the moral sanc-
tions and motivations prevalent in a community. A particular challenge in this regard 
is the fact that - as agents in a global society - we find ourselves confronted with 
individual traditions emphasizing very different norms and values. This is espe-
cially relevant with respect to applied technologies like genetic engineering and 
biotechnology, which are of transnational scientific, economic, and social signifi-
cance. In scrupulously weighing up the pros and cons, the possibilities, and the 
limits associated with the implementation of new technologies, it is the goal of ethi-
cal discourse to strike an appropriate balance between naive faith in progress on the 
one hand and paralysing fear of technology on the other. An entirely different kind 
of fear is the ‘heuristic’ variety proposed by Hans Jonas in his ethics of technology, 
where he advocates the reasoned application of the so-called precautionary princi-
ple in dealing with technological phenomena (Jonas 1984, pp. 26–27).

The precautionary principle is an approach to decision-making that seeks to 
avoid or reduce as much as possible the infliction of strain or harm on health, soci-
ety, and the environment by agents with access to only incomplete information (see 
van den Daele 2007; Ammann et al. 1999; Ahteensuu 2008; Mepham 2008; Munthe 
2011; Deblonde 2010; Andorno 2004). The task of ethics against this background is 
not to diminish the responsibility of scientists, engineers, farmers, manufacturers, 
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politicians, or consumers for their actions, but rather to provide an analytical frame-
work for the formation of individual ethical judgements (Harremoës et  al. 2002; 
Pielke 2002; Lanzerath 2014a).

In order to avoid restricting itself to the moral aspects of technology assessment, 
ethics must approach the relationship between principles and practical moral chal-
lenges as a kind of reflective equilibrium (Rawls 1951). In other words, applied 
ethics is not merely the application of principles to practice, but a process in which 
practical experiences reciprocally influence the content and interpretation of prin-
ciples. And given that the interventions of biotechnology and genetic engineering 
principally affect the existence of nonhuman animals, ethics not only addresses 
questions relating, for instance, to human health and social cooperation but takes a 
particularly fundamental interest in the ever-changing normative relationship 
between humans and animals as well as humans and nature.

Analysis of the ethical challenges posed by biotechnology reveals several prob-
lem areas that must be considered in developing ethical criteria for the investigation 
of gene technological activities. Firstly, it is necessary to address the basic relation-
ship of humankind and its technologies to nature (Chap. 1) in addition to the devel-
opment of relevant evaluative criteria in environmental ethics and the ethics of 
nature (Chap. 2). The latter aid in the normative evaluation of technologies when 
weighing up which ends and means can be considered justified in relation to the 
goods a society recognizes (Chap. 3). Against the background of biotechnological 
contributions to food production, the anthropological question as to what role food 
plays in our culture and lifestyle—and what kind of change that culture and lifestyle 
might admit—is of fundamental importance (Chap. 4). Yet the evaluation of bio-
technology, to the extent that it is used on animals, covers more than just the well-
being of humans and society; transgenic animals also pose a great challenge to 
animal protection and animal welfare (Chap. 5). Finally, a society dealing with new 
technologies must constantly consider what form risk assessment should take and 
the tolerance for environmental, health, and economic risks that implies (Chap. 6).

12.2	 �The Relationship Between Humans, Technology, 
and Nature

Under ideal circumstances, biotechnological interventions in nature—in the nature 
around us, which we encounter in the form of animals, plants, and microorganisms 
but also in our own nature—are planned in accordance with specific intended goals. 
The fact that humans intervene in nature is not in itself new to genetic engineering 
and biotechnology; humans have been doing so from the moment Homo sapiens 
appeared on earth. What is new about biotechnology is the range and depth of the 
intervention in nature. It uses gene technology in particular to transform the nature 
of organisms in a way that breeding and selection programmes have not tradition-
ally been capable of. Mutation that once occurred spontaneously is now induced 
intentionally, with the possibility of exchanging genetic material between organ-
isms belonging to different species. Central characteristics of organisms can be 
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fundamentally altered in this way. Moreover, synthetic biology is not merely 
expanding the scope of biotechnology but allowing engineering technology to be 
interfaced in or with organisms (Serrano 2007; Schmidt 2012; Baldwin et al. 2012). 
Depending on the degree of biotechnological construction and modification they 
have undergone, these biological systems can differ considerably from their original 
forms in nature. Some of them can neither be unambiguously categorised as natu-
rally developed organisms nor as technologically produced machines, with certain 
biological constructs that have come into being in this way straddling the border 
between living being and artefact, nature, and technology.

The various processes of biotechnology are contributing to the creation of a new, 
artificially produced ‘nature’ in areas such as the breeding of livestock and labora-
tory animals or within food production, which is becoming increasingly more arti-
ficial as synthetic biology develops. Thinking about this ‘artificial nature’ as part of 
modern culture entails certain basic ethical considerations. As part of nature, every 
living organism intervenes in the natural world around it in diverse ways, both as a 
producer and a consumer. But unlike other natural creatures, humans are not wholly 
driven by nature or led by instinct in doing so. In order to survive, mankind must 
intervene in nature via the creation of culture, which in turn becomes its ‘second 
nature’ (Mcdowell 1996; Kertscher and Müller 2017). As this Aristotelian expres-
sion indicates, culture always involves the interpretation and reshaping of the origi-
nal, biological human nature, in which every human’s ability is rooted. Technology 
and culture thus always remain connected to their origins in nature, meaning that 
nature transformed into culture is never entirely artificial. Humans belong to natural 
history as they belong to cultural history. This is not only of genealogical but also 
of normative significance, for even as moral subjects, we remain living organisms 
evolving in nature rather than at a remove from nature (McDowell 1996, pp. 112–
125). One essential aspect of humans’ second nature is to define ethical norms for 
controlling actions.

Animal breeding, plant breeding, and the utilization of microorganisms are part 
of mankind’s cultural productivity within nature. While in a basic sense genetic 
engineering and biotechnology can be seen as advancing the notion of breeding, the 
differences between traditional breeding and biogenetic intervention are impossible 
to ignore. Where traditional breeding must wait for the recombination and mutation 
it initiates to take effect and has been stymied in its efforts by the more or less clear 
limit divisions between species place on gene recombination, the essential similar-
ity of all organisms’ DNA has allowed gene technology to overcome this limit. 
Hundreds of years of coincidence-driven work is thus being replaced or supple-
mented—as far as possible—by targeted, planned intervention initiated by humans 
in an effort to bring about mutation themselves. This is considerably increasing the 
speed at which breeding takes place, i.e. the length of time that elapses between the 
initiation of an intervention and the successful breeding of new organisms is being 
shortened, even though phenotypes and thus the success of breeding depend on 
many things other than genes. Thanks to genome editing technologies—such as 
CRISPR/Cas9—the relevant procedures are becoming simpler, more economical, 
and possibly even more precise.

D. Lanzerath



255

Although synthetic biology started to incorporate unnatural amino acids into 
organisms, admittedly even ordinary gene technology only modifies and recom-
bines what is found in nature; it does not—as the use of the term ‘technology’ sug-
gests—invent or manufacture from scratch. This may accelerate the results of 
breeding and production, but it also introduces new types of risk, since small 
changes in an organism’s genetic building blocks can have great effects both on the 
organism itself and the environment. It remains to be seen whether the new preci-
sion tools of genome editing will help in preventing the side effects. Its impact on 
our ability to predict unintended consequences is highly relevant to the ethical eval-
uation of all kinds of biotechnology.

12.3	 �Criteria in Environmental Ethics and the Ethics 
of Nature

As knowledge of the natural world has increased, humans have gained an increasing 
amount of power over it along with the ability to shape nature, constantly surpassing 
and displacing natural barriers to action. Aristotle and Thomas Aquinas understood 
nature as both predetermined by fate and ready for redesign, and power over the 
natural world is central to the early modernity proposed by Francis Bacon in his 
Novum Organum (1620). Descartes even describes humans in his Discours de la 
méthode (1637) as ‘masters and possessors of nature’ (on the historical develop-
ment of the concept of nature, see Hager et al. 1984; Schäfer and Ströker 1993-96; 
Lustig et  al. 2008; Mittelstraß 2003). With the advent of late modernity, nature 
increasingly becomes a mere object to be processed, shaped, and manipulated in 
research and practice. At the same time, as a of result of mankind’s growing domi-
nation of the natural world, ‘wild nature’ loses something of its threatening, demonic 
element, and there is a corresponding intensification of the aesthetic appreciation 
with which humans respond to the contemplation and experience of both wild and 
cultivated nature. Yet the threatening aspect of nature repeatedly catches up with 
technological civilisation in negative and partially irreversible side effects of its 
actions such as climate change, the spread of monocultures, and declining biodiver-
sity (Lanzerath 2014b).

Nature, however, is more than just an object and adversary of human endeavour. 
For despite the many ways modern man has of controlling the natural world, he can-
not free himself from it. Even modern man is part of nature and lives in dependence 
on it. His intake of air and nutrients places him in a constant metabolic exchange 
with nature. Its intactness is therefore a necessary condition for the survival and 
cultural production of humankind. The threats to which modern man is exposed are 
often associated with a failure to adequately control nature. If nature is only ever 
understood as an object of domination and adversarial other, and no longer as the 
foundation of metabolic entwinement, the accompanying estrangement from it 
threatens to result in human self-harm.

Consciousness of our own nature and its integration into the natural world around 
us not only enables us to perceive the unity of nature but also its great diversity—a 
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diversity that not only pertains to the use that mankind derives from it but is inherent 
in it as the result of millions of years of evolution. Within this naturally occurring 
diversity, an intrinsic hierarchy of living organisms has taken shape. Encapsulated 
in the concept of the scala naturae, it has defined the human understanding of nature 
and our interaction with it from the earliest of times (Siep 1998, p. 28). As criteria 
for differentiation, we encounter the distinction between inanimate and animate 
nature and within animate nature distinctions according to the degree of selfhood 
manifested in a life, i.e. according to the level of individuality and self-organisation 
it exhibits. An organism’s level of consciousness plays an important role here. All 
that we know of physiology and ethology tells us that conscious perception is a 
prerequisite for the capacity to feel pain and experience suffering. The graduated 
distinctions we draw between organisms are relevant to assessing what protective 
duties we are bound to observe with respect to the well-being of other living crea-
tures, especially when, as in the case of agricultural or laboratory animals, humans 
take care for them on farms or in labs.

Environmental ethics, animal ethics, and the ethics of nature, then, discuss pos-
sible justifications for human behaviour towards nonhuman nature and the value (or 
even intrinsic value) that can and must be attributed to nature in the process without 
taking nature itself as normative. The moral debate in this field focuses primarily on 
the scope of claims to protection. In what, exactly, does the worth of individual 
organisms lie? Is it merely instrumental and thus to be located in the utility of an 
organism to humankind, or do nature and individual aspects thereof possess their 
own intrinsic value?

The various possible answers to these questions lead to different modes of ethical 
reasoning, the most common types of which are anthropocentric, pathocentric, bio-
centric, and holistic in approach (Kabasenche et al. 2012; Attfield 2008).1 These 

1 Anthropocentric (focused exclusively on humans) approaches to environmental ethics assume 
that other animate beings only possess value to the extent that they are important or useful to 
humans. From this perspective, only humans have intrinsic value. Moral duties only exist in rela-
tion to other humans; no direct protective obligation exists towards nonhuman organisms. The 
issue of justice is central to anthropocentric ethical debates, especially in reference to the actual or 
potential utility of animals, for instance, as well as the question of who profits from it and to what 
extent. From the pathocentric perspective, value is accorded to those creatures capable of feeling 
pain and expressing this through observable behaviour, e.g. trembling or attempting to escape. At 
the very least, it acknowledges the claims of higher animals and humans to protection. It also 
implies an indirect obligation to protect the environment, to the extent that both humans and ani-
mals suffer from environmental destruction. Biocentrism goes further in arguing for protection 
than pathocentrism, relating as it does to all living things rather than extending human responsibil-
ity only to organisms that are of interest to humans or capable of suffering. Justifications of this 
approach frequently start from the assumption that all living creatures, whether conscious or 
unconscious, are subjects of a life and have a pursuit to survive that humans may not disregard 
without reason. Holism attributes moral value to the entirety of animate and inanimate nature. It 
incorporates not only individual creatures but the whole natural world including natural systems 
(e.g. ecosystems or ecological niches). According to this line of argumentation, human protection 
ought to extend to nature as a whole—not because or to the extent that it is useful, sensitive to pain, 
or animate, but simply because it exists.
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four approaches to environmental ethics differ in the range of objects to which they 
attribute intrinsic value and towards which they thus acknowledge the existence of 
direct protective obligations. What they all have in common is their anthroporela-
tionality, i.e. the fact that the value they attribute to nature always manifests itself in 
protective claims directed towards humankind. Only humans can be addressees of 
protective obligations; only they are capable of establishing relevant behavioural 
rules and taking responsibility for their actions.

No approach, moreover, can avoid defining the human relationship to nature. If 
we do not consider man as a bipartite being in which nature (body) and mind (soul) 
are understood as distinct modes of being but rather as the unification of both fea-
tures, then a human being is itself a natural creature (Lanzerath 1998, 2014b). The 
relationship, in equal parts mediated and unmediated, that mankind has to nature—
comprising the nature it represents and that which it encounters as an active sub-
ject—is a foundation on which the ethical evaluation of applied biotechnology can 
build. For the very status of humans as subjects and the unity in which moral subject 
and human organism coexist entail the observance of those claims that the nature 
both inherent in and surrounding humanity makes of it. In the first instance, this is 
necessary due to obvious self-interest. For if humanity can only flourish as part of 
nature, which in turn can only flourish if respected in its particular claims, then the 
protection of ambient nature as both habitat and resource of humankind, but also as 
part of the cultural and socioeconomic environment it deems valuable, cannot be 
neglected.

The role that man—as the only rational agent on earth—adopts in relation to 
other living organisms is of crucial importance to reflections on our interaction with 
animals and nature. While the core thesis of epistemic anthropocentrism, namely, 
that humans are fundamentally only capable of reflection and judgement from a 
human perspective, is rarely challenged, it does not necessarily entail a special ethi-
cal status for the human life form (Sturma 2013, p. 144). Man is a moral subject not 
only out of interest in his own well-being but also out of the desire to be able to 
provide reasons for his own actions, i.e. to be able to account for his behaviour in 
the face of his rationality.

The desire to do what reason deems good, however, not only implies recognition 
of the same desire in every other rational being but also demands, in accordance 
with the principle that like cases should be treated alike, the recognition of similar 
efforts in nonhuman animals (Regan 2004, p.  128; Honnefelder et  al. 1999, 
pp. 308ff). The pain of animals, in other words, must be taken seriously by way of 
analogy with that of humans and indeed has found respect in mankind’s ethical 
consciousness in the idea of animal protection (Honnefelder 1994, p. 125; see also 
Chap. 5). Yet the cognitive capacity of humankind differs from that of other higher 
animals by virtue of man’s ability to assume a perspective on his own experience of 
pain, allowing him, for example, to experience serious or chronic illness not only as 
a painful state but as an experience of powerlessness and loss of meaning while also 
enabling his acceptance of such states (Lanzerath 2000, pp.  204–9; Höffe 1993, 
p. 222).
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Biotechnological and gene technological intervention should not only be assessed 
according to its effect on humans and the well-being of animals capable of suffering 
but also to how it alters the dynamic structure and order of nature and natural pro-
cesses. When natural systems suffer damage, humanity loses its natural origins and 
thus the foundation of its subjectivity. Every human intervention must refer to the 
entwinement of nature and culture and the many benefits associated with it. This 
requires an analysis of ends and means in relation to the goods recognised in a given 
society to provide a proper fundament for a normative assessment of modern 
biotechnology.

12.4	 �Weighing Up Ends, Means, and Goods

If by introducing genetically modified products derived from medical, biological, 
and agronomical research a society intends to exploit their advantages while avoid-
ing the risks associated with them, it is essential that they be subjected to an ethical 
examination of their utility and suitability. This means considering both the legiti-
macy of the ends of genetic engineering and biotechnology and the defensibility of 
the means drawn on, i.e. of biotechnological and gene technological modification 
itself and their side effects. Two questions are of central importance here: Are the 
desired ends pursued via gene and biotechnology sufficiently worthy to justify the 
risk of undesirable side effects resulting from their implementation? And are genetic 
engineering and biotechnology adequate means for the solution of the problems 
they address or might there be better ways of achieving the desired ends?

A glance at the modern research landscape reveals that the satisfaction of human 
theoretical curiosity has long since ceased to be the only goal of scientific research; 
the objective now is to increase the possible applications of scientific knowledge in 
response to mankind’s practical needs—a notion already present in the Baconian 
concept of knowledge. While in the first instance basic research into the implemen-
tation of gene technological methods seeks to clarify fundamental mechanisms of 
heredity, gene expression, and gene regulation, these branches of research are none-
theless characterised by their substantial practical bent. At least some of the biosci-
ences feature a remarkably close connection between theoretical and practical 
knowledge.

Every novel technology—and gene technology is no different—is introduced 
with a range of ends in mind: positively formulated, genetic engineering seeks to 
improve quality of life with respect to health and nutrition, to increase agricultural 
yields, to create jobs, to maximise economic profits, etc. The ethics of each of these 
goals and the fields of research and application they involve must be formally evalu-
ated. Not least among the concerns to be considered are the required financial 
resources and the persistent need to explain how limited funds ought most sensibly 
to be used.

When it comes to rating the objectives of genetically modified food develop-
ment, food security, for example, is of crucial importance. As populations grow, this 
has emerged as life-or-death matter specifically for developing countries. On a 

D. Lanzerath



259

global scale, an increase of at least 33% is anticipated in the next three decades 
(Telugu et al. 2016). Where genetic engineering and biotechnology have the poten-
tial to make key contributions to this type of basic aim, their application is typically 
uncontroversial. But there exist concerns whether genetic engineering will be able 
to meet those objectives since the causes of starving are rather complex and more 
related to social and economic structures (Thompson 2007, pp. 220–224; Pinstrup-
Andersen and Schiøler 2000, pp. 2–6, 86–105). Other objectives, such as the devel-
opment of nonessential designer food, are considerably more difficult to justify. The 
same goes for so-called genetic art, such as fluorescent transgenic fish (e.g. GloFish) 
(West 2006), when its purpose is purely aesthetic. Even when it is possible to assess 
the risks to humans and animals posed by such food or art, there is scepticism as to 
whether societies’ need justify taking them. The use of enzymes (chymosin, amy-
lases, pectinases, insulin, etc.) manufactured for food production2 or drug develop-
ment using genetically modified microorganisms or, nowadays, obtained from the 
mammary gland of vertebrates is generally seen as much less problematic. These 
methods are viewed particularly positively where production using conventional 
sources is incomparably more laborious, qualitatively worse, and associated with 
similar risks.3

Nowadays therapeutic substances extracted from the mammary glands of trans-
genic mammals are increasingly being approved for use, turning mammary glands 
into living bioreactors. Eggs laid by transgenic hens are likewise being used to 
produce vaccines. In some EU countries, the first drug produced from transgenic 
animals came onto the market in 2008. Antithrombin III, or ATryn®, inhibits blood 
clotting and is intended to protect people with hereditary antithrombin deficiency 
from life-threatening thromboses during high-risk operations. The gene that encodes 
for antithrombin is introduced into the genome of goats, and the tissue-specific pro-
motor directs expression of the protein into the mammary gland. In 2010, the drug 
Ruconest (conestat alfa) for treatment of hereditary angioedema (HAE) was 
approved for the European market. HAE is a rare hereditary illness, which under 
certain circumstances can lead to life-threatening swelling of the skin, the mucous 
membranes, and the internal organs. Patients have insufficient blood concentrations 
of the plasma protein C1 esterase inhibitor (C1INH). In this case, the mammary 
glands of transgenic rabbits are the source of the solution. In establishing 
therapeutic goals, appeals to the high-ranking good of health provide an important 

2 The enzyme chymosin (rennin), for instance, facilitates the curdling of milk and is indispensable 
in the production of most types of cheese. Genetically modified chymosin is legal in almost all 
European countries, including Germany. Due to a shortage of conventionally obtained rennin from 
calf stomachs, its use is well established nowadays. The cheese made from it can be bought and 
sold without restriction and does not require any special labelling.
3 These kinds of applications of gene technology are considered particularly worthy when their 
simpler and purer production methods are linked to improved recovery chances for sick people. 
Similarly, the connotations of gene technology used on humans in the form of somatic gene ther-
apy are generally positive. Indeed, patient—and relative—advocacy groups campaign strongly for 
this kind of research, including on children, even though the methods involved are still fraught with 
risk and only rarely generate long-term success.
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ethical justification for these methods. In contrast with medical applications of gene 
technology, however, the legitimacy of agricultural applications—particularly in 
food production—is frequently called into question, especially in cases where there 
is no lack of alternatives.

Among the applications of gene technology considered desirable in many cases 
is the breeding of transgenic laboratory animals as model organisms for research 
into new forms of treatment for disease—and particularly for illnesses that are 
genetic or partly genetic in nature. Once again it is clear that ends associated with 
particularly high-ranking goods such as human health are likely to attract support.

For a long time, transgenic farm animals had hardly any practical significance in 
agriculture. With the exception of salmon, food and other products from transgenic 
animals are not currently available for sale anywhere in the world. There have of 
course been numerous research studies, but compared with plants, the introduction 
of new genes into the genomes of animals has not only proven more laborious but 
also more prone to error. Now the introduction of genome editing, using CRISPR/
Cas9, for instance, has opened up new perspectives. Now it seems possible to pro-
ceed with animal breeding that classical gene technology had almost given up on. 
There are improvements in research with farm animals like for meat production 
(increasing meat, elevating omega-3 fatty acids), for milk production (improving 
milk composition), for fibre production (improved wool), or for the adaptation to 
new habitats (like fish farming in colder waters) (Telugu et  al. 2016, pp.  8–10; 
Ormandy et al. 2011). These new methodologies have also led to a sudden rise in the 
number of laboratory animals being used for medical research, a state of affairs that 
conflicts with the goals of animal protection and the standards of animal ethics (see 
Chap. 5).

12.5	 �Food as Part of Culture and Lifestyle

One of the goals of producing transgenic animals is the design of new food by 
improving animal productivity: disease resistance, environmental sustainability, 
higher yields, and better quality (Ormandy et al. 2011). Yet, the way people deal 
with food is a central aspect of the human relationship to nature and culture outlined 
at the beginning of this paper (see Chap. 1). Every stage of the process, from breed-
ing to preparation and consumption, reveals how nature and culture are intertwined 
in human behaviour. Food brings together attempts to master nature and to create 
culture. It is thus not only a source of nourishment but is closely connected with the 
identity and normative self-image of mankind. Thus, ethical evaluation of the use of 
genetically modified food not only addresses environmental and health risks but 
also touches on basic attitudes of humans as cultural and natural beings towards diet 
and food.

The knowledge we have about how early communities of Homo sapiens lived 
reveals that even in prehistoric times the preparation of gathered or hunted food was 
more than just a condition of human sustenance and survival. It was a part of the 
culture within which mankind, transcending its purely natural needs, created a 
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lifestyle that not only allowed humans to live but live well (see Plessner 1981, p. 383 
on man’s ‘natural artificiality’ (‘natürliche Künstlichkeit’). Drawing on the cultural 
anthropology of Claude Lévi-Strauss and his remarks on The Raw and the Cooked 
(Lévi-Strauss 1983), Ludger Honnefelder describes food as a ‘means of living’.4 He 
discusses how it can be understood as such in a comprehensive sense that interlaces 
nature and culture (Honnefelder 2011, p. 49).

Today, as a rule, people no longer personally grow what they consume, nor do 
they have the kind of familiarity with it that comes from proximity to the producer. 
Instead our food is produced and delivered to market via routes that are practically 
opaque to the consumer. Products are only familiar to us in their physical form and 
as part of an established culture of production and preparation. Many people are 
hesitant to consume agricultural products due to a lack of trust in the long and con-
fusing production and trade chains between producers and consumers. Milk, meat, 
and eggs are no longer procured from neighbourhood farmers, but at branches of 
large retail chains. For today’s consumer, it is barely possible to comprehend how 
and according to what division of labour production (animal breeding and feeding, 
slaughter, processing, etc.) takes place or whether labels provide realistic informa-
tion about products, given that trade routes can only be retraced under certain cir-
cumstances. Production errors and fraudulent labelling of goods lead to a loss of 
trust in the entire production and supply chain. In an attempt to maintain public 
confidence, advertisers thus appeal to the transparency of products and their close 
relationship to nature, which in reality signifies less about their natural qualities 
than their affiliation with a familiar, established, and respected culture (Honnefelder 
2011, p. 55–65; Siep 1993). The kind of division of labour found in highly complex 
societies like that of modernity is only viable if there are basic conditions (transpar-
ency, control mechanisms, etc.) designed to maintain the trust of individual mem-
bers of society in the system, regain that trust when mistakes are made, and appeal 
to the familiar in marketing new products. Accurate and transparent labelling that 
provides information about the production processes, sustainability, animal-
friendliness, ingredients, genetic modification, and origins of animal products 
enables consumers to decide in accordance with their personal ethical convictions 
whether or not to buy a product. One way to support this would be to approve only 
independently scrutinised, trustworthy labels conforming to set norms (Bütschi 
et al. 2009; Weirich 2007; Falkner 2007).

The range of food available to societies is expanding today like never before, not 
primarily because of dramatic innovation in the form of completely new products, 
but due to the appropriation of foods that have established themselves in other cul-
tures over long periods of time. The process and modes of globalisation can be 
identified in food production and consumption. Foreign modes of preparation are 
likewise frequently adapted to new cultures (see, e.g., the Europeanisation of Asian 
cuisine). The introduction of novel food in the form of different varieties and meth-
ods of preparation in fact has a long history; in its current cosmopolitan context, it 
is accepted and valued. In contrast, biotechnologically and genetically engineered 

4 A German concept for food is ‘Lebensmittel’, or literally ‘means to life’.
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novel food in its true sense of the word is generally—if at all—only introduced with 
extreme caution, and compared with the enrichment effected by the appropriation of 
established foreign foods, it is rather an anomaly (Honnefelder 2011, p.  51; 
Thompson 2007, pp. 195–220).

If food plays the kind of cultural role outlined above, it is clear that its signifi-
cance and the resulting claims to ethical protection extend far beyond much-
discussed environmental and health risks. Food is not only part of the biosphere (in 
the form of agricultural crops and animals) and an indispensable condition for 
human survival (in the form of nourishment) as well as (in its variety and combina-
tions) a requirement for lasting health; its production and consumption are also part 
of a sociocultural and economic way of life. And if the factors mentioned—the 
viability of the environment, the health and survival of humanity, and its position in 
an intact and sound economic, social, and cultural world—are all goods worthy of 
protection, then food production gives rise to a diverse range of ethical require-
ments. The central question to be considered will be whether a positive effect on 
quality will dominate the various negative side effects.

Ultimately such reflections must also be incorporated into a comprehensive con-
cept of modern agriculture and food production that accounts for issues around 
global food provision and climate change. From the perspective of theories of jus-
tice—underpinned by a concept of sustainability—each individual case must be 
assessed on whether the use of biotechnologically produced animals can be justified 
or whether it would instead be preferable to optimise established methods and adjust 
dietary habits in quite different ways, such as through the reduction of overall meat 
consumption (Twine 2015, 127–143; Ormandy et al. 2011). The justification of bio-
technologically produced food depends on its compatibility with basic goods like 
good health, sustainable environment, trustful economy, social justice, and—last 
not least—its contribution to animal welfare.

12.6	 �Genetically Engineered Animals: A Challenge to Animal 
Protection and Welfare

If, in questioning the defensibility of a particular technological means, one takes the 
pain sensibility of higher animals to be similar to that of humans (see above), it 
seems to be morally questionable to use gene technology to produce animals whose 
artificially developed anatomy or physiology causes them unnecessary pain, all for 
the benefit of humans. However, the development of genetically modified labora-
tory animals for use in medical research when the only alternative would be to 
conduct research on humans induces a reasonable argument; finding new medical 
methods or drugs to save human lives is a very worthy end anchored in fundamental 
human rights and should not easily be compromised. Nonetheless, here too we must 
reflect on whether the objective of conducting a given experiment or developing a 
particular laboratory animal is genuinely high-ranking and whether or not alterna-
tive methods are available (Sturma and Lanzerath 2016, 63–104).
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This set of problems is not new to the age of genetic engineering. In fact, so-
called torture breeding is also entirely possible, albeit similarly unjustifiable, using 
traditional animal breeding methods (see Chap. 6). Owing to the depth of its inter-
ventions, gene technology has the potential to increase such problematic pursuits, 
but it is traditional agricultural breeding that really requires scrutiny. Often breeding 
and living conditions do not accommodate the species-appropriate needs and natu-
ral scope for self-realisation of the animals involved. This not only contravenes the 
principles of animal welfare but also harms humans and their cultural systems. The 
animal welfare standards for biotechnological breeding should not be any different 
than those for conventional animal husbandry. However, the conditions of how ani-
mals are kept in labs and at farms are still questionable in many cases.

The well-being of animals is also an important and sensitive topic of various 
types of animal experimentation, since many experiments cause suffer for the sake 
of humans. As early as 1986, in the context of the debate on Directive 86/609/EEC, 
the European Commission made very clear its goal to considerably reduce animal 
experimentation to avoid unnecessary suffering. Since then substantial funding has 
been directed towards research into alternatives. In practice, however, exactly the 
opposite has taken place. While the number of animals involved dropped by approx-
imately 30% compared to 1999, it has risen considerably since then. In Germany, 
for instance, the number of genetically modified animals used in experiments almost 
tripled to nearly 950,000 animals per year between 2004 and 2013 (Sturma and 
Lanzerath 2016, 37–57).

The increasingly extensive production of transgenic laboratory animals is not 
only responsible for a rising number of animal experiments but also for much pain 
and suffering in animals. Transgenic animals whose genes can be activated and 
deactivated are playing a bigger and bigger role in biomedical research, from drug 
development to xenotransplantation. And alongside medical research, the use of 
genetically modified farm animals is also becoming more prevalent in agricultural 
experimentation, with the aim of developing new milk compositions, for example, 
of increasing meat production or to reduce agricultural pollution.

It is currently to be expected that CRISPR/Cas9 and similar technologies will be 
used on growing numbers of animals in the future (Nuffield Council on Bioethics 
2016). Consequently, however, the number of experiments conducted on animals is 
increasing. Owing in particular to the patenting of genetically modified animals, the 
production of transgenic animals with pathogenic mutations that cause them suffer-
ing has become a business model (Twine 2015, pp. 95–113)—one that is completely 
unconducive to animal welfare. The Nuffield Council states:

The implications of introducing and deleting specific genes cannot usually be predicted and 
the effects on welfare can be difficult to detect and measure. One report suggested that ten 
percent of GM animals experienced harmful effects. Another found that 21 percent experi-
enced minor discomfort, 15 percent experienced severe discomfort and 30 percent had an 
increased risk of death and disease. Another concern is that most methods of producing GM 
animals are inefficient, and large numbers of animals are required to produce individual 
strains. (Nuffield Council on Bioethics 2016, p. 80)
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A specific case of engineering technologies applied on animals is the somatic 
cloning technique as somatic cell nuclear transfer that started successfully in mam-
mals with the sheep ‘Dolly’ 1996. The first cloned cat ‘CC’ was created 7 years 
later. Clients have started to require cloning services, in particular the cloning of 
deceased pets. But often clients have wrong expectations and mix up individuality 
and identity with ‘having the same genome’. Another application is the cloning of 
extinct species. There are plans to clone the thylacine and the woolly mammoth. 
From the perspective of conservationism, those technologies are suspicious con-
cerning their ends (Cottrell et al. 2014). There are various causes for the extinction 
of animals. Very often the habitat has been destroyed, and cloning will not bring it 
back. Speaking from an environmental ethics perspective, the efforts to protect 
endangered species need to be improved instead of enhancing the application of 
cloning technologies to bring them back to life. Also, an animal population needs a 
certain genetic variability to survive that is missing in cloning procedures. Apart 
from the observation that many indivudual animals need to be used in the process of 
experimentation to be successful in one case, there may also be negative side effects 
for the surviving cloned animals—such as increased embryonic and foetal mortality 
rates or other health risks. Thus a convincing reason to justify the cloning of pets or 
wild animals is often missing (Ormandy et al. 2011; Honnefelder et al. 1999; West 
2006; Holt et al. 2004).

Animal experimentation and artificial production for human utility are test cases 
for how successfully modern society manages the relationship between humans and 
animals, something that poses a great normative challenge to the natural and life 
sciences, ethics, and law. Although there is general agreement in contemporary dis-
cussion that animals should not be regarded as mere things and that they have claims 
to ethical and legal consideration (Beauchamp and Frey 2013), the constant increase 
in the practice of animal experimentation seems to contradict this basic 
assumption.

Humans as moral subjects often oscillate concerning their position on the moral 
status of animals and the way how they interact with animals: humans either treat 
animals as automatons who exist only for human benefit or, in contrast, they anthro-
pomorphise them by acting as if they were persons like themselves. In order to 
avoid such extreme positions and beliefs, the modern society must develop norma-
tive methods of evaluation—rather than simply assessing individual animal experi-
ments on a case-by-case basis—that neither morally neglect animals by rendering 
them wholly instrumental nor assume an excessive moral burden by assigning them 
exaggerated protective claims.

Of course, despite many successes with alternatives to animal experimentation 
(cell cultures, computer simulation, etc.), under the conditions of current life sci-
ences, researchers cannot do without it altogether (Sturma and Lanzerath 2016, 
63–104). Nevertheless, modern society must subject it, and in particular the current 
economic conditions created for it by patenting and industrial interests, too much 
greater scrutiny (Twine 2015, pp. 101–113).

As moral subjects, humans have obligations both to themselves and to other liv-
ing beings—especially those to which evolutionary biology and culture place them 
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in close proximity. This is especially true if it can be assumed that there are species 
of animals with the makings of a consciousness not much dissimilar to our own. At 
the very least, this should play a central role in ethical considerations of our treat-
ment of highly developed animals like primates. Going forward researchers need to 
work harder to consistently apply the accepted principles of animal ethics—the 3Rs 
of replacement, reduction, and refinement (Nuffield Council on Bioethics 2016, 
pp. 185–216; Buck 2007; Brønstad and Berg 2011)—in determining whether or not 
the specific reasons given for individual animal experiments are ethically convinc-
ing. Researchers can be required to explain precisely how they intend to meet the 
demands of the 3Rs to decrease the numbers of animals used in research.

12.7	 �Risk Assessment and Tolerance: The Environment, 
Health, the Economy, and Society

In addition to evaluating the aims of genetic engineering, it is necessary to ask 
whether gene technology as a means is even capable of adequately solving the prob-
lems it addresses and whether there are risks associated with it that could lead to 
new and possibly even bigger problems in the future. For instance, when pondering 
the use of gene technology to combat food shortages in developing countries, the 
specified goals seem less contentious than the question of whether and to what 
extent gene technology represents an adequate means of securing basic food sup-
plies, adapting agricultural plants and animals to the conditions of climate change, 
or preventing deficiency diseases. The last of these is a particular source of critical 
discussion because the reasons for malnutrition lie not in food supplies generally, 
but in economic relations and the conditions necessary for a better and more equal 
distribution of food. Furthermore, the introduction of biotechnology and genetic 
engineering can—above all in developing countries—lead to new forms of eco-
nomic dependency (Thompson 2007, pp. 220–224).

In determining whether to approve the use of gene technological methods, how-
ever, we must not only question their genuine utility and thus the adequacy of gene 
technology as a means to specific ends but also whether despite worthy goals and 
discernible benefits its use causes severe and/or possibly irreversible harm. To 
answer this question, it is necessary to investigate whether the application of gene 
technological methods carries the risk of harmful consequences, however doubt-
lessly unintended. This means that, taking account of the relationship between 
humans and nature outlined above, when seeking to avoid interventions in nature 
that cause lasting harm or seriously endanger both humans and their natural sur-
roundings, we must be able to precisely describe the consequences of the intended 
action. But in a field as complex as gene technology, the task of extrapolating all 
such consequences is fraught with difficulty; gene technology thus always involves 
uncertainty and risk.

In the context of nonmedical applications, a range of risks posed by transgenic 
organisms are being addressed in numerous research projects around the world: 
possible toxicological effects of modified metabolic patterns with the potential to 
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harm both humans and other creatures or give rise to new allergies, the irreversible 
penetration of harmful transgenic organisms into ecological communities, and the 
unleashed developmental potential of transgenic organisms that increase their evo-
lutionary fitness over that of natural species. These are only a few examples of the 
frequently discussed risks of gene technology, some of which are comparable with 
potential risks of conventional breeding (for a detailed discussion of this point, see 
van den Daele 2007; Ammann et al. 1999; Ahteensuu 2008; Mepham 2008; Munthe 
2011; Deblonde 2010; Andorno 2004).

Given the relative novelty of gene technology in comparison with traditional 
breeding methods, it is entirely natural to suspect that in addition to discernible risks 
and those that can be extrapolated from them, transgenic organisms also pose other 
risks that have not yet been determined. This is particularly true of areas where 
knowledge remains limited and any prognoses are therefore tinged with uncertainty 
and ambiguity. In contradistinction to known risks, these are referred to as ‘theoreti-
cal’ or often ‘speculative’ (van den Daele 1996, p. 263). In contrast with ‘real’ or 
‘hypothetical risks’, they are underpinned by the knowledge that suspicion of risk 
does not need to be based on familiar processes and that it is possible to postulate 
hitherto unheard-of processes and events. But to cite them alone as grounds for a 
ban on relevant technologies would hardly be universally appropriate and would be 
difficult to defend against counterclaims to basic liberties. For when the comparison 
of conventional and genetic engineering reveals no differences with respect to risk, 
the only reason for conjecturing that there are concealed differences is ignorance. 
Yet such conjecture could with equal justification be applied to the continued use of 
old technology. Related exclusively to new technologies, it would result in an undis-
criminating ban on them all (Honnefelder 2011, p. 60). ‘The generation of a new 
genetically engineered line of animals often involves the sacrifice of some animals 
and surgical procedures (for example, vasectomy, surgical embryo transfer) on oth-
ers. These procedures are not unique to genetically engineered animals, but they are 
typically required for their production’ (Ormandy et al. 2011, 547). When drawing 
analogies with conventional breeding, we must ultimately consider that our knowl-
edge of it is limited too, meaning that we must always account for unforeseeable 
consequences. The comparably greater ‘proximity to nature’ of conventional breed-
ing might be the reason to assume that the associated risks are lower, but it cannot 
be ruled out per se. Especially when harmful conventional breeding, as seen, for 
example, in the case of Belgian Blues, in which a genetic defect is exploited but not 
artificially produced, causes animals to suffer. This cattle provides meat producers 
with higher yields, but at the expense of the animals, which as a rule can no longer 
even calve naturally (see Chap. 5 on animal welfare).

In contrast, the novelty of genetic engineering in combination with the greater 
scope and depth of its interventions in nature and the lack of experience on which to 
basic assessment of its safety and appropriateness has been taken as grounds to 
implement safety precautions going beyond the examination of risks also associated 
with conventional breeding. The justificatory requirements for certain applications 
of gene technology thus necessitate a special form of licencing test.
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On the whole—at least as indicated by the results of various studies (van den 
Daele 2007; Kjellsson et al. 1997; Ammann et al. 1999)—the risks associated with 
the use of transgenic organisms lose some of their drama when compared with those 
of traditional breeding. At the same time, however, the comparison highlights poten-
tial sources of harm associated with modern agriculture in general more strongly 
than before. There is thus a crucial need for discussion of issues beyond the debate 
on gene technology in a narrow sense. Just as the discussion around medical appli-
cations of human genetics (gene therapy, genetic diagnosis, genetic tests, etc.) is 
constantly pointing out abuses and misguidedness within conventional medicine 
(Lanzerath 2000, pp. 83–85, 146, 247), the debate on the application of gene tech-
nology in the agricultural sector draws attention to corresponding problems with 
conventional breeding practices. After all, increased safety precautions with respect 
to health and environmental risks, appropriate consideration of the criteria govern-
ing species-appropriate animal husbandry (e.g. with regard to feeding and living 
conditions), careful and comprehensible labelling, and traceable production chains 
are not only sensible demands in context of new gene technological methods in 
breeding. Increased risk management is desirable for all kinds of breeding in the 
agricultural and food production sectors. The risks of gene technology substantially 
affect the entire context of application and are thus more than just a matter for the 
natural sciences. An ethical discussion that only focusses on gene technology with 
reference to its methods, irrespective of the context in which it is applied, bears the 
inherent risk of failing to consider important ethical problems affecting that context 
as a whole.

In the international debate of the social and ethical risks posed by technologies 
like biotechnology and genetic engineering, the precautionary principle (see Sect. 
12.1 on the ‘heuristics of fear’) in particular has established itself as a basic standard 
for action. It also features in the normative texts of the European Union (van den 
Daele 2007; Ammann et al. 1999; Ahteensuu 2008; Mepham 2008; Munthe 2011; 
Deblonde 2010; Andorno 2004). The principle states that the introduction of a new 
technology or product must be prohibited if risks cannot be completely ruled out 
(Rio Declaration 1992, principle 15). It is frequently used as a basis for evaluating 
genetically modified foods. An alternative principle is to prohibit new technologies 
or products only when the anticipated harm is extremely likely to materialise and is 
also extremely grave (Rippe 2001, p. 15). Critics object that the precautionary prin-
ciple prevents economic growth and technological progress that could be of great 
benefit (Beckerman 2006; Van den Daele 2001, pp. 103ff.). As the ethical debate 
stands, it is not possible to discern any unified stance for or against the application 
of the precautionary principle in the evaluation of transgenic animals, though differ-
ent risk scenarios are of course discussed—especially when it comes to contrasting 
the risks and possible benefits to the environment, health and nutrition, the econ-
omy, and society.

If the precautionary principle is to be taken seriously, risk research into the pre-
vention of dangers associated with genetically modified organisms must become an 
integral component of genetic research itself. Attitudes to risk cannot, however, be 
adopted at will when the utility of and risks to others are at stake. How a decision is 
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to be made under risky circumstances depends on the general attitude to risk brought 
to the situation by those making the decision and those affected by it. Risk assess-
ment is thus only a partly technological matter. Integrating it into a given context 
requires ethical and social evaluation and its incorporation into a public discourse in 
which decision-making involves diverse actors as a prerequisite for the develop-
ment of trust in new technologies rather than being left to commissions of experts 
alone. The aim of this is not merely to promote acceptance but to foster an interac-
tive discourse and shared sense of responsibility.

As genome editing is increasingly introduced to breed transgenic animals for use 
in agriculture and laboratories, one of the greatest challenges facing our society in 
the coming years will be how to facilitate the kind of discussion between experts 
and public necessary to the formation of social consensus over the exploitation of 
new possibilities in the modern life sciences and associated reflections on the bio-
ethical principles guiding action in this area. The quality and outcomes of the social 
discourse on norms and standards governing the work processes and objectives of 
the life sciences affect important political and economic decisions. A successful 
discourse of this kind is a prerequisite for political effectiveness. Moreover, a lack 
of contextual knowledge and failure to reflect on basic ethical questions lead many 
laypeople to fear biotechnology and genetic engineering. Their fundamentally criti-
cal and often emotional stance towards discussions of these methods fails to respect 
what experts in science and technology see as the proper rules of discussion. The 
latter expect the standards of rationality and proof commonly observed in the sci-
ences to be adhered to even in discussion with nonspecialists (Twine 2015, 
pp. 43–47, 63–65). When that proves impossible, they expect their expert authority 
to go unchallenged. But laypeople with an interest in the subject cannot meet such 
expectations without giving up any claim to an opinion. Conversely, laypeople often 
make unrealistic demands on the knowledge and prognostic abilities of experts. 
Experts cannot accept these demands without casting doubt on their own trustwor-
thiness. But as long as the arguments for wise goals do not dominate potential nega-
tive side effects, the public enthusiasm for biotechnology outside the medical sector 
will remain rather low.

Representatives of the ethical field also frequently find themselves in a contested 
role: on the one hand, it is demanded that they act as voices of warning and caution, 
while on the other they are assumed to exist simply to provide alibis for science and 
industry. However, ethicists themselves must focus on their analytical role, part of 
which involves finding ways to communicate to laypeople that moral questioning is 
not or need not be a matter of subjective attitude, but the result of argument and 
reflection. Against this background, bioethical discourse has the task of scrutinising 
and improving communication between public and experts.

Improved communication between various stakeholders with respect to biotech-
nology and genetic engineering is also a precondition for significantly increasing 
the social visibility of scientific work processes, the everyday relevance of science 
and technology, and their impact and significance in solving future problems. It 
would be facilitated by the establishment of certain basic conditions such as institu-
tional requirements encouraging experts to seek training in public communication 
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and exploiting the fundamentally critical stance of various members of civil society 
as an opportunity to develop new forms of discussion between the scientific and 
public spheres (Wray 2016; Wohlers 2010; Thompson 2007, 286–290). In this con-
text, laypeople should be addressed in acknowledgment of their genuine powers of 
ethical judgement and specific expertise as representatives of the civil society. 
Biotechnological experts are called on as being partly responsible for ensuring that 
social discussion of the results of scientific research and development is fit for 
purpose.

�Conclusions

The process of ethical assessment of biotechnology is subject to constant change. 
At present, after weighing all the risks and possible alternatives, there are good 
reasons for advocating the implementation of genetic engineering in many fields 
pertaining to the high-ranking good of health. This specifically pertains to the 
development of model organisms for research into the treatment of disease. More 
questionable at this juncture, however, is the increasing use of laboratory ani-
mals, which thanks to patenting practices has encouraged commercial dealings 
that are often lacking any justification. The researchers should in particular con-
sider the 3Rs to protect animals and use alternative procedures to avoid unneces-
sary suffering of the animals. With regard to food production and with it the use 
of biotechnology on farm animals, we must intensely consider the anthropologi-
cal question of whether in the long run leaving the traditional paths in favour of 
genetically modified food will change our culture more deeply than we would 
currently anticipate. Modern societies might not be prepared for this kind of 
permanent change towards an increased artificial way of farming. Just as an envi-
ronment containing a single type of tree or single type of cow would be aestheti-
cally unacceptable to us, so too would we find the genetic modification of food 
aesthetically and ethically unacceptable if it were to result in reduced variety. 
The global and regional goal of protecting biodiversity refers not only to wild 
species but also to farm animals. Ultimately, monocultures in the field lead to 
monocultures on the plate.

Yet at the same time, the comparison of genetically modified with convention-
ally produced food sheds light on significant ethical problems of modern agricul-
ture as a whole—problems relating to the environment, animal welfare, the 
economy, social responsibility, and cultural sensitivities. In attempting to pro-
vide solutions to these challenges, we immediately encounter the more funda-
mental question of what criteria we should adhere to in our interaction with 
nature—both our own and the nature that surrounds us. The question of what 
kind of nature we want to live in and to what extent we are willing to let it be 
manipulated by humans must be addressed not only in a discussion between eth-
ics and the sciences but also in public discourse for which suitable forms are yet 
to be found. The ability to genetically modify food brings with it an awareness of 
the problems of industrial food production in general, thus making it evident that 
the increase in opportunities for action afforded to humans by new technologies 
that intervene in nature will only remain human if we can muster the strength to 
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set appropriate limits for it. The more we see animals as helpful machines (mod-
els of disease, objects of experimentation, bioreactors, etc.) (Thompson 2007, 
p. 129) rather than our fellow creatures—even in the secular sense of the word—
the more the application of biotechnological methods to them becomes a test 
case for our ethical relationship to the animal world. This relationship is an indi-
cator of our humanity. Such a comprehensive perspective is not only of impor-
tance to ethics in economics or relevant to environmental and health risks but 
reflects in a very fundamental way the relationship between humans, nature, and 
animals.

The mechanisation brought about by biotechnology can be seen as the con-
tinuation of a long tradition of breeding but may also be a further step in our 
estrangement from nature and animals. The differences between it and conven-
tional animal husbandry do, however, seem to be more quantitative than qualita-
tive. Ethical examination of human interaction with genetically modified animals 
in medicine and agriculture provides an impetus for renewed reflection on utility, 
estrangement, and artificiality in conventional dealings with animals in these 
fields. The great challenges of modernity in the areas of climate protection, food 
supply, public health, and economic balance demand a sensitive approach to the 
issue of whether certain forms of naturalisation are in fact desirable given our 
own natural status and in many respects artificiality has gone too far. Synthetic 
biology in particular will continue to open up new aspects of this issue, with the 
possible manufacture of hybrid animal machines and further mechanisation of 
nature. Furthermore, when new technologies are introduced in given economic 
structures, the power of regional economies and those of global players seems to 
be unequally distributed.

Processes that advance sustainability, justice, food quality, and animal wel-
fare alike should be placed at the centre of modern agriculture and food produc-
tion. From an ethical perspective, the gene technological and biotechnological 
production of animals must be measured according to the extent of its contribu-
tion to these complex and highly relevant goals.
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Abstract
The commercialization of any product hinges on consumer acceptance. Genetic 
engineering has faced an uphill battle in this regard since the introduction of 
genetically engineered (GE) crops in the 1990s. Public perception of GE animals 
is generally negative, with biomedical applications being more positively per-
ceived than agricultural applications. To date most GE animals have been devel-
oped in private or university laboratories for research purposes. Opposition to 
GE animals is often conflated with opposition to use of animals in research in 
general, as well as opposition to aspects of intensive animal agriculture. In gen-
eral, concerns about animal biotechnology are influenced by (1) views around 
the moral status of animals, the boundary between “natural” and “unnatural,” and 
perceived risks and benefits of GE animals to health and the environment (per-
sonal and cultural characteristics); (2) the purpose of the application, the 
method(s) being used, and the motivation of the research group making the 
genetic modification (research characteristics); (3) the species being modified 
(animal characteristics). As such, it is difficult to generalize about public percep-
tion of GE animals as a discrete category. The first GE food animal approval, the 
AquAdvantage salmon, in 2015, followed years of regulatory delay partially 
resulting from the negative public perception of genetic engineering. There are a 
number of new animal applications in development, enabled by new methods, 
which specifically target traits for animal health and well-being. A nuanced con-
sideration of these applications by those that are not intrinsically opposed to the 
technology may positively impact public perception of GE animals.
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13.1	 �Introduction

Public acceptance of emerging technologies is a dynamic, complex process. 
New technologies are frequently met with suspicion or hostility as they are 
often hard to understand because they are associated with complicated scientific 
principles and unfamiliar terms. In some cases, new technologies become cou-
pled or conflated with existing societal controversies and are initially rejected 
by the public. Gupta et al. (2011) observed, “It is important to note that on one 
hand a technology may bring about radical changes in society, while on the 
other hand the fate of that technology rests with the society in which it is being 
applied.” Much of the research into determinants of public acceptance of emerg-
ing technologies takes place after the public has already rejected a particular 
application (Frewer et al. 2011).

Biotechnology has been a popular topic for public perception research in 
recent years. As with many other emerging technologies, the public perception of 
biotechnology is complicated and the public generally does not have a uniform 
view of all types of biotechnology (Lusk et al. 2015). This is perhaps understand-
able as there are a variety of biotechnology applications and many definitions of 
biotechnology, often with unclear or overlapping meanings. Even definitions of 
the so-called modern biotechnologies, including “genetic modification” (GM), 
genetic engineering (GE), and transgenesis, are often imprecise.

The Convention on Biological Diversity defines biotechnology as “any techno-
logical application that uses biological systems, living organisms or derivatives 
thereof to make or modify products or processes for specific use” (Secretariat of the 
Convention on Biological Diversity 2005). The broad definition includes technolo-
gies that are routinely used to make pharmaceuticals, food additives, enzymes, vac-
cines, and hormones but are uniquely controversial when used to modify the plants 
and animals we use to produce food. In general, there is little concern over medical 
applications of biotechnology as compared to the global furor over food applica-
tions (Sanchez 2015); there is more concern about GE animals than GE plants and 
greater acceptance of applications that provide clear benefits for the consumer 
(Lusk et al. 2015).

The first GE mouse (Gordon et al. 1980) predated the first GE plant, and the first 
GE farm animals followed soon thereafter (Hammer et  al. 1985); however, the 
development of GE animals has proceeded much more slowly than for GE crops 
(Mora et al. 2012). In 2015, twenty-six countries planted biotech crops on a total of 
185.1 million hectares, making it the “fastest adopted crop technology in recent 
times” (James 2016).

GE animal applications are as diverse as the species involved, and each comes 
with its own specific set of risks, benefits, concerns, and considerations. To date the 
vast majority of GE animals, primarily mice, rats, rabbits, and pigs, have been 
developed for research purposes in private or university laboratory settings (Mora 
et al. 2012). A small number of applications have been successfully commercialized 
including GE animals as pets (GloFish®) and GE animals that produce pharmaceuti-
cal products in their milk or eggs (Table 13.1).
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Despite the fact that arguments for or against GE crops are largely applicable to 
GE animals, with some modifications (Sandler 2015; Tizard et al. 2016) (Fig. 13.1), 
at present not a single GE food animal product has been successfully commercial-
ized in the United States. The commercialization of the fast-growing AquAdvantage 
GE salmon following its groundbreaking, albeit lengthy, regulatory approval for 
food purposes (US Food and Drug Administration 2015), continues to be thwarted 
by congressional interference, and it will likely take several years for the product to 
come to market (Box 13.1). Some groups have called for a ban on the sale of the fish 
and have agitated grocery stores to pledge not to sell it. Clearly the use of GE ani-
mals for food is a controversial topic. The FDA’s public comment call for the 
AquAdvantage regulatory approval application elicited 360,000 comments, with 
commenters expressing many of the issues and concerns that are covered in this 
chapter.

Public perception of animal biotechnology is far from straightforward, and the lines 
between animal biotechnology and other issues related to animal use are often blurred. 
Opposition to GE animals frequently goes hand in hand with opposition to research 
involving animals or even use of animals more generally, echoing “fundamental dis-
agreements about what our attitudes and behavior towards animals should be” 
(Biotechnology and Biological Sciences Research Council 1999). Pets are considered 
as members of the family by many in modern society, and this, coupled with the 

Table 13.1  Examples of genetically engineered (GE) food animals that have been produced for 
biomedical and agricultural applications. Products approved for market are shown in bold

Biomedical applications
Species

Products/Targets TargetsGoal/Trait Goal/Trait

Agricultural applications

lactoferrin

lysozyme

innate host defense

antimicrobial

a-casein, a-lactalbumin,b
casein, k-casein, Omega -3 (Fat-1)

lysostaphin
myostatin

prion protein (PrP)
SP11O

milk composition

mastitis resistance
increased muscle yield

spongiforrn encephalopathy resistance
bovine tuberculosis resistance

avl6 envelope glycoprotein
lacZ

short hairpin RNA

avian leukemia virus resistance
nutrient utilization

avian influenze resistance

beta-defensin 3
monosaturated fatty acid

myostatin
prion protein (PrP)

SCD

milk composition
mastitis resistance

increased muscle yield
spongiforrn encephalopathy resistance

improved milk fat

a-lactalbumin, lysozyme

CD163SRCR5
cSKI
FAD2

FMDshRNA
growth hormone

Mx1
Omega -3 (Fat-1)

phytase
RELA

piglet survival

PRRS resistance
muscle development

improved milk fat
foot and mouth disease resistance

growth rate
influenza resistance
meat composition

feed uptake/decreased environmental impact
African Swine Fever Virus resistance

CsK, IGF-1
IF

Omega -3 (Fat-1)
prion protein (PrP)

wool growth
wool quality

meat composition
spongiform encephalopathy resistance

a-interferon
Kanuma  /sebelipase alta

Atryn  /Antithrombin
factor IX

lactoferrin
lysozyme

lysosomal acid b-glucosi dase
MSP(1)42

hepatitis
lysosomal acid lipase deficiency

anticoagulant
haemophilia

innate host defense
antimicrobial

Gaucher disease
Malaria vaccine

a(1,3)galactosyltransferase, albumin,b-
Mamose, CD59, DAF, GnTIII, hHO-1, N-

glycolylneuraminic acid
factor VIII
fibrinogen

haemoglobin
protein C

organ transplantation

haemophilia
tissue sealant

transfusion
blood coagulation

calcitonin
erythropoietin

factor VII, von Willebrand factor
growth hormone

lnterleukin-2
Ruconeste  /C1-Esterase Inhibitor

superoxide dismutase
tissue plasmogen activator

VP2, VP6

a-1-antitrypsln
factor VIII,factor IX

GGTA1

osteoporosis
anemia

haemophilia
HGH insufficiency
cancer treatment

hereditary angioedema
blood purification
anti-clotting agent
rotavirus vaccine

cystic fibrosis
haemophilia

organ transplantation
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Box 13.1 AquAdvantage Salmon
The AquAdvantage fast-growing, genetically engineered Atlantic salmon 
founder individual was generated almost 30 years ago by introducing a growth 
hormone gene from Chinook salmon into the genome of an Atlantic salmon. A 
promoter sequence from an ocean pout was also introduced as a switch that 
turns, and keeps, the growth hormone gene on, meaning the fish grow rapidly 
year-round. The fast-growth trait has since been faithfully transmitted to subse-
quent generations by conventional reproduction. By significantly increasing the 
growth rate, the fish reach market weight in 18 months, as opposed to the con-
ventional 3 years. This also translates to a reduction in the amount of feed con-
sumed. The fish are contained in inland facilities and are all sterile females, 
meaning that they are unable to breed with other salmon. AquaBounty, a science-
based aquaculture venture, submitted its application for the AquAdvantage 
salmon to the US Food and Drug Administration (FDA) in 1995 for ruling on 
safety, performance, and environmental impacts. The application faced extreme 
challenges from many fronts, including politicians and activists, from the begin-
ning. The company submitted the last FDA-required regulatory study in 2009. 
Almost 20 years after the initial application, and at a cost of more than $60 mil-
lion, the FDA approved the salmon for US markets in 2015 (Waltz 2016). Health 
Canada and the Canadian Food Inspection Agency followed with their approvals 
in 2016. Sales of the AquAdvantage salmon in Canada began in 2017 (Waltz 
2017). However, the product has continued to face a complicated and confusing 
regulatory landscape in the United States where legal and political actions, as 
well as questions over labeling, have put its path to market on hold once again.

Public fears about
environmental impacts related

to uncontrolled spreading

USA transgenic plants
deregulated and assessed by

APHIS

Older and less precise plant
mutagenesis techniques are not
regulated and precise transgenic

and editing technology is
regulated

Hurdles to use transgenic crops
were overcome because big

companies were able to bring
enough resources to support
plants through the regulatory

process

Large companies developing
commercial transgenic

technology

Public fears about animal welfare

Regulation handled by the FDA

Small companies developing
applications for animal

biotechnologies

Regulatory hurdles are quite high
but transgenic animals are

developed in academia and small
companies which both lack

resources, leading to difficulties

Public fear that scientists are
engineering animals simply to

increase productivity

Perception that
transgenic food is

unsafe

In A/NZ no distinction is made
between plants and animals in

legislation

Science on safety not convincing to consumer

Pharmaceuticals produced by transgenic
plants and animals are viewed in a positive

light by the public

Benefits of philanthropic projects like
Golden Rice and lysozyme goats are
targeted at under-developed countries

Public does not recognize any
benefits to themselves from

transgenic technology

Plants Both Animals

Fig. 13.1  Public perception issues posed by plant and animal biotechnology (Reproduced with 
permission from Tizard et al. 2016)
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increased advocacy of animal rights and welfare groups, makes the status of GE ani-
mals of particular concern to the mainstream public (Agriculture and Environment 
Biotechnology Commission 2002). Oftentimes, public reactions to GE of animals are 
not specific to genetic engineering per se, but rather are concerned with production 
methods associated with intensive animal agriculture. Some traits generated through 
genetic engineering, such as faster growth, have also been achieved through traditional 
selective breeding for hundreds of years, in the absence of public outcry. One global 
study reported that 62% of respondents specifically did not approve of biotechnologi-
cal applications focused on increasing farm animal productivity (Mora et al. 2012).

Opposition to GE animal applications is strong and widespread. Activist organi-
zations make an effort to be visible and take advantage of the public platforms 
offered by social media. Through these avenues, they have demonstrated the ability 
to strongly influence the public. Perhaps one of the best examples of the effect of 
anti-GE rallying of the public to halt a GE animal application is the case of the 
Enviropig. Scientists in Canada genetically engineered pigs that produced manure 
with reduced levels of phosphorus. This GE animal was intended to be an environ-
mentally friendly alternative to traditionally bred animals as excessive phosphorus 
produced by swine facilities is known to contaminate groundwater and lead to algal 
growth, which in turn has negative effects on fish populations (Forsberg et al. 2013). 
Despite years of research and positive progress within the regulatory review system 
in the United States and Canada in the late 2000s, anti-GE activists vigorously con-
demned the project as a “technofix” and an excuse to farm pigs more intensively. 
The lack of public acceptance caused the long-time funder of the project to with-
draw its support. In the absence of other funding sources, the project was halted, 
withdrawn from regulatory review, and the animals were euthanized.

The case of the Enviropig highlights the intuitive appeal of opposition to genetic 
engineering (Blancke et al. 2016). People often reject GE plants and animals based on 
disgust and absolute opposition to genetic engineering (Scott et al. 2016), irrespective 
of any potential benefits that might be associated with the application. People who are 
genuinely concerned about the environment often reject GE applications that have 

 

A genetically engineered, fast-growing AquAdvantage salmon is shown 
alongside a smaller, conventional Atlantic salmon of the same age. Image 
courtesy of AquaBounty Technologies, Inc.
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been demonstrated to address environmental problems (Blancke et  al. 2016). This 
outright rejection of genetic engineering is often associated with concern that it is 
unnatural and “violates species boundaries” or is equivocal to “playing God.” It has 
been argued that these concerns are spurious from both scientific and ethical stand-
points as species are not fixed nor unchanging and that when we domesticated animals 
we effectively changed their genetics in an unnatural way as evoked by the term “arti-
ficial,” as distinct from “natural,” selection (Rollin 2014).

In general public concerns about animal biotechnology are influenced by the 
purpose of the application, methods used to achieve the genetic modification, the 
species being modified, moral status of animals, boundary between “natural” and 
“unnatural,” and consequences to human health and the environment (Council for 
Agricultural Science and Technology 2010). To facilitate discussion, these concerns 
can be separated into personal and cultural characteristics, animal characteristics, 
and research characteristics, but it is important to note that these categories are 
interconnected on many levels (Fig. 13.2).

13.2	 �Personal and Cultural Characteristics

13.2.1	 �Perception of Risks and Benefits

People are usually more afraid of uncertain risks and hazards than optimistic about 
uncertain future benefits. Proponents of animal biotechnology tend to focus on the 
potential benefits, whereas opponents highlight potential risks (Knight et al. 2007). 

Home
background

Religion Age &
gender

Location Socio-economic
duuncteristics

Education, level
& scientific
orientation

Country's
regulatory)
institutions

Individual attitudes and
values (general attitudes)

General
knowledge &
Information

Knowledge of GM
product and process

Enviromnental
Impact Perceptions of

naturalness
Benefits Risks Trust

Consumer attitudes towards GM
food (acceptance or rejection)

Fig. 13.2  The determinants of consumers’ attitudes to GE foods (Reproduced with permission 
from Hudson et al. 2015)
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In evaluating the risk-benefit balance, it is important to acknowledge that some 
activities inevitably carry more risk than others, but it doesn’t necessarily follow 
that low-risk activities are better than high-risk ones. There is no such thing as 100% 
safe; there is no way to guarantee that any one process or activity will never present 
any risk (Biotechnology and Biological Sciences Research Council 1999). For the 
public, it comes down to a sense of control and choice regarding the outcome. 
People tend to perceive involuntary risks as more threatening than voluntary risks, 
even if the likelihood of resulting harm is the same, or even lower. Potential loss 
evokes more emotional significance than benefits of equivalent strength (Sanchez 
2015), and perceived technological hazards are thought of as more threatening than 
naturally occurring risks (Frewer et al. 2004).

Two issues in particular come into play when talking about the risk-benefit bal-
ance as it applies to animal biotechnology: knowledge (familiarity) and trust. It has 
been widely observed that only a small percentage of the public adequately under-
stands the techniques involved in genetic engineering (Curtis and Moeltner 2007; 
Gaskell et al. 2000; Steinhart 2006). Genetic engineering represents complex tech-
nology that is mired in conflicting information in the public domain, much of which 
is misinformation (Bode and Vraga 2015). This exacerbates public unease and has 
led to the perpetuation of the wait-and-see approach of the precautionary principle 
prevalent in Europe. Lack of knowledge about science, or familiarity with scientific 
concepts, has been proposed and investigated as underlying causes for the largely 
negative public perception of animal biotechnology. This so-called deficit model 
“refers to the idea that acceptance of newly emerging technologies can be achieved 
through a more scientifically informed public” (De Witt et al. 2015). Studies have 
shown that this model is flawed in that, whereas scientific knowledge is positively 
correlated with support for science in general, this does not necessarily translate to 
support for specific technological applications (Allum et al. 2008; De Witt et al. 
2015; Moerbeek and Casimir 2005). When applied to genetic engineering, knowl-
edge does appear to make people more likely to differentiate between medical and 
agricultural applications, for example, but not necessarily to make a distinction 
between different methods of achieving genetic modifications (Mielby et al. 2012). 
In a US study, an increase in approval for GE plants was associated with higher 
formal education (Puduri et al. 2005), but other studies could not establish links 
between GE acceptance and education level (Ganiere et al. 2006; Priest 2000). A 
2016 YouGov and Huffington Post survey of 1000 American adults showed that 
respondents with college degrees were more likely to consider GE foods to be “gen-
erally safe” (49%) than those that had completed some college (36%) or those that 
had completed high school or less (22%) (YouGov 2016).

The contradictory results that have stemmed from a number of studies could in 
part be due to how knowledge is measured. Study respondents generally report high 
awareness of biotechnology, usually due to media sources such as television, news-
papers, and the Internet, but it has been argued that awareness is not the same as 
knowledge (Sheehy et al. 1998). Other methods of measuring knowledge include 
self-reporting and questions that directly assess objective knowledge. When partici-
pants were asked to make a list of GE food products, the majority believed that they 
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had eaten GE foods, but many of the items on their lists were not GE. Some also 
incorrectly stated that they could differentiate between GE and non-GE foods based 
on appearance, such as size or uniformness, and taste (Knight 2009).

In the absence of knowledge, trust functions as a substitute (Leahy and Mazur 
1980). Social trust, which focuses on reliance upon institutions and experts, is often 
used as a heuristic to simplify complicated management decisions involving science 
and risk management for individuals lacking detailed knowledge about biotechnology 
who feel they have no control over issues such as GE food (Critchley 2008; Frewer 
et al. 2004; Siegrist 2000). For information regarding food biotechnology, US consum-
ers report the highest levels of trust in health organizations (50%), government agen-
cies (45%), health professionals (45%), and farmers (40%) (International Food 
Information Council 2014). When considering variation in attitudes about GE foods 
between Europeans and North Americans, differences appear to be more related to 
trust patterns and not necessarily to knowledge in science (Priest et al. 2003). Trust in 
regulatory institutions, the perceived motives of institutions and scientists, and infor-
mation about the risks and benefits of particular applications are known to be of great 
importance in the public acceptance of GE foods (Frewer et al. 2004).

Some researchers have concluded that institutional failures to address concerns 
voiced by the public have had negative impacts on public trust as well as on the com-
mercialization of GE foods. A 2014 US study by the Pew Research Center found a 
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28%

68%

65%

68%

98%
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gap of 51 percentage points, the largest difference in the study, between US adults 
and American Association for the Advancement of Science (AAAS) scientists on the 
question of whether it is safe to eat genetically modified foods (Fig.  13.3). 
Additionally, 67% of adults said that they do not think that scientists clearly under-
stand the health effects of GE crops (Pew Research Center 2015). A 2016 YouGov 
survey found that 33% of 1000 American adults polled think it is generally safe to eat 
GE foods, 39% think it’s generally unsafe, and 27% reported that they are not sure if 
it’s safe. The same poll found that 12% of respondents think scientists have a very 
clear understanding of the health effects of GE foods, with 40% reporting a some-
what clear understanding, 31% not a very clear understanding, 9% not a clear under-
standing at all, and the remainder reporting that they are not sure (YouGov 2016).

When it comes to benefits, medical applications of biotechnology are typically per-
ceived as useful, relatively risk-free, and therefore widely accepted. However, biotech-
nology in food production is highly controversial (Mielby et  al. 2012); agricultural 
applications are generally regarded as less useful and more risky (Gaskell et al. 2003). 
This is often the result of uncertainty as far as who will benefit directly from the appli-
cation: the consumer, the farmer, or the corporation (Gaskell et  al. 2004; Pin and 
Gutteling 2009). Perceived societal benefits, such as medical applications, are more 
important to the public than perceived economic benefits, such as agricultural applica-
tions (Gaskell et al. 2003). In a 2014 report, unfavorable impressions of animal bio-
technology were found to be due to lack of information (55%) and a poor understanding 
of the potential benefits (42%) (International Food Information Council 2014).

13.2.2	 �Food Safety and Food Security

Risk-benefit considerations are intertwined with societal experience with both food 
safety and food security. The World Health Organization (WHO) defines food secu-
rity as existing “when all people at all times have access to sufficient, safe, nutri-
tious food to maintain a healthy and active life” (World Health Organization 2016). 
The WHO and Food and Agriculture Organization of the United Nations (FAO) 
define food safety through the Codex Alimentarius as “assurance that food will not 
cause harm to the consumer when it is prepared and/or eaten according to its 
intended use” (Food and Agriculture Organization of the United Nations 2009).

Public views on food safety and security largely depend on the country of resi-
dence, the country’s industrialization status, and historical experience with issues of 
food safety and security. Generally, studies with a focus on biotechnology and food 
safety are from developed countries, where concerns are focused on issues such as 
bacterial food poisoning, whereas developing countries, in which food access is 
often limited and widespread hunger is prevalent, are more concerned with the need 
for food security (Rodriguez and Abbott 2007). In the United States, overall con-
sumer confidence in the food supply has remained consistently high since 2008 
(International Food Information Council 2014). However, food safety scares such as 
the bovine spongiform encephalitis (BSE) crisis in Britain in the mid-1980s had a 
persisting negative effect on public perception of the food supply in Europe, making 
residents skeptical of biotechnology as it applies to food (Finucane 2002). In other 
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parts of the world, for example, for resource-poor farmers in Africa, improvements 
in production, enhancements to nutritional value, resistance to pest-driven diseases, 
and better integration into the global economy by use of biotechnology may be 
received positively as one means to combat chronic food security issues (Abah et al. 
2010; Food and Agriculture Organization of the United Nations 2013; Ruane and 
Sonnino 2011; Smyth et al. 2015).

In general, products from GE animals that have been studied have equivalent 
protein, nucleic acid and lipid composition to their non-GE counterparts, meaning 
that there should not be any unique issues in terms of food safety. Similarly, there is 
no evidence that foods from GE animals examined to date are more allergenic than 
food from non-GE animals. In fact, genetic engineering may actually be able to 
remove allergens from foods such as eggs (McColl et al. 2013). Of course, safety 
evaluations need to be carried out on a case-by-case basis dependent upon the char-
acteristics of the novel protein being expressed, if any, in the GE animal.

A meta-analysis of studies on GE crop adoption in select countries to date dem-
onstrates income gains and positive impacts on food security (Qaim and Kouser 
2013), and it is envisioned that GE animals modified for traits like disease resistance 
could enable similar outcomes. Worldwide population growth, especially in devel-
oping countries, along with the need to significantly increase animal protein pro-
duction in response to the rising number of middle class consumers, will likely 
necessitate the inclusion of many different technologies in agricultural production 
systems, including the use of biotechnology in animal genetic improvement pro-
grams. Public perceptions may shift as the demand for sustainably produced animal 
protein becomes increasingly pressing.

13.2.3	 �Sociodemographic and Socioeconomic 
(Individual Differences)

13.2.3.1	 �Religious Values
Although religious traditions, beliefs, and practices can draw ethical implications 
about the role of animals in general, including animal husbandry and breeding and 
the inclusion of specific animals in the human diet, there are few clear rules among 
the world’s largest religions regarding animal biotechnology. Traditional religious 
sources, many of which are hundreds of years old, do not directly address this recent 
technological development (Council for Agricultural Science and Technology 
2010). Therefore, benefits and concerns about animal biotechnology can often be 
argued either way from a religious perspective.

The major Western religions—Christianity, Judaism, and Islam—generally permit 
animal biotechnology. They specify that animals are God’s creatures, but as long as 
there is a sufficient human benefit and animal welfare is respected, animals are at the 
service of humans. However, some religious leaders have opposed animal biotechnol-
ogy as a violation of God’s role as Creator or its potential threat to biodiversity or “the 
integrity and ecological balance of creation” (Council for Agricultural Science and 
Technology 2010). The World Council of Churches opposes GE as it “messes with our 
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common inheritance and health,” whereas the Catholic Church supports genetic engi-
neering of food as a solution to poverty and malnutrition (Melodlesi 2011).

Some religions specify dietary considerations that could have implications with 
respect to animal biotechnology. Certain animal species may be revered, such as 
cows in Hinduism, which require followers to adhere to strict vegetarian diets. In 
some religions, followers are forbidden from consuming foods containing genetic 
material from certain animals (Ormandy and Schuppli 2014). However, the implica-
tions of the transfer of small amounts of genetic material on the identity of an ani-
mal are largely open to interpretation within these religious contexts.

In Eastern religions—Buddhism, Hinduism, and Confucianism—animals are 
considered to have a moral status almost equal to humans. There are also beliefs in 
cross-species reincarnation and a balance in nature of human, plant, animal, and 
environmental interactions (Epstein 1998). Similarly to the Western religions, ani-
mal suffering is balanced equally against human benefit (Crawford 2003). There is 
no general consensus within these religions regarding the religious permissibility of 
animal biotechnology (Council for Agricultural Science and Technology 2010).

Animal biotechnology, along with many other forms of technology, is often criti-
cized as “playing God.” Some people hold religious views that modern biotechnol-
ogy, as a whole, is blasphemous (Biotechnology and Biological Sciences Research 
Council 1999). These views stem from the belief that God has created a perfect 
natural order and these technologies disrupt that order. Some have concerns that 
humans are taking over powers that are thought to belong only to God (Pew Research 
Center 2015). Agnostics and atheists may share this concern that biotechnology is 
“unnatural” and therefore somehow wrong. With regard to the “playing God” argu-
ment, bioethicist Bernard Rollin questions, “Where is the moral problem in playing 
God? In fact, what does ‘playing God’ even mean? When we change the course of 
rivers, domesticate animals, build flying machines, create clothing that can with-
stand Arctic cold, or, in general, exhibit human inventiveness, are we not ‘playing 
God’, but in a way that no one finds morally objectionable?” (Rollin 2014).

13.2.3.2	 �Natural Versus Unnatural
The “playing God” argument is akin to concerns that animal biotechnology is 
unnatural, also known as the appeal to nature fallacy. This is cited as an intrinsic 
concern meaning that the very use of genetic engineering is wrong, rather than 
evaluating the consequences of its application, which are referred to as extrinsic 
concerns. This viewpoint is controversial as not everything natural is good and the 
fallacy that natural is always better has allowed the organic and non-GE markets to 
exploit consumer perceptions and preferences (Sanchez 2015).

Although individual perceptions of these terms may vary, as well as the context in 
which they are used, the concept of natural generally evokes positive associations; 
synonyms for natural include normal, usual, common, logical, ordinary, reasonable, 
and wild, and the term is commonly contrasted with artificial or man-made. However, 
based on this usage, practically every aspect of modern lifestyles is artificial or unnat-
ural. Natural is often equated with “good” and unnatural with “bad.” But just because 
something is natural does not mean that it is necessarily beneficial or even benign. 
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Plants that produce natural toxins, bacteria, and viruses that naturally cause diseases, 
and earthquakes and tornadoes are collectively termed natural disasters.

Concerns about animal biotechnology as unnatural revolve around the concept of 
species integrity or the perceived breaching of natural species boundaries. The prob-
lem with this is that the concept of species is not very clear-cut, and even biologists are 
not sure about the definition of natural species boundaries since the crossing of some 
species occurs “naturally,” and the genetic makeup of species can change over time.

Even if natural species boundaries can be identified in the future, the fact that 
they exist does not tell us what, if anything, should be done about them from an ethi-
cal standpoint. This suggests that it’s the involvement of animals, not the crossing 
of species boundaries, that people find objectionable (Biotechnology and Biological 
Sciences Research Council 1999), and for these critics, GE animals will be consid-
ered unacceptable despite any potential benefits (Knight 2009; Shaw 2002).

13.2.3.3	 �Gender and Age
Gender has been shown to be the strongest correlate of opposition to animal 
research, which is closely tied to opinions of animal biotechnology (Pifer 1996). 
Globally, females are less likely to support animal-based research (Driscoll 1995; 
Navaro et al. 2001; Ormandy and Schuppli 2014; Swami et al. 2008). A number of 
theories have been proposed to explain this effect, including that females are more 
likely to attribute mental states to animals and males do not believe as strongly in 
the mental abilities of animals (Herzog and Galvin 1997; Knight et al. 2004). It has 
also been suggested that women may have more direct contact with animals through 
household tasks since they are typically the primary family caretakers (Kendall 
et al. 2006). Additionally, mothers in particular tend to report having read or heard 
“a lot” about food biotechnology, will pay more for products perceived as sustain-
able, and want more information on food labels, especially with regard to ingredi-
ents, making them an active and vocal community in these discussions (International 
Food Information Council 2014).

The effect of age is less clear than the effect of gender. Studies report conflicting 
results on impact of age on perception of animal research. Several studies found that 
older participants show greater levels of support (Driscoll 1992; Hagelin et al. 2003; 
Ormandy and Schuppli 2014), but a 2010 study found that younger participants 
were more supportive of animal-based research (Schuppli and Weary 2010). A 2014 
US report found millennials to be more favorable toward food biotechnology than 
other age groups (International Food Information Council 2014).

13.2.3.4	 �Country/Region
In addition to effects of gender and age, public perception of biotechnology is also 
subject to country and regional influences. Given the strong consumer opposition to 
GE crops and foods that developed in Europe in the 1990s, along with unique politi-
cal, religious, cultural, historical, and social differences between countries of the 
world, regional differences are not surprising. For example, in the United States, GE 
applications for common diseases of farm animals, such as mastitis, are largely 
perceived as efforts to improve animal welfare. The same applications in Europe are 
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considered excuses to worsen housing conditions in animal agriculture, resulting in 
negative impacts on animal welfare (Vazquez-Salat and Houdebine 2013).

Overall, greater negative press coverage of genetic engineering in Europe is no 
doubt partly fueled by public health concerns such as the BSE crisis, as well as the 
historical consumer backlash against GE foods. Perhaps as a result of these inci-
dences, Europeans exhibit low levels of trust in regulators and institutions that are 
responsible for protecting consumers and environmental interests with respect to 
food production (Houghton et al. 2008). Conversely, it has been proposed that the 
greater availability of GE foods and crops in the United States results in greater 
positive consumer experience with GE foods (Ceccoli and Hixon 2011). The 
European Union has a low GE crop adoption rate, with the main GE crop, Bt corn, 
primarily grown in Spain (James 2016), although it should be noted that the EU is a 
major importer of GE feed for their livestock populations.

Most studies have found that North American and Asian consumers have more 
positive attitudes to GE food production compared to Europeans, but North 
Americans also perceived more benefits associated with genetic engineering overall 
than either of the other two populations. One study found that ethical and moral 
concerns in North America and Asia were greater as compared to Europe, and North 
American, South American, and Asian study participants perceived fewer overall 
risks than Europeans (Frewer et al. 2013). In 2013 an Australian study found that 
respondents were overall significantly less willing to eat GE food than they were to 
eat other foods and were the least willing to eat meat and other products from GE 
animals (Ipsos Social Research Institute 2013).

Along with the United States, Canada and some Latin American countries, pri-
marily Brazil and Argentina, have widely adopted biotech crops. Brazil, which is 
second only to the United States in hectares of biotech crops grown (James 2016), 
has been described as “the engine of biotech crop growth globally.” A British com-
pany, Oxitec, which has genetically engineered mosquitoes to pass on a lethal gene 
to offspring, effectively reducing the population and the chances for the spread of 
diseases like dengue fever, is based in Brazil. Field trials of these mosquitoes have 
been carried out in Panama, but proposed field trials in the Florida Keys have met 
with public resistance (Adalja et al. 2016), demonstrating how regional public per-
ception issues can impact technology adoption.

Views on science and technology in Africa have improved in recent years as a 
result of various efforts of the African Union. However, translation of these efforts 
to the public has been lacking, and as a result, residents are largely unaware of bio-
technology. In a 2005 study in South Africa, 80% of a total 7000 respondents did 
not know the meaning of the word biotechnology (Network of African Science 
Academies 2015). Regulations in Africa take an extreme precautionary approach 
and are restrictive to development and adoption of biotechnology despite calls from 
political leaders to boost productivity and competitiveness through the use of mod-
ern biotechnology tools. In 2016, just two African countries, South Africa and 
Sudan, planted GE crops, although additional countries granted environmental 
release approvals or evaluated field trials (James 2016). In 2002, Zambia, Zimbabwe, 
Mozambique, and Malawi refused donated emergency food, citing uncertainty 
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about human and environmental safety that could be caused by GE ingredients. 
More recently, Egypt and Kenya banned GE crops after the publication of the highly 
criticized Serálini study (Arjó et al. 2013) that purportedly revealed tumor growth 
in rats that consumed GE feed (Network of African Science Academies 2015). Fear 
of cross-pollination with local varieties, distrust of the intentions of the United 
States and private companies in promoting GE food, uncertainty about the ultimate 
usefulness of the technology in various microclimates, and ethical concerns about 
“animal genes” have also been reported (Cooke and Downie 2010).

Conversely, Asia, especially China, was an early leader in GE technology. In 2008, 
China committed $3.8 billion to a 10-year R&D program on GE crops and animals, 
and initial studies showed Chinese citizens were not as concerned about GE crops and 
animals as other world regions (Vazquez-Salat 2013). Despite the fact that China was 
predicted to be the first country to commercialize GE rice, public opposition resulted 
in a hesitancy to issue the appropriate permits for release of GE crops (Jayaraman and 
Jia 2012). In 2015, China announced its intention to support more research and devel-
opment of GE products, as well as a commitment to supporting public education 
around these products. The overall goal is to regain the country’s position as a global 
leader in GE technology (Li et al. 2015), and the country is poised to become a global 
leader in the GE animal field (Vazquez-Salat and Houdebine 2013).

Despite growing GE crops in many instances, other Asian countries have variously 
faced bans on GE products (Bt eggplant in India), as well as field trial plots of GE crops 
being vandalized by groups such as Greenpeace (Philippines) (Hallerman and Grabau 
2016). Interestingly, the country of Bangladesh has become a model for the adoption of 
GE crops, having had great success with Bt brinjal/eggplant and with late blight-resis-
tant potato, golden rice, and Bt cotton currently in the pipeline (James 2016).

13.2.3.5	 �Life Experiences
Many of these country and regional differences are linked to industrialization status, 
as well as the distribution of the population between rural and urban communities. 
Links between a nation’s level of industrialization and urbanization and attitudes 
toward animal research have been well established. Animal use differs greatly 
between rural and urban areas, and people with rural backgrounds tend to exhibit 
greater acceptance of animal use and greater support for animal experimentation 
than their urban counterparts (Jasper and Nelkin 1992; Kalof et al. 1999; Pifer et al. 
1994). In one study, pet owners rated animal-based research as less acceptable than 
non-pet owners (Driscoll 1992), highlighting the fact that previous or existing expe-
rience with animals has an influence on perception of animal use (Knight and 
Barnett 2008; Wells and Hepper 1997).

In addition to experience with animals, other personal experiences and circum-
stances can also shape an individual’s perception of biotechnology. For example, 
“parents of children suffering from cystic fibrosis may well have different percep-
tions about the use of genetically modified animals in the search for a cure, than will 
those with no personal experience of the condition” (Biotechnology and Biological 
Sciences Research Council 1999). Similarly, perceived environmental risks can out-
weigh perceived benefits in an industrialized country largely unaffected by 
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vector-borne diseases, for example, whereas those that live in areas impacted by 
diseases such as malaria may have more favorable views of the release of GE mos-
quitoes to combat the disease.

Vegetarianism and veganism are specific food views involving animal welfare, 
the environment, and health. From an animal welfare perspective, these viewpoints 
have specific objections to intensive animal agriculture as a whole, namely as it 
involves concentrated animal feeding operations (CAFOs). Vegans and vegetarians 
have been reported to be less accepting of the use of animals in research and less 
accepting of GE in general than their counterparts (Furnham et al. 2003; Hallman 
et al. 2003; Kendall et al. 2006; Ormandy et al. 2012). Gender has been shown to be 
associated with vegetarianism, with more women represented than men (Gabriel 
et al. 2012; Hagelin et al. 1999), consistent with reports of gender effect in attitudes 
about animal research. A UK study found that vegans express animal rights posi-
tions more strongly than vegetarians, especially those that had been vegan for more 
than 1 year. This difference was explained by noting that some people choose a 
vegetarian diet for reasons such as health more than for ethical reasons about ani-
mals. The same study also found considerations of animal welfare to be prevalent in 
meat eaters as well but with “a wider range of ethical frameworks” than the other 
groups (Lund et  al. 2016). Although overall many vegetarians and vegans are 
opposed to GE animals, and genetic engineering in general, a minority is supportive 
of potential benefits.

13.2.3.6	 �Consumer Perception Research
Consumer attitudes toward biotechnology are affected by all of the aforementioned 
factors and are also subject to change over time. More than one study has suggested 
that consumers reject the technology overall based on their general sociopolitical 
attitudes and values in a “top-down” process, rather than in a “bottom-up” process 
based on an evaluation of the characteristics of the specific product (Bredahl 2001; 
Novoselova et al. 2007; Scholderer and Frewer 2003). However, it has also been 
suggested that experiencing a “real” GE product that has strong, observable benefits 
could change consumer attitudes (Grunert et al. 2004).

In evaluating consumer attitudes toward biotechnology, it is useful to acknowl-
edge that how consumers are polled or interviewed can greatly influence their 
answers (Hallman et al. 2003; Hess et al. 2013; Stephan 2015). The precise wording 
of questions, methods used to select respondents, and background information pro-
vided can greatly affect the outcomes. Social science research is tied to the socio-
economic context in which it is conducted. Researchers and participants alike are 
sensitive to conditions surrounding surveys and polls. It has been reported that pub-
lic discourse and strong negative opinions expressed by some European policymak-
ers have led more European researchers to ask survey questions that tend to be 
critical of biotechnology (Hess et al. 2013; Pin and Gutteling 2009). A large 2015 
US survey highlighted the influence of lack of knowledge about biology on the 
perception of GE foods, reporting that 82% of respondents supported “mandatory 
labels on foods produced with genetic engineering.” However, an almost equal 
number, 80%, supported “mandatory labels on foods containing DNA” suggesting 
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a lack of understanding regarding the ubiquitous presence and safety of consuming 
the DNA that is present in much of our food (Lusk and Murray 2015). Lastly, survey 
results may be unintentionally biased. Low response rates are common, meaning 
that respondents are often those with strong knowledge, interest, and/or opinions on 
the subject (Townsend and Campbell 2004).

13.2.3.7	 �Role of Media and Social Media
In our modern world, we cannot ignore the influential role of media and social 
media in shaping public perceptions of many topics, including biotechnology. In 
one study, focus group respondents reported that they had heard of the term “bio-
technology” from multiple media sources (Knight 2009). A report from the FAO 
stated that “mass media represents the main sources of information for consumers 
on all nutrition and food safety topics, including biotechnology” (Hoban 2004).

In light of the close relationship between public attitudes of animal biotechnol-
ogy and animal research in general, the ability of animal rights organizations to be 
successful in raising public awareness of issues related to animal research undoubt-
edly has some bearing on public perceptions of animal biotechnology. Additionally, 
social media has made it very easy for false or misleading information to spread 
online (Vis 2014). The ability of food activists, in particular, to mobilize the public 
through the use of social media to pressure companies, whether the alleged wrong-
doing is factual or fabricated, is becoming almost commonplace. By the time the 
facts are released, the damage to the company’s reputation is done, and they often 
have no recourse but to acquiesce to the demands (Veil et al. 2015). It is well known 
that people tend to focus on information that confirms prior-held beliefs, and the 
Internet provides a wealth of credible sources of information based on evidence 
alongside low-quality data, anecdotes, and personal opinions presented as facts. 
Although misperceptions are notoriously difficult to correct, a study exploring the 
use of Facebook to combat misinformation revealed positive results for the topic of 
GE organisms and illness, although it was less successful for the issue of vaccines 
and autism (Bode and Vraga 2015).

Public attitudes do fluctuate over time in relation to the volume of media 
coverage (Frewer et al. 2002). Studies have reported that support for GE plants 
and animals is lower in the face of greater media coverage of GE food, but that 
support for genetic engineering increases when media coverage is lower (Flipse 
and Osseweijer 2013; Marques et al. 2015). Flipse and Osseweijer observed that 
“media articles generally cover the controversy rather than the debate.” Media 
attention is usually greatest in response to an initial event or “scandal.” It gradu-
ally decreases from there, and by the time scientific validations appear, the 
media attention has decreased to a minimum. Unfortunately, it can take years in 
some cases for the scientific community to respond to an issue, usually due to 
the fact that it takes time to generate data and come to a consensus, whereas the 
media responds in mere days (Flipse and Osseweijer 2013). The attention spans 
of both the public and the media are limited to short periods of time which peak 
and then decrease. Since these “scandals” tend to dominate media reports and 

A. L. Van Eenennaam and A. E. Young



291

subsequent public discourse, they can lead to “GM phobia” (Jayaraman and Jia 
2012).

13.3	 �Animal Characteristics

In addition to the considerations outlined above that occur at a personal level, 
when it comes to animal biotechnology, the public is also greatly concerned with 
the animals themselves. Issues of animal welfare, differences between species 
and their perceived sentience, as well as concerns about hybrids can all influence 
public attitudes.

13.3.1	 �Species and Sentience

It is much easier to rally followers and funds for animals that are perceived as “cute” 
or attractive (Hagelin et al. 2003; Herzog and Galvin 1997; Knight and Barnett 2008). 
For example, it is easier to generate public approval of conservation efforts directed 
toward more attractive animals like sea otters and pandas than toward insects, reptiles, 
or fish. Studies have reported clear distinctions between popular and unpopular ani-
mals, with large mammals (especially primates and companion animals) being the 
most popular and biting invertebrates (mosquitoes) the least popular. Driscoll reported 
that “non-mammalian species are clearly devalued when compared to mammals on 
dimensions of smartness, responsiveness, and lovableness.” An almost perfect corre-
lation was reported between ratings of perceived usefulness and importance of various 
species. Additional criteria for the public’s evaluation of animals are based on how the 
species has been regarded historically, the utility of the species for human use, and 
emotional reactions to the species (Driscoll 1995).

Activities involving companion animals or large, attractive mammals are less 
acceptable to the public than the same activities when they involve rodents or non-
mammalian species. It has been well established that such public attitudes about 
various species correlate to attitudes about research animal use (Driscoll 1992; 
Herzog and Galvin 1997; Ormandy et al. 2012). The most commonly used species 
for research are mice, rats, and zebrafish (Ormandy 2009).

People tend to rate animals classified as pets or nonhuman primates as having 
higher mental abilities compared to other species such as fish and mice. It follows, 
then, that people are more supportive of using smaller-brained animals, such as mice 
and rats, in research and are less supportive of using animals with “higher” mental 
abilities, often classified as those that can use tools, solve problems, and be self-aware, 
or sentient (Driscoll 1992; Herzog and Galvin 1997; Knight and Barnett 2008). 
Sentience refers to an organism’s ability to experience pain, suffering, happiness, and 
pleasure. It is sometimes referred to as “belief in animal mind,” or BAM, and has been 
shown to be “a relatively consistent predictor of attitudes toward the human use of 
animals” (Herzog and Galvin 1997; Knight et al. 2004; Schuppli 2011).
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13.3.2	 �Phylogenetic Distance and Hybrids

As mentioned previously, the concept of species integrity, or breaking species 
boundaries, is problematic since species change on a regular basis and the definition 
of a species continues to be debated by biologists (Samadi and Barberousse 2015). 
Rollin observed that “species are in fact spatio-temporal slices of a changing and 
dynamic process, at best snapshots of what is in constant flux” (Rollin 2014).

However, these issues still bother the public. In particular, the concept of hybrids 
seems to be especially concerning, conjuring images of chimeras, creatures from 
Greek mythology that were part lion, part goat, and part snake. Indeed, whereas the 
public appears to have few reservations about common hybrids such as grapefruit, 
tangelos, mules, and beefalo, unfamiliar hybrids are “imagined more negatively” 
(Kronberger et al. 2013), and hybrids deemed to be of incompatible kinds are often 
perceived as having “no essence of their own.” They are also reported to frequently 
evoke “the yuck factor” and feelings of disgust (Wagner et al. 2010).

Hybrids have been “used by authors to evoke images that raise suspicion, appre-
hension and unease about science, biotechnology, government and human nature.” 
For example, HG Wells used hybrids in his 1896 novel The Island of Doctor Moreau 
to question scientific limitations and the meaning of being human. More recently, 
Margaret Atwood featured hybrid creatures in her dystopian work Oryx and Crake, 
a doomsday story in which biotechnology is the norm but ends up destroying the 
world (Sanderson 2013). Although the methods and practicalities of how hybrid 
creatures are created in such stories is usually unclear, the creatures effectively cap-
ture public concern over how far science could go and whether, as a society, we 
should even start down the path if there is even the remotest possibility that’s where 
it could lead.

Although these fantastical creatures inhabit fictional worlds, the images that they 
conjure have real-world effects on animal biotechnology. It is common to find pic-
tures depicting parts of one animal pasted to another in anti-GE propaganda, often 
accompanied by a Frankensteinian title. For example, BioSteel, a high-strength 
fiber made from spider silk protein extracted from transgenic goats (Lazaris et al. 
2002), can be found depicted online with a picture of a goat head on a spider body. 
Such images are effective in preying upon the public’s fears of hybrids and perpetu-
ate misinformation about what is real versus imaginary.

With the public’s distrust of hybrids in mind, researchers have begun to explore 
the possibility that cisgenics, or organisms that contain genetic material from sexu-
ally compatible donor species, would be more acceptable than transgenics, organ-
isms that contain genetic material from species that are sexually incompatible. 
Overall, the public is more positive about cisgenics than transgenics for a number of 
reasons, including that they are expected to cause less harm for the environment 
(Kronberger et al. 2013). The potential acceptance of cisgenics may be tested in the 
near future with the recent production of dairy cattle from one breed that carry an 
allelic form of a gene from a beef breed that prevents the growth of horns, a condi-
tion known as polled. Polled animals are desirable because dairy cattle that have 
horns usually have their horns removed by mechanical means since they are a 
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danger to handlers as well as other cattle. This process of dehorning has become a 
lightning rod for animal activist groups, and farmers themselves express their dis-
taste for the process. Since the snippet of DNA that confers the polled trait is from 
another breed of cattle, so it is within the same species, as well as the fact that the 
application of genetic editing in this case addresses a welfare issue (Carlson et al. 
2016), this example changes the discussion from the usual concerns expressed about 
transgenics. This distinction between transgenics and cisgenics will have increasing 
relevance with respect to regulation of animal biotechnologies and the pursuit of 
future applications (Marchant and Stevens 2016).

13.3.3	 �Ethics and Animal Welfare

Some of the most frequent objections to animal biotechnology revolve around 
issues of animal ethics and welfare due to perceived pain and suffering resulting 
from genetic engineering and imbalances between the human beneficiaries of 
genetic engineering and the consequences for the GE animal. It is difficult to gener-
alize about the welfare of GE animals since different species and different applica-
tions will present unique considerations. For those opposed to animal agriculture 
overall, genetic modifications to improve food animal productivity can be viewed as 
exacerbations of current problems with intensive agriculture that could lead to 
increased stress and performance-related issues for the animals. For example, it has 
been suggested that using genetic engineering to produce medicines in milk could 
increase pressure to extend the length of lactation for individual animals or increase 
the frequency of milking. Similarly, changes that modify growth rate in embryos 
could create additional stress for the mothers. Genetic engineering aimed at disease 
prevention could be argued as addressing diseases that are endemic to intensive 
farming methods which could be prevented by altering or eliminating certain farm-
ing practices or the use of animals for food production entirely.

Bioethicist Rollin uses the term “telos” to describe the “nature” of an animal, 
which he refers to as “the pig-ness of a pig, the dog-ness of a dog.” He argues that 
it is ethically acceptable for humans to change the telos of an animal as long as the 
animal is respected and, in the case of genetic engineering, that the transgenic ani-
mal should be no worse off than its parents, a principle he terms “conservation of 
welfare” (Pew Initiative on Food and Biotechnology 2007). Specific GE applica-
tions to reduce disease incidence, reduce or eliminate undesirable practices such as 
dehorning, prevent or treat genetic disorders, and save endangered species from 
extinction would arguably alter the telos of the subject for the better.

Bioethicists have discussed ethical quandaries related to this premise extensively. 
One of the most often mentioned examples is “the blind hen problem,” in which 
blind hens would be more docile, less stressed, and less prone to pecking each other 
so they would not need to be debeaked. Similarly, turkeys could be engineered with-
out brooding impulses and hens to have no desire to nest or to want to nest in a cage. 
On the most extreme end, “microencephalic pigs and chickens that have brain func-
tion that is sufficient for maintaining growth but not for supporting mental states or 
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psychological experiences” would theoretically never suffer because they would 
lack the capacity. The public clearly has qualms about these types of hypothetical 
situations. Critics argue that these examples would simply cover up the root prob-
lem and that the ethical responsibility is to eliminate the conditions creating the 
problem (Pew Initiative on Food and Biotechnology 2007; Sandler 2015). In addi-
tion to the intended effects motivating the specific modification, there are always 
considerations of unintended effects that contribute to the public’s view of the 
unpredictable nature of genetic engineering. With all of these things in mind, Kaiser 
observed, “welfare aspects of biotechnology in animal production require a close 
case-by-case and step-by-step evaluation in order to avoid negative impacts of the 
technology” (Kaiser 2005).

13.4	 �Research Characteristics

13.4.1	 �Method and Level of Invasiveness or Harm

Issues of animal welfare are often tied to the research methods employed and the actual 
or perceived levels of invasiveness or harm of those methods. Increased levels of inva-
siveness result in decreased acceptance of animal-based research (Hagelin et al. 2003). 
One study found respondents to be more supportive of genetic engineering than 
N-ethyl-N-nitrosourea (ENU) mutagenesis, a method commonly used to induce muta-
tions in zebrafish, because they believed that genetic engineering is more accurate, 
more efficient, and less painful than ENU mutagenesis (Ormandy et al. 2012).

Along with these concerns, people’s underlying beliefs about the availability of 
alternative methods and the number of animals used in particular experiments also 
shape attitudes about animal research (Knight et  al. 2003). Institutional Animal 
Care and Use Committees, which oversee animal research at many institutions, 
focus on “the three Rs,” replacement, reduction, and refinement (Russell and Burch 
1959). Animal use is more likely to be supported when participants perceive there 
to be no alternative to using animals (Knight et al. 2003). These issues reflect con-
cern about the “waste of animal lives” and are in line with historical concerns about 
high mortality rates and birth defects in transgenic and cloned animals (Gjerris 
2012).

13.4.2	 �Application

Numerous studies have established the important role of the specific GE application 
in public and consumer acceptance or rejection. Much of the research on public 
attitudes has focused on consumer views toward the use of GE animals for food 
production, but biomedical applications for GE animals appear to have greater sup-
port, even in traditionally anti-GE regions such as the EU (Schuppli and Weary 
2010). Interestingly, the first GE animal-produced pharmaceutical protein, ATryn, 
was approved in the EU before it was approved in the United States. To date, three 
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biomedical applications of GE animals have been approved for the US market 
(Table  13.1), whereas only a single application, the AquAdvantage salmon, has 
been approved for food production. Despite the FDA’s approval, this product is still 
not available in the US market (Box 13.1).

In general people are much more opposed to genetic engineering of food ani-
mals, partly due to issues of species and sentience, as discussed, as well as applica-
tion (medical vs food), than genetic engineering of laboratory animals. In one large, 
international study of consumer attitudes toward biotechnology, with some 35,000 
respondents representing 35 countries, almost 75% of global consumers were 
opposed to genetic engineering of animals to increase productivity (Hoban 2004). 
In an FAO global study, 62% of respondents worldwide opposed applications of 
biotechnology to increase farm animal productivity (Mora et al. 2012). In another 
study, 65% of consumers disagreed with creating transgenic fish in order to improve 
efficiency of production (Logar and Pollock 2005).

Concerns have been voiced over the “reduction of complex, natural beings to 
single-purpose, utilitarian objects” (Pew Initiative on Food and Biotechnology 
2007). This idea that we are turning animals into machines for industrial use echoes 
public concerns over intensive agriculture as a whole, not just GE applications.

These issues lead to questions such as: Because we can, does that mean we 
should? How far can animal biotechnology go? Are some genetic alterations intrin-
sically wrong? The problem is that we could ask the same questions of selective 
breeding as well. These issues take on new dimensions with respect to animal mod-
els of disease, such as the Harvard OncoMouse, a cancer-susceptible GE mouse. Is 
genetically engineering an animal to develop cancer different than inducing cancer 
in a laboratory animal? New gene editing techniques make it increasingly likely that 
animals will be specifically designed to become sick so as to be models of human 
diseases. The perceived and realized benefits to human society will be instrumental 
in determining public acceptance of these applications.

13.4.3	 �Unknown Consequences and Unintended Effects

Another frequently expressed concern is about unexpected and potentially harmful 
effects that might result from GE animals. Perceived harms include disease trans-
mission from animals to humans (zoonoses), environmental and ecological effects 
from accidental or deliberate release, and concerns that GE organisms might have 
evolutionary advantages and outcompete natural species or have side effects on 
nontarget species. Regulatory bodies are in place to undertake assessments of these 
issues during the development phase of specific applications. As mentioned previ-
ously, there’s no way to prove that something is 100% safe. The intrinsic uncertain-
ties associated with applications of GE animals consequently leads to an invocation 
of some form of the precautionary principle, which can morph into generalized 
prohibition (Carroll and Charo 2015). Of course, not adopting technology comes 
with risks also. The Biotechnology and Biological Sciences Research Council 
(BBSRC) of the United Kingdom noted, “It is possible that ‘playing safe’ by 
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abandoning research and development in all forms of animal biotechnology might 
deny us a technique or product which could prevent an environmental disaster in 
fifty years’ time, or could prove invaluable in the treatment of serious diseases” 
(Biotechnology and Biological Sciences Research Council 1999).

The use of GE animals for xenotransplantation, which is the transplantation of 
organs, tissues, or cells from one species into another, represents a unique applica-
tion of animal biotechnology. There are specific concerns and considerations related 
to xenotransplantation itself, such as disease transmission between animals and 
humans, regardless of whether the donor animal is GE or not. Xenotransplantation 
tends to be met with public skepticism in general. It has been suggested that this 
response is due to the fact that xenotransplantation involves higher-order organisms, 
i.e., animals that are more closely related to humans, such as pigs. Since xenotrans-
plantation is perceived as risky on its own, it is difficult to ascertain whether public 
resistance to using transgenic animals for xenotransplantation is due to concerns 
about xenotransplantation, transgenic animals, or the combination of the two.

13.4.4	 �Patenting

Disagreements over intellectual property as it applies to the field of biology are of 
concern to the general public. US patent law prohibits “patents encompassing ‘natu-
ral laws, phenomena, or products’ or ‘abstract ideas’” (Sherkow and Greely 2015). 
Consumers are generally supportive of the principle of patenting but become 
increasingly uneasy when it comes to patents involving higher life forms (Einsiedel 
2005). Objections include a perceived breakdown of the differences between living 
and nonliving matter, as well as issues over viewing animal life as having purely 
mechanical functions (Pew Initiative on Food and Biotechnology 2007). The public 
often expresses disapproval over the concept of “owning life.” This argument weak-
ens somewhat, however, if we consider that humans “own” pets, which are living 
beings. In the case of GE crops, public opinion has been soured by what is perceived 
as a monopoly on seed patenting and ownership by commercial companies such as 
Monsanto.

Several landmark cases, beginning in the 1980s and lasting until recently, have 
challenged the interpretation of patent laws as they apply to biology, genetics in 
particular. These have included debates over patents on genes, nonhuman animals, 
and genetically engineered organisms. In 1984, Harvard University famously filed a 
patent for the “Harvard OncoMouse.” Despite challenges, the patent was upheld in 
the United States but faced rejection or modification in other countries, thereby 
emphasizing disparities in international patent approval and enforcement. In Canada 
and Europe, this mouse sparked the “No Patents on Life” movement. In the United 
States, several bills were introduced into Congress to ban patents on animals, but 
none passed (Sherkow and Greely 2015).

Recently, arguably one of the most influential cases involving biological patents, 
Association for Molecular Pathology v. Myriad Genetics, Inc., which challenged the 
latter’s patents on the BRCA1 and BRCA2 genes for human breast cancer 
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susceptibility, went through a number of appeals at the Federal level, including the 
Supreme Court. In mid-2013, the Supreme Court ruling held that Myriad was able 
to keep their patent claims on cDNA because “it is not naturally occurring,” but 
almost none of its original seven patents were upheld because “a naturally occurring 
DNA segment is a product of nature and not patent eligible merely because it has 
been isolated.” The outcome in this case has essentially led to the end of gene pat-
ents in the United States, except for those of novel DNA sequences not found in 
nature, but they could continue in various forms in other countries (Sherkow and 
Greely 2015).

Intellectual property rights, such as patents, play a role in incentivizing compa-
nies to invest in research and development of products as they provide a means to 
profit from the innovations (Caswell et al. 2003). The reality is that recent history 
has proven that successfully getting GE plants, and their associated products, into 
the marketplace comes with hefty regulatory price tags, hence the appeal of patents 
for such products to businesses. Patents are a way for companies to recoup upfront 
costs due to research and development and clearance of regulatory hurdles. GE 
animals face even more challenges than GE plants due to lengthy reproductive 
cycles for livestock, complex biology that comes with greater technical challenges, 
and high costs associated with animal losses, as well as more diverse applications 
that have regional, niche end user communities (Vazquez-Salat and Houdebine 
2013). For many applications, these complications result in higher upfront costs, 
even before seeking regulatory approval.

�Conclusions

At the current time, overall public support for GE animals is generally low, with 
biomedical applications being more positively perceived than agricultural appli-
cations. Individual views on animal biotechnology are extremely complex and 
are dependent on personal factors as well as the species being modified, the 
purpose of the modification, along with the individual’s weighting of the poten-
tial risks and benefits of each application. Determining what level of risk is 
acceptable and ethically justifiable is difficult, but it is even more complicated 
and controversial when applied to animal biotechnology since the costs and ben-
efits must be weighed for both humans and animals, two different groups with 
different, sometimes opposing, interests. To be effective, this must be done on a 
case-by-case basis, making it almost impossible to generalize about GE animals 
as a category or animal biotechnology as a whole. With the 2015 regulatory 
approval of the fast-growing AquAdvantage GE salmon for food purposes, GE 
animals (and by extension a lot of this public perception research that has largely 
been based on hypothetical examples) may get their first real test in the market-
place. The salmon is available and has been selling Canada (Waltz 2017), but it 
likely won’t appear in US retail stores until at least 2019 (Gallegos 2017), and at 
that time, its success or failure will truly be up to the public. New breeding meth-
ods like gene editing are likely to result in novel animal applications such as 
disease-resistant animals and modifications that are explicitly focused on animal 
welfare traits. Additionally, the developers of such products are increasingly 
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academic researchers and small companies. Such examples are likely to signifi-
cantly expand the discussions around animal biotechnology and possibly the 
public perception depending upon whether the public is generally willing to 
deliberate the potential of such modifications to address problems ranging from 
human health to animal health and well-being.
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