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Preface

Somatic genome manipulation is revolutionizing medical and biological sciences. 
This has applications when the conventional sexual crossing approach cannot be 
used in breeding or genetic treatment of an individual organism. Examples can 
include gene or cell therapy of a person to correct disease, genetic improvement 
of vegetatively propagated plants, and genetic replacement of cytoplasm without 
significantly modifying the nuclear genome. The advantage of somatic genome ma-
nipulation is preservation of the genotype while improving select trait(s). Somatic 
genome manipulation is also an option for genetic improvement of seed propagated 
plants in overcoming issues of sexual incompatibility or infertility.

Our aim in writing this book was to bring together previously fragmented infor-
mation on novel technologies in somatic genome manipulation. These technolo-
gies are developing quickly across a broad range of disciplines affecting humans 
and animals, plants, and microorganisms. This book represents the first attempt 
to assemble updated reviews, detailed protocols, and far-reaching applications in 
somatic genome manipulation. The chapters are written by 34 experts (physicians, 
professors, research scientists, research chairs, Doctors of Philosophy, Doctors of 
Medicine, etc.) on the topic with ready-to-use protocols that were originally devel-
oped or adapted from the literature in their laboratories. The book is divided into 
three major sections: I. Humans and animals; II. Plants; and III. General experi-
mental and bioinformatic technologies.

Section I. Humans and Animals

Drug and gene delivery by electroporation is described for delivery of chemother-
apeutic agents in cancer trials. This method (electrochemotherapy) may increase 
local effects on tumors, locally activate the immune system, or produce transgenic 
proteins followed by secretion to the systemic circulation. Gene therapy offers a 
relatively easier and less expensive strategy for therapy than pharmaceutical ap-
proaches, since DNA may be produced more easily than formulation of protein 
drugs; enabling a higher level of access to new potential pharmaceuticals.
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Targeted porcine genome engineering with transcription activator-like effector 
nucleases (TALENs) enables precise editing (e.g., mutations or indels) or inser-
tion of a functional transgenic cassette to user-designed loci without disturbing the 
general gene background of the individual. The three most promising approaches 
are reviewed, including TALENs, zinc-finger nucleases (ZFNs), and clustered regu
larly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) 
systems using a model of genetically modified pigs.

Somatic gene therapy can also be effective using viral vectors. For example, 
lentivirus and adeno-associated virus-based technology has applications in clinical 
trials for treatment of inherited eye diseases, immunodeficiency syndromes, and he-
mophilia. The gene therapy community has succeeded in turning infectious agents 
into vehicles of therapeutics for treatment or amelioration of the disease phenotype, 
giving significant reassurance that gene therapy will become standard care for a 
number of individual disorders.

Nonviral gene delivery methods are also in use. The current status of nonviral 
gene transfer is reviewed, focussing on DNA and its mobilization. The major bar-
riers to nonviral gene delivery are discussed and the potential of minicircle DNA, 
devoid of bacterial DNA, and the adaptation of DNA transposable elements for 
genomic gene insertion, are described. A short glimpse into current nonviral gene 
therapy trials, with particular focus on current attempts to treat cystic fibrosis, is 
also provided.

Stem cells, because of their nature, are currently considered the most suitable 
cells for cell therapy. Combining gene therapy with stem cell therapy provides an 
additional useful dimension to the use of stem cells for treatment. The potential 
use of gene-modified stem cells, in particular gene-modified mesenchymal stem 
cells (MSC), in therapy and the challenges facing their use in clinical practice are 
reviewed.

Transgenic animals, particularly genetically modified mice, have been instru-
mental in biomedical and genetic research. To facilitate translational research to 
humans, the development of larger species of transgenic animals is necessary. These 
have numerous possible applications including the development of higher quality 
production animals, creation of stem cells for tissue repair (therapeutic cloning), 
production of protein-based pharmaceuticals (animal pharming), creation of organ 
donors for xenotransplantation, and the creation of large animal models for bio-
medical research. Various techniques to produce genetically altered animals are 
reviewed.

Section II. Plants

Apomixis is the clonal production of a plant through seed; a naturally occurring 
trait. Studies of both naturally occurring apomicts and mutants of sexual species 
that mimic the component events of apomixes have revealed potential mechanisms 
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of control, the possible evolutionary origins of apomixes, and the impact it has 
had on the evolution of species and genomes. Apomixis leads to the formation of 
genetically uniform populations that can persist over many seedling generations. 
Important applications for agricultural crops are discussed.

The use of somatic embryogenesis in potato improvement programs is high-
lighted and discussed with emphasis on variants identified in cultivar Russet Bur-
bank. Potato somatic embryogenesis is reviewed, including explant types, media 
components, effect of various growth regulators on the initiation and production of 
somatic embryos, and genes known to control somatic development.

The history of somatic hybridization use for modification of the cytoplasmic 
male sterility (CMS)-inducing Ogura radish cytoplasm and its application in hy-
brid seed production for Brassica crops is recounted. Highlights include cybrid 
production from early protoplast fusion experiments and identification of the mito-
chondrial gene causing CMS. This fascinating story fully explains the Ogu-INRA 
system, which is now widely used in agriculture.

Protoplast fusion has emerged as an exceptional breeding tool that has success-
fully produced a large number of intergeneric, intertribal, or interfamily somatic 
hybrids. The fusion of isolated protoplasts from somatic cells and regeneration of 
hybrid plants from the fusion products (somatic hybrids) allow combining of com-
plete genomes of two desirable parents, irrespective of their taxonomic relationship. 
Procedures for protoplast fusion of potato to produce somatic hybrids are included, 
along with detailed lists of materials, and full descriptions of techniques.

Virus diseases inflict substantial economic losses to major crops by reducing 
yield and compromising quality. RNA silencing using, e.g., self-complementary 
hairpin RNA (hpRNA) or artificial microRNA (amiRNA), is an effective method to 
produce plants that are resistant to specific viruses. By targeting highly conserved 
viral sequences or several virus genes simultaneously using chimeric constructs, 
this method can counter multiple viruses and minimize any loss of viral resistance 
resulting from viral mutation. Due to public concerns about transgenic plant safety, 
a nontransgenic RNA silencing approach was used to directly deliver hpRNA into 
plant tissues to induce plant resistance to viruses.

Recent advances in genome engineering provide plant biologists with an impor-
tant tool for understanding gene function and developing new traits. Three powerful 
techniques, including TALENs, ZFNs, and RNA-guided endonucleases (RGENs), 
have been developed for targeted DNA sequence modifications in plants. These 
sequence-specific nucleases create double-strand breaks (DSBs) in the genomic 
target sites that are primarily repaired by the nonhomologous end joining (NHEJ) 
or homologous recombination (HR) pathways, which can be employed to achieve 
targeted genome modifications such as gene mutations, insertions, replacements, or 
chromosome rearrangements. Considerable efforts have been made to understand 
the mechanisms governing gene targeting and to establish efficient DNA delivery 
systems to achieve precise gene targeting in plants.
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Section III. General Experimental and Bioinformatic 
Technologies

Mitochondria are key players in cellular metabolism and energy production. 
Mitochondrial DNA mutations or rearrangements cause incurable neurodegenera-
tive diseases in humans or cytoplasmic male sterility in plants, so manipulation of 
mitochondrial genetics is of particular relevance. The current challenge in the field 
is to define consensus biotechnological tools. Various procedures for manipulating 
mitochondrial genomes are reviewed and their promise discussed.

A wide range of laboratory techniques in somatic genome research are described, 
for research and training purposes, including: (1) in situ hybridization for studying 
tissue-specific gene expression; (2) mitochondrial visualization using rhodamine 
staining and confocal microscopy; (3) differential preparation of Agrobacterium Ti 
plasmid and binary plasmid using a noncommercial kit; (4) Agrobacterium binary 
plasmid DNA preparation using a commercial kit; (5) isolation of nuclei for DNA 
preparation; (6) chloroplast DNA extraction; (7) mitochondrial DNA extraction; 
(8) total DNA/RNA preparation; (9) enriched mitochondrial RNA preparation; (10) 
high-resolution DNA melting analysis for studying gene expression; and (11) tran-
scriptome electrophoretic fingerprinting.

Bioinformatic analysis is critical for studies using huge amounts of DNA, RNA, 
and protein sequences. Various bioinformatics approaches developed or tested in 
the author’s laboratory are described. These approaches include: (1) a statistical 
method for gene direction analysis, (2) some technical highlights for genome and 
chromosome base composition analysis, (3) some technical highlights on RNA 
polyadenylation site analysis; (4) allele comparison for protein domains, and (5) 
protein network analysis. Unsolved technical issues are highlighted and potential 
future research directions are discussed.
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Chapter 1
Drug and Gene Electrotransfer in Cancer 
Therapy

Julie Gehl

© Springer Science+Business Media, LLC 2015
X.-Q. Li et al. (eds.), Somatic Genome Manipulation,  
DOI 10.1007/978-1-4939-2389-2_1

J. Gehl ()
Center for Experimental Drug and Gene Electrotransfer, Department of Oncology,  
Copenhagen University Hospital Herlev, Herlev Ringvej 75, 2730 Herlev, Denmark
e-mail: Julie.Gehl@regionh.dk

1.1 � Gene Therapy as a Strategy in Personalized Cancer 
Therapy

The human genome project (Collins et al. 2004; Altshuler et al. 2010) and the many 
ensuing projects to describe cancer genomes for different individual cancer diseases 
(Sjoblom et al. 2006; Greenman et al. 2007) have led to an unprecedented under-
standing of pathways important in cellular function, and how pathways are altered 
in different cancer forms. Out of this comes the concept of personalized medicine; 
that we should leave the “one drug fits all” strategy previously used in oncology, 
and start looking at exactly what pathways are deregulated and find the drug(s) that 
would be exactly right for the situation. As an example, some breast cancer patients 
benefit from drugs blocking the human epidermal growth factor receptor 2 (HER-2) 
receptor (Slamon et al. 2001; Slamon et al. 2011), and actually some salivary gland 
tumors also overexpress this receptor and may be treated with what we today would 
call a breast cancer treatment regimen (Limaye et al. 2013). In future, cancers will 
likely be defined more by their functionally important mutations, and less by the 
site of origin.

This change of treatment paradigm also brings a drive for new drugs being able 
to target these newly identified pathways, and indeed, oncology today is seeing a 
plethora of new agents, with many more on the way.

After identification of suitable targets and development of new drug candidates 
for cancer therapy, formulation of the drug can be a challenge which is in some 
cases a prohibitive or limiting factor. If a drug is not possible to deliver orally due 
to, e.g., first-pass metabolism in the liver, the drug will need to be administered 
as an intravenous or other route (e.g., intranasal, pulmonary aerosol). But not all 
drugs can actually be formulated in a way that allows safe and efficient treatment. 
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Here, gene therapy may offer promise to bring more drugs to patients as drugs will 
be produced from transgenes by the patients’ own cells and then secreted to the 
bloodstream.

Another issue is the astronomic cost of producing all these different pharmaceu-
tical agents in various formulations, which is a burden for health economies even 
in wealthy countries (Sullivan et al. 2011)—and may be prohibitive in less afflu-
ent communities. Production of DNA may be performed by the same production 
facility, whichever protein the DNA is coding for. The patient actually becomes 
the producer of medicines after the DNA has been transferred. Furthermore, it will 
be possible to do co-transfection of two or more plasmids, enabling combination 
treatment. Thus, it can be proposed that gene therapy may have the perspective of 
bringing affordable cancer treatment in a world where many cancer patients are in 
need of accessible treatments, and also that DNA drugs may enter the market much 
quicker than traditional medicinal products due to similar production requirements 
for the different DNA drugs.

Vectors and methods of transfer have been an ongoing discussion; if only we 
could get the gene there, then great things could happen! Debates have been ongo-
ing whether one method supersedes another. But what is more interesting is to look 
at the possibilities offered by the different methods. For example, when long-term 
expression of the therapeutic gene is desired, in which case there may be a specific 
point in not alerting the immune system to the production of the medicinal product 
taking place in host cells. Here, nonviral methods such as gene electrotransfer may 
be a very good option. In other cases, viral vectors will be a good option.

The term “gene therapy” covers the use of DNA for therapeutic purposes, and the 
term “genetic therapy” also encompasses therapies using RNA, microRNA (miR-
NA), oligonucleotides, etc. It is likely that future developments may come not least 
from the use of various oligonucleotide constructions.

1.2 � Cancer is a Challenging Target for Gene Therapy

Cancer cells basically have sociopathic behavior, not participating in functions of 
importance for the overall survival of the host organism, and working for their own 
benefit. Furthermore, these cells may vary considerably in size and shape, be func-
tionally quite different and be in tumors that have varying local environments, e.g., 
hypoxic, acidic, necrotic, etc. This has a number of consequences for cancer cells 
as targets for gene delivery: Will tumor cells in a poorly perfused environment be 
exposed to the transgene? Will tumor cells be able to take up the genetic material? Is 
expression hampered due to a deranged genome and a cell functioning on the limit 
of the possible? Is the transgenic protein going to be expressed? Will the expressed 
transgene lead to a functional protein? And will there be excretion from the cell 
of this protein? If particular receptors are used for targeting, will heterogeneity in 
tumors mean that only some cells will be targeted? Will there be development of 
resistance?
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Cancer is a particularly challenging goal for gene therapy, in that cancer cells by 
themselves are, genetically speaking, highly unstable, with varying amounts of chro-
mosomes, and prone to mutations often with a lowered level of reparation. Targeting 
“cancer cells” may be difficult both because the target is moving (mutations occur 
changing the phenotype), and because a tumor cell population is often highly het-
erogeneous. Finally, as gene therapy is usually not first-line therapy for cancer, but 
rather an experimental treatment after standardly approved therapies have been tried, 
the tumors have survived rounds of various genotoxic agents, such as radiotherapy 
and chemotherapy, and this makes the tumor cell population even more varied.

1.3 � Targeting at the Single-Cell Level, as a Paracrine,  
or Systemic Approach

Initial gene therapy trials focused on “correcting the wrong” in cancer cells, in order 
to try to revert the malignant phenotype. A typical example was early trials aiming 
at reinstating normal function of a key cell cycle regulator often mutated in cancer, 
namely p53 (Swisher et al. 1999). In order for this strategy to work in cancer, practi-
cally every cell needs to be successfully transfected. In somatic disease, correcting 
a certain percentage of normally functioning cells might be sufficient to restore a 
missing function. However, even a few cancer cells left untransfected may allow 
immediate tumor regrowth, and so this particular approach may actually be a less 
promising avenue in the treatment of cancer.

A different approach has been aiming at a paracrine effect, where a higher con-
centration of a transgenic protein in a local environment may have an effect. A 
nice example of this is the trial on melanoma by Daud et  al. from 2008 (Daud 
et al. 2008a), where DNA coding for the cytokine interleukin-12 was injected and 
transferred to melanoma tumors. Although interleukin-12 is quickly eliminated in 
the systemic circulation, concentrations in the local tumor environment, where the 
transfection took place, may be high. And this can in turn support an immune re-
sponse against tumor cells in the transfected area—which may translate to a sys-
temic antitumor immune response. Another example of the paracrine approach is 
secretion of angiogenic factors locally, to alleviate ischemia or assist healing after 
surgery with flaps (Ferraro et al. 2009).

Finally, a systemic approach may be pursued. In this approach, the host tissue 
expresses a transgenic protein with systemic effects. One example would be that the 
erythropoietin gene is transferred to a small amount of muscle tissue, after which 
the transgenic protein is secreted to the bloodstream and the protein may exert ef-
fects in the organism (Hojman et al. 2007; Gothelf et al. 2010). In some cases, only 
small amounts of protein will be needed to exert an effect, e.g., in the case of hor-
mones such as erythropoietin (Hojman et al. 2007; Gothelf et al. 2010) or growth 
hormone (Draghia-Akli et al. 2006). In other cases, a limited amount of protein may 
be sufficient to improve a medical condition, e.g., in the case of hemophilia where 
even a limited improvement in clotting efficiency may make a medically important 
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difference. In some cases, larger amounts of a protein drug may be warranted, as, 
for example, when administering the gene as a strategy to treat cancer through pro-
duction of a protein with properties inhibiting cancer growth. For the systemic ap-
proach, it will also be of importance to be able to halt gene expression, in particular 
when the transfer has taken place in muscle fibers where expression is long-lived. It 
has been shown that expression of the transgene is quite localized in muscle (Spang-
gaard et al. 2012), and also that the transgenic expression may be quickly eliminated 
using electroporation with calcium (Hojman et al. 2011).

Figure  1.1 depicts these different strategies, from Gothelf and Gehl (2011). 
Figure  1.2 shows the example of gene electrotransfer to skin, from Gothelf and 
Gehl (2010), with different uses of the technology. Thus, examples for gene transfer 
for local treatment and the paracrine strategy would include tumor treatment or 
working with angiogenic factors for wound healing, vaccinations are an example 
of paracrine/ systemic therapy, and, finally, systemic expression from skin may be 
used to target anemia, protein deficiency disorders, or cancer.

Fig. 1.1   Three approaches of gene therapy. a Single-cell approach, in which every single cell 
in a population has to be transfected with the plasmid in order to benefit from the transgene. An 
example could be ex vivo transfection of keratinocytes. b Paracrine approach, in which few cells 
in a population are transfected with the plasmid and the produced protein then acts locally, e.g., 
by eliciting an immune response. c Systemic approach, in which few cells in a population is trans-
fected with the plasmid. The produced protein is transferred to, e.g., the bloodstream, where it can 
create a systemic response. The distinction of these three approaches is of course theoretical and 
the borders between them are arbitrary. From (Gothelf et al. 2010)
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1.4 � Electroporation for Nonviral Gene Delivery

As will be familiar to the reader of this book, gene therapy has principally been di-
vided into viral or nonviral vector approaches. The present chapter deals in greater 
detail with a particular nonviral delivery method, namely electrotransfer.

After the classic 1982 paper by Neumann et al. (Neumann et al. 1982) demon-
strating gene transfer to cells, electroporation has become a standardly used tech-
nology for gene delivery to bacteria and to cells in culture. A multitude of studies 
have demonstrated the use of gene electrotransfer to various animal tissues (Mir 
et al. 2005). In order to perform clinical studies, production of good manufacturing 
practice (GMP) DNA, as well as approved clinical equipment, was necessary, and 
the first clinical gene therapy study using electrotransfer was published in 2008 
(Daud et al. 2008a).

Introduction of gene therapy into the clinical was helped by the use of electro-
poration to deliver drugs for treatment of malignant tumors, electrochemotherapy, 
which is routinely used in the clinic today (Marty et  al. 2006; Mir et  al. 2006; 
Matthiessen et al. 2011; Matthiessen et al. 2012). Equipment for delivery of pulses 
is readily available, and experience on delivery of pulses is at hand. A broader de-
scription of equipment for drug and gene electrotransfer may be found in Staal and 
Gilbert (2011). An example of the efficacy of drug electrotransfer in the treatment 
of cutaneous metastases of malignant melanoma is shown in Fig. 1.3, from Gehl 
(2005).

The availability of approved clinical equipment greatly facilitates gene elec-
trotransfer clinical protocols. Clinical gene electrotransfer has been performed in 

Fig. 1.2   Different objectives 
for gene electrotransfer to 
skin. Gene electrotransfer 
to skin has perspectives in 
“systemic treatment,” “local 
treatment,” and “DNA vacci-
nations” (Gothelf et al. 2010)
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tumors (Daud et al. 2008b; Spanggaard et al. 2013), using genes coding for respec-
tively a cytokine (interleukin-12) or an antiangiogenic, antiproliferative molecule 
(Spanggaard et al. 2013).

1.5 � The Technicalities of Electroporation for Drug  
and Gene Delivery

When brief high-voltage pulses are applied to the cell membrane, rearrangement of 
the lipid molecules will take place (Ziegler and Vernier 2008), enabling formation 
of transient pore-like structures (permeabilization), which again may enable pas-
sage of otherwise nonpermeant drugs (Orlowski et al. 1988; Gehl et al. 1998; Jaro-
szeski et al. 2000). For delivery of drugs, typically chemotherapy, a short series of 
high-voltage pulses are used, as the goal of therapy is to allow passage of molecules 
through a permeabilized area in the cell membrane. The more permeabilization, the 
better diffusion of the drug, and if a cancer cell becomes irreversibly permeabilized, 
this will not be conceived as a problem but as another road to achieve cancer cell 
death.

For gene delivery, the scenario is quite different: After administration of DNA to 
tissues, DNA will adsorb to cell membranes (Neumann et al. 1996). Then, electric 
pulses may be applied, which cause both a destabilization of the cell membrane, and 
exert an electrophoretic effect on the DNA molecule (Mir et al. 1999a). This may 
allow movement of the DNA molecule across the cell membrane and subsequent 
internalization (Golzio et al. 2002).

Once the DNA is inside the cell, various transport mechanisms may assist the 
journey to the nucleus, e.g., active transport via the microtubule system (Vaughan 
and Dean 2006). Integration will only rarely take place unless, e.g., nucleases are 
included in the vector. Expression will depend on a number of factors (of which 
vector design is of great importance), but posttranscriptional processing will also 

Fig. 1.3   Patient with metastasis of malignant melanoma in a course of treatment using electroche-
motherapy. Course of treatment for patient with malignant melanoma metastases, treated with a 
single dose of intravenous bleomycin and electroporation of metastases using needle electrodes. a 
Before treatment. b Four weeks after treatment. A crust can be seen corresponding to the necrotic 
tumor tissue. Needle marks are visible in the normal skin as the margins of the tumor were included 
in the treatment area; note the difference in reaction between normal and malignant tissue. c Six 
months after treatment. From Gehl (2005)
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have an effect on measured expression. Finally, the transgenic protein may need to 
be excreted to exert the desired effect, and after excretion to the extracellular vol-
ume also, immunogenicity of the protein may play a role as an immune response 
towards the protein may decrease presence in circulation. Another situation aris-
es when oligonucleotides are used, and careful optimization may be necessary as 
the oligonucleotides may differ in, e.g., charge and molecular weight (Joergensen 
et al. 2011).

When performing gene electrotransfer, the desirable situation is to disturb the 
cell minimally, and expression of the transgene becomes less likely if cells are 
stressed by, e.g., high degrees of permeabilization (Bureau et al. 2000; Gehl et al. 
2002). Therefore, optimization of pulsing parameters to be just at the threshold for 
permeabilization, and not beyond, is important for successful gene electrotransfer. 
Clearly, when using electrodes in tissues, there will be areas subjected to higher 
field strengths where higher degrees of permeabilization are seen (Gehl et al. 1999), 
but again most gene electrotransfer protocols will plan on a paracrine or systemic 
secretion, where a host tissue secretes a transgene. And this transgenic expression 
may then happen from the area between the electrodes where the field is homog-
enous and adequate (Gehl et al. 1999; Fig. 1.4).

1.6 � Different Tissues: Different Story

Cell type, size, shape, as well as tissue composition matter both for the range of 
electric parameters to be used and for the distribution of DNA in the tissue.

Cell type: The most important feature of importance for gene delivery by non-
viral methods is the longevity of the cell. For example, myofibers have a long life 

Fig. 1.4       Field distribution calculated for needle array electrode. ( top panel) Calculated E-field 
distribution at an applied voltage of 1.2 kV/cm (a) for plate electrodes with 1-cm-wide electrodes 
placed 4 mm apart and (b) for needle electrodes at an applied voltage of 1.2 kV/cm with two arrays 
of each four needles placed 4 mm apart. The spacing between the needles in the array is 2 mm. The 
small nonsymmetric contour lines are due to limitations in the boundary conditions of the program. 
(Gehl et al. 1999). ( bottom panel) Gene electrotransfer to muscle using the depicted electrode. 
The needle with DNA is placed between the electrodes, and injection is performed. Thereafter, the 
needle is withdrawn and electric pulses delivered in less than a minute. This procedure has been 
used in clinical studies (Spanggaard et al. 2012), and (www.clinicaltrials.gov; NCT01664273)
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span, and transient transfections may become functionally permanent, in that the 
fiber neither dies nor divides. It has been shown in several studies that transgene 
expression may remain consistently high for very long periods (Mir et al. 1999b). 
Tumor cells would exhibit the exact opposite properties, quickly losing the tran-
siently transfected transgene as cells divide and die. Cells with an intermediate life 
span to that, e.g., keratinocytes or fibroblasts, may express the transgene over a 
period of weeks, enabling a short-term expression. This may be very useful for, e.g., 
the purpose of vaccination (Gothelf and Gehl 2010).

Cell size and shape: The cell size matters for the field at the level of the mem-
brane; thus, a larger cell will be more easily electroporated than smaller cells (Gehl 
2003). The field may determine that certain cells in a tissue will have a field more 
appropriate for transfection than others. Likewise, the field may exert different ef-
fects on cells depending on the field direction with respect to cell shape (Kotnik and 
Miklavcic 2000). A neuron is a good example of a cell which may experience the 
field differently depending on the field direction respective to the cell, and a myo-
fiber will be much more sensitive to the field if applied along the long axis of the 
fiber rather than perpendicular to it (Gaylor et al. 1988).

Tissue composition: Electric fields and DNA distribution will also change with 
tissue composition; the conductance, density, and perfusion, whether there are ne-
crotic areas in the tumor tissue or not, may alter uptake and expression of the trans-
gene.

1.7 � Current Clinical Experience

The current clinical experience on electrochemotherapy is now quite extensive. Ini-
tially, only small tumors were treated (Belehradek et al. 1993; Glass et al. 1996; 
Heller et al. 1998; Marty et al. 2006), but now quite extensive lesions are being 
treated (Whelan et al. 2006; Matthiessen et al. 2011; Matthiessen et al. 2012; see 
Fig. 1.5). Whereas only a few centers were active in 2006, when standard operating 
procedures were first published (Mir et al. 2006), today over 100 centers are offer-
ing electrochemotherapy in Europe alone. The electrochemotherapy concept is now 
being taken to internal organs as well, notably clinical trials on the liver (Edhemovic 
et al. 2011); bone (Fini et al. 2010), clinical trial ongoing; brain (Linnert and Gehl 
2009; Agerholm-Larsen et al. 2011; Linnert et al. 2012), and colorectal cancer as 
described in review by Miklavcic et al. (2012).

The experience on electrochemotherapy for both superficial and internal tumors 
has had, and will have, great impact on the use of gene therapy. As just one example, 
the electrode developed for drug delivery in the brain (Mahmood and Gehl 2011), 
which has been approved for clinical trial, may at a later time be used for gene 
delivery in the brain, e.g., for the treatment of Parkinson’s disease. Current gene 
therapy trials employing gene delivery to, e.g., tumor or muscle are also making use 
of approved standard equipment for electrochemotherapy, which has greatly eased 
the process of approval of the gene therapy trials.
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Fig. 1.5   Patient treated with electrochemotherapy against extensive chest wall recurrence. Sixty-
four-year-old woman with locoregional recurrence of bilateral receptor negative, HER2-negative 
breast cancer. Previous treatments over a period of 5 years included radiotherapy 48 Gy in 24 
fractions on both sides and reirradiation with 30  Gy in 10 fractions on the left side, systemic 
therapy (cyclophosphamide, epirubicin, fluorouracil, docetaxel, gemcitabine, vinorelbine, and 
capecitabine). Despite all these treatments, there was continuous progression of the cutaneous 
lesions. The column on the left shows image of lesions, CT scan, and PET/CT scan before treat-
ment scan; column on the right shows image of lesion, CT scan, and PET/CT scan after two 
sessions with electrochemotherapy. (HER2 human epidermal growth factor receptor 2, CT com-
puterized tomography, PET positron emission tomography). From Matthiessen et al. (2012)
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The first pivotal clinical paper on gene electrotransfer (Daud et al. 2008a) pub-
lished in 2008 described the use of intralesional injection of interleukin-12 into ma-
lignant melanoma metastases, followed by high-voltage electric pulses. The thought 
behind this approach was that stimulating a local immune response towards mela-
noma antigens could lead to a systemic immunologic response. Indeed, 2 (10 %) 
of 19 patients showed complete regression of all metastases, whereas 8 additional 
patients showed disease stabilization or partial response (Daud et al. 2008a).

Clinical trials are required to be reported to a recognized public database before 
they commence; the database most frequently used is clinicaltrials.gov in the USA, 
but also EudraCT in Europe is very much used. The requirement to register trials 
before they commence is aimed at limiting publication bias, i.e., that only success-
ful trials get published leading to an artificially positive estimate of a particular 
treatment. This requirement has the very positive effect that it is easy to get a current 
overview of initiated trials.

1.8 � Future Perspectives

Novel cellular pathways are rapidly being uncovered, and cancer genomes are be-
ing sequenced, enabling an unprecedented insight into cell biology, as well as the 
malignant genotype and phenotype. With these discoveries, novel targets are being 
identified, enabling new approaches to cancer therapy. A particular challenge—and 
promise—is that as these new targets are identified, novel drugs may be invented. 
Gene therapy may offer very interesting new perspectives; thus, a range of DNA 
drugs may be developed much more easily and at more affordable cost. This again 
may allow a wider range of treatment possibilities aiming at different targets in 
cancer cells and their supportive structures, and possibly also at a more accessible 
price, enabling more patients to benefit. Cancer remains a worldwide leading cause 
of death and morbidity, and progress in the prevention and treatment of this disease 
continues to be a very high priority in research and development.
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2.1 � Introduction

The domestic pig, as an economically and biologically important animal in agri-
cultural, pharmacological, and biomedical applications, is well known for its dif-
ficulty in targeted genome engineering. This is mostly due to a lack of established 
authentic embryonic stem cells and the relatively low efficiency of targeted engi-
neering by homologous recombination (HR). The first targeted gene (alpha-1,3-
galactosyltransferase) knockout (KO) pig was generated by conventional gene tar-
geting (vector-mediated HR) and nuclear transfer one decade ago (Lai et al. 2002). 
However, the conventional targeting method is inefficient and laborious. Another 
method, based on engineered recombinant adeno-associated virus (rAAV) vector, 
has greatly improved the targeting efficiency and has been applied to produce sev-
eral genetically modified (GM) pig models for, e.g., cystic fibrosis (Rogers et al. 
2008), breast cancer (Luo et al. 2011b), and hereditary tyrosinemia type 1 (Hickey 
et al. 2011). Nevertheless, the broad use of rAAV for generating targeted GM pig 
models for biomedical research is still hampered by its relatively low targeting fre-
quency, although ~1000-fold higher than the conventional targeting method, along 
with its high rate of random insertion and laboratory requirement such as a biosafety 
level 2 laboratory.

During the last few years, DNA nuclease technologies, including, e.g., zinc-finger 
nucleases (ZFNs; Kim et al. 1996) and particularly the transcription activator-like 
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effector nucleases (TALENs; Boch et al., 2009; Bogdanove and Voytas, 2011), have 
emerged as exciting tools for targeted genome editing in a wide range of cell types 
and organisms. To date, the efficacy of TALEN-mediated genome engineering has 
been proven in approximately 20 species (Table 2.1), also see review by Joung and 
Sander 2013). Moreover, the feasibility of creating biallelic KO F0 founders has 
greatly facilitated the production procedure and reduced the cost for generating GM 
large animals such as pigs and cows that have longer pregnancy periods than ro-
dents (Hauschild et al. 2011; Yu et al. 2011; Carlson et al. 2012). In this chapter, we 
focus on describing TALENs and the use of TALENs for targeted genome editing 
in primary porcine fibroblasts.

As illustrated in Fig. 2.1a, one TALEN comprises three domains: (i) a modular 
sequence-specific DNA-binding domain (DBD) core, which is engineered from the 
bacterial TAL effector protein; (ii) a catalytic domain (CD), which is derived from 
the FokI nuclease and confers double-stranded DNA breaks (DSBs) upon dimer-
ization with another TALEN; and (iii) a nuclear localization signal, which homes 
the fusion proteins to the nucleus (see also review by Joung and Sander (2013)). 
The nucleotide-binding specificity of the TAL effector protein is determined by 
a modularly repeated domain, which employs a simple protein–DNA code (Boch 
et al. 2009; Fig. 2.1b 2.1a), and thus greatly facilitated the generation of synthetic 
TALENs (Cermak et al. 2011; Li et al. 2011b; Reyon et al. 2012). Several methods 
have been developed for engineering TALENs based on modular assembling (Li 
et  al. 2011b), ligation-independent cloning (Schmid-Burgk et  al. 2013), “Golden 
Gate” cloning (Cermak et  al. 2011), or high-throughput solid-phase assembling 
(Reyon et al. 2012). Unlike ZFNs, the engineering of TALENs by these methods 
can be accomplished with general laboratory reagents, limited budget, and time 
(i.e., within a few days).

Several kinds of genomic alterations, such as mutations, small and/or large dele-
tions and insertions (indels), translocations, and inversions, have been reported in 
a wide range of cells and organisms using TALENs (Bogdanove and Voytas 2011; 
Miller et al. 2011; Carlson et al. 2012; Joung and Sander 2013). The principle that 
DSBs enhance cellular DNA damage repairing machineries by error-prone nonho-
mologous end joining (NHEJ) or error-free HR has been known for three decades 
(Szostak et  al. 1983). TALEN-mediated genomic manipulation shares the same 
principle as DSBs. Upon being introduced into targeted cells, two TALENs bind to 
their recognition sites (TS1 and TS2 as illustrated in Fig. 2.1a 2.1b). Upon dimeriza-
tion of the FokI CD, an active endonuclease is formed which creates DSBs within 
the spacer region. An efficient spacer is between 12 and 31 bp depending on the 
choice of TALE architectures (Cermak et  al. 2011; Li et  al. 2011a; Miller et  al. 
2011; Mussolino et al. 2011). Random mutations, indels, and insertions will be in-
troduced at the DSB sites by NHEJ, while site-specific mutagenesis, indels, and/
or insertion can be introduced in or near the DSB sites by using a donor oligo or 
template (Fig. 2.1b). More advanced genomic alterations such as deletions of large 
fragments, translocations, or inversions can be achieved by using multiple pairs of 
TALENs (Carlson et al. 2012).
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Species TALEN delivery (cell type) Genes Reference
Human ( Homo sapiens)
Human ( Homo 
sapiens)

Electroporation (myoblasts) DMD (Ousterout et al. 
2013)

Human ( Homo 
sapiens)

Transfection (HEK293) VKOR (Tie et al. 2013)

Human ( Homo 
sapiens)

Transfection (HEK 293T) miR-155*, miR-
155, miR-146a 
and miR-125b

(Hu et al. 2013)

Human ( Homo 
sapiens)

Transfection (Jurkat and 
RPE-1 cells)

NPM1 and ALK (Piganeau et al. 
2013)

Human ( Homo 
sapiens)

Transfection (HEK 293) Genome wide (Kim et al. 2013)

Human ( Homo 
sapiens)

Transfection (HEK293), 
electroporation (iPSCs)

HPRT, CFTR, 
eGFP

(Sakuma et al. 2013)

Human ( Homo 
sapiens)

Transduction (HeLa cells) AAVS1 (Holkers et al. 2013)

Human ( Homo 
sapiens)

Transfection (fibroblasts) 15 genes (AKT2, 
ANGPTL3, APOB, 
ATGL, C6orf106, 
CIITA, CELSR2, 
CFTR, GLUT4, 
LINC00116, 
NLRC5, PLIN1, 
SORT1, TRIB1, 
TTN)

(Ding et al. 2013)

Human ( Homo 
sapiens)

Transfection (hESCs)

Human ( Homo 
sapiens)

Transfection (iPSCs)

Human ( Homo 
sapiens)

Ligation-independent 
cloning (LIC)

Genome wide (Schmid-Burgk et al. 
2013)

Human ( Homo 
sapiens)

Transfection (HEK 293T) NDUFA9 (Stroud et al. 2013)

Human ( Homo 
sapiens)

FLASH assembly Genome wide (Reyon et al. 2012)

Human ( Homo 
sapiens)

Transfection (Hela cells) HBB (Sun et al. 2012)

Human ( Homo 
sapiens)

Transfection (human ESCs 
and iPSCs)

PPP1R12C, 
OCT4, and PITX3

(Hockemeyer et al. 
2011)

Cow ( Bos taurus) and pig ( Sus scrofa)
Livestock: Cow 
( Bos taurus) and 
pig ( Sus scrofa)

Transfection (fibro-
blasts) and microinjection 
(embryos)

Porcine: Ldlr, 
DMD, and Ghrhr
Bovine: Acan and 
GDF8,

(Carlson et al. 2012)

Rabbit ( Oryctolagus cuniculus)
Rabbit ( Oryctola-
gus cuniculus)

Microinjection (pronuclear) Rag1 and Rag2 (Song et al. 2013)

Table 2.1   List of TALEN-mediated genome engineering (until July 2013)
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Species TALEN delivery (cell type) Genes Reference
Mouse ( Mus musculus)
Mouse ( Mus 
musculus)

Microinjection (pronuclear 
or zygote)

Mlkl (Wu et al. 2013)

Mouse ( Mus 
musculus)

Microinjection (zygote) Lepr, Pak1ip1, 
Gpr55, Rprm, 
Fbxo6, Smurf1, 
Dcaf13, Fam73a, 
Wdr20a, and 
Tmem74

(Qiu et al. 2013)

Mouse ( Mus 
musculus)

Microinjection (CD1, C3H, 
and C57BL/6J oocyte)

Zic2 (Davies et al. 2013)

Mouse ( Mus 
musculus)

Microinjection (one-cell 
embryo)

Rab38 (Wefers et al. 2013)

Rat ( Rattus norvegicus)
Rat ( Rattus 
norvegicus)

Electroporation  
(fibroblasts) and microinjec-
tion (zygotes)

Try (Mashimo et al. 
2013)

Rat ( Rattus 
norvegicus)

Transfection (ES cells) Bmpr2 (Tong et al. 2012)

Rat ( Rattus 
norvegicus)

Microinjection  
(1-cell-stage embryos)

IgM (Tesson et al. 2011)

Xenopus
Xenopus ( Xenopus 
laevis)

Microinjection  
(one-cell stage)

Tyr and Pax6 (Suzuki et al. 2013)

Xenopus ( Xenopus 
tropicalis)

Microinjection  
(one-cell stage)

Tyr, noggin, and 
MMP-9TH

(Nakajima et al. 
2013)

Xenopus ( Xenopus 
tropicalis)

Microinjection  
(2-cell-stage blastomere)

Tyr (Ishibashi et al. 
2012)

Xenopus ( Xenopus 
laevis)

Microinjection  
(1-cell-stage embryos)

Noggin, Ptf1a/
p48, and Ets1

(Lei et al. 2012)

Xenopus ( Xenopus 
laevis)

Microinjection  
(1-cell-stage embryos)

eGFP (Sakuma et al. 2013)

Zebra fish ( Danio rerio)
Zebra fish ( Danio 
rerio)

Microinjection  
(one-cell stage)

Sema3fb, dre-mir-
126a, dre-mir-
126b, Cluster Chr. 
1, from dre-mir-
17a-1 to dre-mir-
92a-1, Cluster 
Chr. 9, from dre-
mir-17a-2 to 
dre-mir-92a-2

(Xiao et al. 2013)

Zebra fish ( Danio 
rerio)

Microinjection  
(one-cell stage)

idh1, flt3, npm1b, 
jak2a, npm1a,

(Ma et al. 2013)

Table 2.1  (continued) 
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Species TALEN delivery (cell type) Genes Reference
Zebra fish ( Danio 
rerio)

Microinjection  
(one-cell-stage embryos)

apoea, flt4, lepa, 
linc-birc6 [mega-
mind] lincRNA 
gene and the glo-
bin locus control 
region

(Gupta et al. 2013)

Zebra fish ( Danio 
rerio)

Microinjection  
(1- to 4-cell-stage embryos)

eGFP (Sakuma et al. 2013)

Zebra fish ( Danio 
rerio)

Microinjection  
(1-cell-stage embryos)

ponzr1, msna, 
ppp1cab and cdh5

(Bedell et al. 2012)

Zebra fish ( Danio 
rerio)

Microinjection  
(1-cell-stage embryos)

golden (Dahlem et al. 2012)

Zebra fish ( Danio 
rerio)

Microinjection  
(1-cell-stage embryos)

elmo1, epas1b, fh, 
hif1ab, ptpmt1, 
and scl6a3

(Cade et al. 2012)

Zebra fish ( Danio 
rerio)

Microinjection  
(1-cell-stage embryos)

bmi1, ikzf1, phf6, 
jak3, and myoD

(Moore et al. 2012)

Zebra fish ( Danio 
rerio)

Microinjection  
(1-cell-stage embryos)

tnikb (Huang et al. 2011)

Zebra fish ( Danio 
rerio)

Microinjection  
(1-cell-stage embryos)

gria3a and hey2 (Sander et al. 2011)

Fruit fly ( Drosophila melanogaster)
Fruit fly ( Drosoph-
ila melanogaster)

Microinjection (embryos) egfp (Sakuma et al. 2013)

Fruit fly ( Drosoph-
ila melanogaster)

Microinjection (embryos) yellow (Liu et al. 2012)

Medaka ( Oryzias latipes)
Medaka ( Oryzias 
latipes)

Microinjection (fertilized 
eggs)

DJ-1 (Ansai et al. 2013)

Silkworm (Bombyx mori)
Silkworm ( Bombyx 
mori)

Microinjection  
(syncytial-preblastoderm-
stage embryo)

BmBlos2 (Sajwan et al. 2013)

Silkworm ( Bombyx 
mori)

Microinjection (oviposited 
embryos ≤ 2 h)

BmBlos2 (Ma et al. 2012)

Plants
Rice ( Oryza sativa) Polyethylene glycol 

(protoplast)
OsDEP1 ( LOC_
Os09g26999), 
OsBADH2
( LOC_
Os08g32870), 
OsCKX2 ( LOC_
Os01g10110), and 
OsSD1
( LOC_
Os01g40720)

(Shan et al. 2013)

Table 2.1  (continued) 



22 Y. Luo et al.

Highly efficient TALEN-mediated gene-specific manipulations have been re-
ported in both primary porcine fibroblasts and porcine zygotes (Carlson et al. 2012). 
In Carlson et al.’s study, the authors achieved modifications up to 75 % of oocytes 
injected with TALENs as well as a high frequency of monoallelic and biallelic 
modifications in selected/nonselected fibroblsts clones (Carlson et al. 2012). In ad-
dition, the authors further showed that the TALEN-mediated GM cells are suitable 
for cloning: Biallelic Ldlr modified pigs were generated as a model for atheroscle-
rosis (Carlson et al. 2012). Herein, we briefly describe the protocol for engineering 
TALENs using the “Golden Gate” assembling method adapted from Cermak et al. 
(2011) and the delivery of TALENs together with a donor plasmid into primary 
porcine fibroblasts by the 4D-Nucleofector System (Lonza, Basel, Switzerland). As 
a detailed protocol for assembling TALENs by Golden Gate cloning was introduced 
by Cermak et al. in their article (Cermak et al. 2011), we mainly focus on describing 
important notes with respect to the design of TALENs, increase of the Golden Gate 
cloning efficiency, and the efficient delivery of TALENS with or without donor 
template.

Species TALEN delivery (cell type) Genes Reference
Brachypodium 
( Brachypodium 
distachyon)

Polyethylene glycol 
(protoplast)

BdABA1 ( Bra-
di5g11750), 
BdCKX2 
( Bradi2g06030), 
BdSMC6
( Bradi4g08527), 
BdSPL ( Bra-
di2g03740), 
BdSBP ( Bra-
di4g33770), 
BdCOI1 ( Bra-
di2g23730), 
BdRHT ( Bra-
di1g11090), 
and BdHTA1 
( Bradi1g25390)

(Shan et al. 2013)

Barley ( Hordeum 
vulgare L.)

Transformation (12–14-day 
embryos)

PAPhy_a (Wendt et al. 2013)

Tobacco ( Nicotiana 
tabacum)

Transformation (protoplasts) ALS (Zhang et al. 2013)

Other species
Mosquitoes ( Aedes 
aegypti)

Microinjection (1-h-old 
preblastoderm embryo)

kmo (Aryan et al. 2013)

Nematode ( Cae-
norhabditis elegans 
and C. briggsae)

Microinjection (1–12 h after 
the L4 adult molt)

ben-1 (Wood et al. 2011)

Yeast ( Saccharo-
myces cerevisiae)

Transformation URA3, LYS2, and 
ADE2

(Li et al. 2011b)

Table 2.1  (continued) 
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Fig. 2.1   TALEN-mediated genome editing. a Schematic diagram of one pair of transcription 
activator-like effector nuclease (TALEN) that specifically binds to a user-designed genomic locus. 
One engineered TALEN contains three functional domains: a nuclear localization signal (NLS) at 
the amino terminus, a truncated transcription activator-like effector (TALE) DNA-binding domain 
(DBD), and a catalytic domain (CD) consisting of a ubiquitous DNA endonuclease ( FokI) at the 
carboxy terminus. The repeat variable di-residues (RVDs), which confer nucleotide specificity, 
are represented with the two hypervariable residues at position 12–13 (NG, NN or NH, NI, HD). 
The TALE repeat domain (RD) usually contains 15–20 repeats (however, also longer and shorter 
versions can be produced). The RD is indispensible for mediating sequence-specific binding of 
TALENs (TS1 and TS2) to the targeted sites (highlighted in blue and orange). Binding can be 
predicted using a simple protein-DNA code: NG, NN or NH, NI, and HD recognizing thymine 
(T), guanine (G), adenine (A), and cytosine (C), respectively. The functionally efficient spacer 
between the two TALEN recognition sites (TS1 and TS2) ranges from 12 to 31 bp depending on 
the architecture of TALE used (Cermak et al. 2011; Li et al. 2011a; Miller et al. 2011; Mussolino 
et al. 2011). b Once TALENs bind to the targeted DNA strands, the FokI nuclease domains dimer-
ize. This leads to catalytic function of the FokI nuclease domains which creates double-stranded 
DNA breaks (DSBs) within the spacer. DSBs activate the cellular DNA damage repair machinery 
either preferentially by nonhomologous end joining (NHEJ) or by homologous recombination 
(HR) in the presence of a homologous donor oligo or template. Many genomic alterations, e.g., 
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2.2 � Materials

Unless indicated otherwise, all chemicals should be ordered from standard suppli-
ers.
  1.	 Plasmids: a. Golden Gate TALEN and TAL Effector Kit 2.0 (Addgene 

ID1000000024); b. GoldyTALEN (Addgene ID: 38143).
  2.	 Restriction enzymes: BsaI ( Eco31I), AflII ( BspT1), XbaI, BsmBI ( Esp3I), 

AatII, and StuI. Note: Enzymatic activity of BsaI is crucial for the first-round 
Golden Gate assembly reaction.

  3.	 T4 DNA ligase.
  4.	 Plasmid-safe DNA nuclease (Epicentre Biotechnologies, cat# E3110K).
  5.	 T7 Endonuclease I ( T7E1; NEB, M0302).
  6.	 Chemically competent Escherichia coli cells.
  7.	 Gel and polymerase chain reaction (PCR) purification kits.
  8.	 LB medium and plates with tetracycline (10 mg/l), spectinomycin (50 mg/l), or 

ampicillin (50 mg/l).
  9.	 X-gal and dependent on the type of competent cells used also IPTG, if needed.
10.	 Plasmid mini/midiprep kit. Note: Plasmid quality will affect the assembling 

efficiency; use, e.g., QIAprep® Miniprep from Qiagen.
11.	 Platinum pfx DNA polymerase (Life Technologies, Cat# 11708039).
12.	 Primary porcine fibroblasts.
13.	 Cell culture wares: 25  cm2 and 75  cm2 flasks, 6-well, 24-well, and 96-well 

plates.
14.	 Gelatin (0.1 %).
15.	 Complete medium for primary porcine fibroblasts (DMEM supplemented with 

15 % FBS, 1 % P/S, 1 % glutamine).
16.	 G418 selection medium (complete medium supplemented with 800  ng/ml 

G418 and 5 ng/ml bFGF2). Note: The use of bFGF2 is to increase the doubling 
time of primary porcine cells in vitro.

17.	 Cell lysis buffer: (50 mM KCl, 1.5 mM MgCl2, 10 mM Tris-Cl, pH 8.5, 0.5 % 
Nonidet P40, 0.5 % Tween, 400 μg/ml Proteinase K PCR grade).

18.	 P1 Primary Cell 4D-Nucleofector® X Kit S (V4XP-1032, Lonza).
19.	 PCR thermal cycler.
20.	 4D-Nucleofector™ System with X unit (Lonza).

deletions, insertions, and/or mutations, can be created at the DSB site by NHEJ. In the presence of 
a short donor oligo, user-designed mutations can be introduced such as site-specific mutations or 
deletion of predetermined sequences (knockout). In the presence of a DNA template comprising 
two homology arms and a functional transgene cassette, the transgene can specifically be inserted 
into or near the DSBs with or without disrupting the endogenous gene function (knockin)
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2.3 � Engineering of TALENs

Herein, we provide notes that we found important for increasing the TALEN en-
gineering efficiency by Golden Gate cloning. Refer to Cermak’s study for detailed 
TALENs engineering protocols (Cermak et al. 2011).

Note 1  Before designing TALENs for your targets sites, make sure to analyze your 
potential targeted genomic region with RepeatMasker (http://www.repeatmasker.
org/cgi-bin/WEBRepeatMasker), and choose a targeted region with no repetitive 
sequences for designing TALEN target sites using the TALEN targeter 2.0 (https://
tale-nt.cac.cornell.edu/). The average success rate of TALENs is approximately 
60 %. We select in average four pairs of TALENs for each targeted locus (gene).

Note 2  To lower the handling time for the first Golden Gate reaction, dilute all 
plasmids from the Golden Gate kit to 150 ng/μl.

Note 3  For the first Golden Gate assembling reaction, alternatively, we predigest 
pFUS_A plasmid with BsaI and gel purify the plasmid backbone (2564  bp) to 
increase the efficiency.

Note 4  If FastDigest enzyme from Fermentas are used, we noticed that using dou-
ble amounts (2 μl per reaction) of BsaI ( Eco31I) and increasing the digestion–liga-
tion reaction to 13 cycles can increase the frequency of correct clones (proportion 
of white colonies in the blue/white selection).

Note 5  To check the success of the first Golden Gate assembling reaction, run 3 μl 
of the plasmid-safe nuclease (PSN)-treated ligation reaction on 1 % agarose gel as 
presented in Fig. 2.2a.

Note 6  It is crucial that your final TALEN plasmids are checked by restriction 
enzyme digestion (Fig. 2.2b) and sequencing before used for transfection.

2.4 � Delivery of TALENs into Primary Porcine Fibroblasts

We use the 4D-Nucleofector™ System with X unit for transfection of primary por-
cine fibroblasts established from two breeds of miniature pigs (Yucatan and Göt-
tingen).

  1.	 Culture primary porcine fibroblasts in complete medium until 80 % confluence.
  2.	 Dissociate cells by trypsinization (0.05 % trypsin-EDTA at 37 °C for 3 min) and 

stop trypsin with complete medium.
  3.	 Count cells and use 5 × 500,000 cells per reaction.
  4.	 Spin down cells at 200 g for 5 min.
  5.	 Aspirate the medium as complete as possible without disturbing the cell pellet.
  6.	 Resuspend cells in reconstructed P1 solution using 20  μl P1 solution per 

5 × 500,000 cells.

http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker
http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker
https://tale-nt.cac.cornell.edu/
https://tale-nt.cac.cornell.edu/
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  7.	 Aliquot 20 μl P1 cell solution to sterilized 1.5 ml microcentrifuge tubes which 
are prefilled with 400  ng TALENs (per pair). Note: If a donor template is 
needed, we add 400 ng donor plasmid (linear or circular) plus 400 ng TALENs 
(per pair), though the recommended amount of total substrate DNA by the sup-
plier is 400 ng.

  8.	 Transfer the P1 cell–DNA mixture to a 20 μl Nucleocuvette™ Strip.
  9.	 Run nucleofection using the Nucleofector program CM-137. Note: We tested 

the nucleofection efficiency in primary fibroblasts with the primary cells opti-
mization kit and found that CM-137 gave the highest transfection efficiency 
(~ 60 %) and with a viability of ~ 20 % (unpublished results). Although this opti-
mization was only tested in Yucatan primary fibroblasts, this protocol should be 
compatible for fibroblasts from other breeds.

10.	 Following nucleofection, remove the cuvette from the nucleofector and incu-
bate the transfected cells for 10 min at room temperature.

11.	 Add 80  μl pre-warmed complete medium to each reaction and transfer to 
appropriate cell culture wares. Note: For analysis of TALEN cleavage, we plate 
the cells to one well of a 6-well plate coated with 0.1 % gelatin, followed by 
culturing in 3 ml complete medium. For selection of gene KO and/or knockin 
(KI) clones, resuspend the nucleofected cells in 10 ml pre-warmed complete 
medium (supplemented with 5 ng/ml bFGF2) and plate the cells in one 96-well 
plate coated with 0.1 % gelatin.

12.	 Culture cells at 37 °C or 30 °C (cold shock) for 72 h. Note: Changing medium 
during the first 72-h incubation period is not necessary.

Fig. 2.2   Engineering TALENs by Golden Gate Reaction. a Gel electrophoresis of first Golden Gate 
reaction product. Three-microliter PSN-treated ligation products were separated in a 1 % agarose 
gel. Lane 1, size marker; Lane 2–5, pFUS_A_10RVDs, pFUS_B5_5RVDs, pFUS_A_10RVDs, 
pFUS_B4_4RVDs; Expected ligation patterns are indicated by arrows. b pcGoldyTALEN plas-
mids digested with AtaII and StuI. Lane 1–4, digested pcGoldyTALEN_GOI_16RVDs, un-
digested pcGoldyTALEN_GOI_16RVDs, digested pcGoldyTALEN_GOI_15RVDs, un-digested 
pcGoldyTALEN_GOI_15RVDs; Lane 5, size marker. Arrows indicate RVDs containing frag-
ments. TALEN transcription activator-like effector nuclease, PSN plasmid-safe nuclease, RVD 
repeat variable di-residue
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13.	 For TALEN-mediated cleavage assay, harvest cells from 6-well plates and 
extract genomic DNA. Alternatively, cells can be resuspended in 100 μl cell 
lysis buffer (stated above) and incubated at 65 °C for 30 min and afterwards at 
95 °C for 10 min. Use 50 ng genomic DNA or 1 μl cell lysate for PCR.

14.	 For gene KO or KI, cells are cultured in selection medium (e.g., for neo-resis-
tant cell clones: complete medium supplemented with 0.8  μg/ml G418 and 
5 ng/ml bFGF2 if the donor template contains a neo-selection marker) for 48 h 
after nucleofection. Change medium every 2–3 days.

15.	 Two weeks after G418 selection, screen-resistant clones for gene KO or KI as 
described by others and us previously (Rogers et al. 2008; Luo et al. 2011b).

16.	 Generate gene KO or KI pigs by somatic cells nuclear transfer (Lai and Prather 
2003; Du et al. 2007).

2.5 � Assessing TALEN-Mediated Cleavage by T7E1 Assay

1.	 Design primers flanking the TALEN targeted sites. The amplicon size should be 
200–500 bp.

2.	 Amplify the DNA fragment using your proofreading PCR polymerase of choice 
and other substitutes with the optimized PCR program. Note: In our laboratory, 
we commonly use the proofreading platinum pfx DNA polymerase from Life 
Technologies which works very well with almost all tested PCRs (Luo et  al. 
2011a, 2012a, b). Avoid designing primers that recognize a repetitive region.

3.	 Purify your PCR product with a quick PCR cleanup kit. Note: Your PCR reaction 
should be specific and only have one band. Do not use unpurified PCR product 
for the following annealing process.

4.	 Hybridize about 200–400 ng purified PCR product to itself using a thermocycler 
or a heating block: For the thermocycler protocol, the purified PCR product is 
diluted in 1X NEB buffer 2 solution to a final volume of at 10 μl.

	 Hybridize the PCR production with the following program:

1 Hold 95 °C for 10 min
70 Cycles 95 °C for 30 s, 94 °C for 30 s (decrease 1 °C for each

hold temperature for every subsequent set of cycle;
ramp rate: 50 %, or 0.1 °C/s)

1 Hold 4 °C

For the heating block protocol, dilute ~ 200 ng of purified PCR product in at least 
20 μl 1X NEB buffer 2. Denature the PCR product at 95 °C. Turn off the heating 
block and let cool down to room temperature while leaving the sample in the heat-
ing block.
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5.	 T7E1 cleavage. Add 1 μl T7E1 to the annealed PCR product and incubate at 
37 °C for 20 min.

6.	 Analyze digested PCR products using a 2 % agarose gel or a 8–10 % polyacryl-
amide gel.

2.6 � Future Perspectives

Future developments for TALENs are still required to increase efficiency and spec-
ificity. A wide range of TALEN-mediated cleavage efficiency has been reported 
depending on the TALENs used, cells, or organisms. It is known that the choice 
of TALE protein scaffolds (Miller et al. 2011; Mussolino et al. 2011; Carlson et al. 
2012; Kim et al. 2013), spacer lengths (Miller et al. 2011), cell culture status (Doy-
on et  al. 2010), as well as epigenetic modifications can affect TALENs’ activity 
(Kim et al. 2013). It was shown that TALENs with certain N- and C-terminal trun-
cated TALE protein, e.g., GoldyTALEN, had significantly higher TALEN activity 
compared to the native form (Miller et  al. 2011; Mussolino et  al. 2011; Carlson 
et al. 2012). Other strategies such as creating new fusion proteins with highly active 
DNA nuclease domains have been suggested (Joung and Sander 2013). In addition, 
methods for efficient delivery of TALENs in forms of plasmid DNA, messenger 
RNA (mRNA), or protein, to targeted cells, especially when delivering into primary 
cells or organisms, should be developed. Viral-mediated TALEN delivery is one 
of such promising methods, as it can efficiently transduce a wide range of non- or 
poorly transfectable cells. Adenoviral vectors, but not lentiviral vectors, can be used 
to deliver functional TALENs into cells (Holkers et al. 2013). rAAV vectors are an-
other attractive viral vehicle for delivering TALENs into cells and organisms due to 
their various advantages such as, e.g., capacity to transduce several kinds of divid-
ing or nondividing cell types, predominantly non-integrating profile, possibility of 
high titer for production, and low immunogenicity (Hirata and Russell 2000; Baker 
2003; Cathomen 2004). A limitation of using rAAV for TALENs delivery is linked 
to its relatively small genome size (~ 4.7 kb max; Wu et al. 2010). However, this 
genome size is still sufficient for generating TALENs with a maximum of 20 RVDs. 
TALENs with 15 RVDs have been shown to be effective in vivo genome engineer-
ing (Ma et al. 2013). Besides, donor oligo or template could be co-delivered with 
one rAAV-TALEN, similar to the study conducted with rAAV-ZFNs (Ellis et  al. 
2012), which makes rAAV an attractive method for testing in the future. The reader 
is referred to Chap. 3 of this book for more information about somatic gene therapy 
using viral vectors.

However, TALEN-mediated targeting specificity should not be sacrificed in fa-
vor of efficiency. Unknown off-target effect by TALEN-mediated genomic engi-
neering is one of the most important difficulties that hamper their broad application 
in biomedical research, especially for, e.g., gene therapy. Several strategies to low-
er the off-target effect have been investigated such as using a heterodimeric FokI 
nuclease domain (Doyon et  al. 2011), choosing more nucleotide-specific RVDs 
(Cong et al. 2012), and selecting TALEN targeted sites with minimum off-target 
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sites across the genome (Doyle et al. 2012). It has been revealed by genome-wide 
analysis that ZFNs could hit several off targets across the genome (Gabriel et al. 
2011; Pattanayak et al. 2011). Likewise, next-generation sequencing and aligning 
the reads to the reference genome could in future be applied to test for specificity 
of designed TALENs.

Recently, the clustered regularly interspaced short palindromic repeats (CRIS-
PR) and CRISPR-associated (Cas) proteins system, which use small base-pairing 
RNAs to target and cleave DNA in a sequence-specific manner and provide most 
bacteria and archaea adaptive immunity to invading virus and plasmids, has evolved 
as another exciting tool for targeted genome editing (Bhaya et al. 2011; Terns and 
Terns 2011; Wiedenheft et al. 2012). The CRISPR/Cas system has now been suc-
cessfully applied to genome engineering in many cells and organisms, such as bac-
terial (Jiang et al. 2013), zebra fish ( Danio rerio; Hwang et al. 2013), mouse (Cong 
et al. 2013), and human cells (Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013) 
Arabidopsis and Nicotiana benthamiana (Li et al. 2013), cynomolgus monkeys 
(Niu et al. 2014) etc. many more successful applications are expected in the near fu-
ture. The CRISPR, together with the DNA nuclease systems (ZFNs and TALENs), 
will greatly enhance the feasibility and efficiency for targeted genome editing in 
animals and many other potential applications in the future.
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Abbreviations
Ad	 Adenovirus
AAV	 Adeno-associated virus
AMD	 Age-related macular degeneration
AIDS	 Acquired immunodeficiency syndrome
BIV	 Bovine immunodeficiency virus
BM	 Bruch’s membrane
CAEV	 Caprine arthritis-encephalitis virus
cap	 Gene encoding AAV structural proteins
CBA	 Chicken ß-actin
CGD	 Chronic granulomatous disorder
CNV	 Choroidal neovascularization
CTLs	 Cytotoxic T lymphocytes
E2A, E4 and VA	 Ad genes that mediate AAV vector replication
EIAV	 Equine infectious anemia virus
env	 Gene encoding the HIV-1 surface glycoprotein gp160
FVIII	 Factor VIII
FIX	 Factor IX
gag	 Gene encoding the LV core proteins
GOI	 Gene of interest
HEK293	 Human embryonic kidney 293
HIV	 Human immunodeficiency virus
HSC	 Hematopoietic stem cell
HSV-1	 Herpes simplex virus-1
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ICLV	 Integration-competent LV
IL-2Rγ	 Interleukin-2 receptor common γ−chain
IPM	 Inter-photoreceptor matrix
IR	 Inherited retinopathies
ITR	 Inverted terminal repeats
IDLV	 Integration-deficient LV
ILM	 Inner limiting membrane
IN	 Integrase
LCA	 Leber’s congenital amaurosis
LP1	 Liver promoter 1
LTR	 Long terminal repeats
LV	 Lentivirus
mFLT1	 Membrane-bound VEGF-receptor 1
miRNA	 microRNA
MLV	 Murine leukemia virus
pol	 Gene encoding a set of enzymes required for LV replication
PR	 Photoreceptor
Prom	 Promoter
rAAV	 Recombinant AAV
RCL	 Replication-competent lentivirus
RCR	 Replication-competent retrovirus
rep	 Genes encoding nonstructural AAV proteins
rev	� Gene encoding a regulatory protein important for nuclear export 

of mRNA transcripts
RNAi	 RNA interference
RPE	 Retinal pigment epithelial
RRE	 Rev-responsive element
scAAV	 Self-complementary AAV
sFLT1	 Soluble VEGF-receptor 1
SCID	 Severe combined immunodeficiency
SeV	 Sendai virus
shRNA	 Short-hairpin RNA
SIN	 Self-inactivating
siRNA	 Short interfering RNA
SIV	 Simian immunodeficiency virus
ssAAV	 Single-stranded AAV
TLR	 Toll-like receptor
TU	 Transducing units
VEGF	 Vascular endothelial growth factor
vg	 Vector genomes
VMV	 Visna/maedi virus
VSV-G	 Vesicular stomatitis virus envelope glycoprotein G
WAS	 Wiskott–Aldrich syndrome
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3.1 � Introduction to Vector Technology

The most important challenges in somatic gene therapy are finding safe ways to 
deliver the transgenes to appropriate cells and the subsequent maintenance and ex-
pression (Fig. 3.1). For decades, scientists have asked for gene delivery vehicles for 
gene replacement and gene silencing that can transduce the cells of interest, avoid 
the immune response, transduce both dividing and nondividing cells, remain epi-
somal or in other cases insert their cargo in the genome without the risk of insertion-
al mutagenesis. Efficient and long-term expression of transgenes is also required. At 
present, no single delivery system can fulfill all these criteria, but collectively the 
viral vectors display all of these sought-after features.

a

c d

b

Fig. 3.1   Examples of ex vivo and in vivo gene transfer for the treatment of inherited diseases 
in humans. a Gene therapy for X-linked SCID, WAS, and CGD using retroviral vectors. CD34+ 
HSCs are transduced ex vivo and following cultivation returned to the patients. b rAAV-mediated 
in vivo gene therapy of the eye disease LCA and bleeding disorder hemophilia B. ssAAV2-RPE65 
or scAAV8-FIX are delivered by subretinal injection or peripheral-vein infusion, respectively. 
c Schematic illustration of the utilized γ-retroviral ( upper) and LV ( lower) constructs. In the 
γ-retroviral vectors transgene expression is driven from the LTR. For treatment of X-linked SCID, 
WAS, and CGD the vector contained the IL-2Rγ, WAS, and GP91 phox gene sequences, respec-
tively. To improve safety and efficacy, third generation LV-based SIN vectors have been employed 
in recent gene therapy trials. In this vector system, expression is driven from an internal promoter 
(Cartier et al. 2009; Cavazzana-Calvo et al. 2010). ψ = packing signal. d Graphic depiction of the 
ssAAV2 ( upper) and scAAV8 ( lower) vectors used for ocular or hemophilia B gene therapy. See 
text for details
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In the development of gene delivery systems based on natural viruses, several 
members of different viral families have been investigated, optimized, and utilized, 
such as adenovirus (Ad), Herpes simplex virus-1 (HSV-1), retroviruses such as Mo-
loney murine leukaemia virus (MLV), and lentivirus (LV), and adeno-associated 
virus (AAV). Each type of virus has its own niche and has evolved to maximize its 
chances of replication by transferring its viral genome into host cells and exploiting 
cellular machinery to assure viral propagation. The main interest of viral vectors for 
gene therapy lies in gene transfer, a process that can be defined as gene transduc-
tion, whereas viral propagation is avoided by deletion of the coding region of the 
viral genome that leads to replication and toxicity. The viral genome is replaced 
with the desired transgene, which is packaged and delivered to cells via the natural 
transduction pathway of the virus.

Given the diversity of disease targets that are potentially amenable to gene ther-
apy, it has become clear that the notion of “best vector” depends on the particular 
disease or disorder in question. Recently, most strategies for treating genetic dis-
eases have primarily revolved around two viral vectors: The lenti- and the adeno-
associated viral vectors (Fig. 3.1). They belong to different viral groups according 
to whether their genomes integrate into host cellular chromatin or persist as epi-
somes in the cell nucleus, respectively. The most promising results to date have 
been achieved using AAV, which has been appreciated as the vector of choice for 
the transduction of post-mitotic cells in vivo, whereas LVs are the primary vector 
for ex vivo gene transfer into stem or progenitor cells.

3.1.1 � From Wild Pathogenic Virus to Sophisticated Gene 
Delivery Vehicles—The Lentiviral Vectors

Lentiviral vectors have been constructed from several types of LVs such as the hu-
man immunodeficiency virus (HIV), simian immunodeficiency virus (SIV), equine 
infectious anemia virus (EIAV), feline immunodeficiency virus (FIV), Visna/maedi 
virus (VMV), caprine arthritis-encephalitis virus (CAEV), and bovine immunodefi-
ciency virus (BIV). The viruses induce a variety of pathologies in their host, such as 
acquired immunodeficiency syndrome (AIDS) in humans, but they all share several 
common features. Here, we focus on the lentiviral vector derived from HIV-1.

HIV-1 has a single-stranded positive-sense RNA genome encoding nine viral 
proteins. The gag gene encodes the viral core proteins, the env gene encodes the 
viral surface glycoprotein and the pol gene encodes a set of enzymes required for 
viral replication. Besides the major proteins Gag, Env, and Pol, the viral genome 
also encodes Tat and Rev, regulatory proteins, as well as four accessory proteins, 
Vif, Vpr, Vpu, and Nef. Long terminal repeats (LTRs), of about 640 nucleotides 
segmented into U3, R, and U5 regions like other retroviral LTRs, flank the viral 
genome and are required for viral transcription, reverse transcription, and integra-
tion. In lentiviral vectors based on HIV-1, all viral genes have been deleted and 
even the LTRs have been mutated to improve safety. LVs have a size of approx. 
130–140 nm in diameter (Fig. 3.1a). The different generations of LV vectors are 
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further described in the Sect. 3.6. The latest generation of LV vectors requires four 
different plasmids for packaging and production of infectious virions (see Fig. 3.2a) 
and in general, the vector yield of third-generation vectors is lower than previous 
generations. The vector yield of LVs is generally not higher than 1010 transducing 
units (TU)/mL compared to AAVs 1012 TU/mL. Enhanced transduction efficiency 
can be obtained by introduction of a cis-acting central polypurine tract (Zennou et al. 
2001). Introduction of a cis-acting Woodchuck hepatitis virus posttranscriptional 
regulatory element (Zufferey et al. 1999) or incorporation of chromatin-insulator 
and -opening elements (Aker et al. 2007; Arumugam et al. 2007) have been shown 
to increase transgene expression.

a b
Fig. 3.2   LV and AAV vector production at a glance. a LV vectors produced by quadruple transfec-
tions (Dull et al. 1998). Pre-seeded HEK-293T cells are transfected by means of the calcium-co-
precipitation method. Two days posttransfection, the virus-containing medium is harvested and 
viral particles are either stored as crude samples or further purified by ultracentrifugation. LV vec-
tors produced by the quadruple transfection procedure, known as third generation LV vectors, are 
replication-incompetent, and hence, safer to use compared to previous LV systems. For estimation 
of the titer various methods, including colony-forming assay and ELISA-based assessment of the 
amount of surface located viral protein (such as p24), can be applied. b rAAVs produced by triple 
transfections. Following triple transfection of pre-seeded HEK-293T cells (Xiao et al. 1998) the 
cells are maintained for a few days at standard cultivation conditions. Then, the medium is col-
lected and AAV particles purified, e.g., by utilizing a sequential process of nuclei isolation, density 
gradient centrifugation, and heparin sulfate affinity column chromatography. The latter step is 
included in order to ensure further purity of the AAV samples. Titration by dot blot analysis is nor-
mally performed in order to determine the concentration of the virus particles. See text for details
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Upon target cell infection, the viral RNA is reverse transcribed into linear double-
stranded DNA. A part of this DNA is integrated into the host cell genome, either by 
integrase(IN)-dependent or IN-independent mechanisms, and a significant amount 
is converted into stable episomal circles. The integrated provirus represents the ma-
jor source of transgene expression, whereas the episomes are a weaker template for 
effective transgene expression. Insertion mediated by the virus-encoded IN can be 
greatly reduced by introducing a missense amino acid in the catalytic triad of the IN 
and thereby favoring the formation of episomal DNA. These IN-mutants are also 
known as integration-deficient LVs (IDLVs). In most cases, the lentiviral episomes 
lack a replication signal, and compared to integrating LVs, the gene expression 
is transient in proliferating cells, where they are progressively diluted out. IDLVs 
can mediate stable expression in nondividing cells and are proficient vehicles for a 
broad range of applications such as homologous recombination, site-specific inte-
gration, and transposition, and can be converted into replicating episomes. IDLVs 
could be a safer alternative to integration-competent LVs (ICLVs), or other non-
integrating vectors, in quiescent tissue, but gene therapy vectors require effective 
levels of transgene expression. Most reports on IDLVs note similar vector titers 
and transduction percentages as ICLVs, but the expression level is reduced from 
approximately one-half (Apolonia et al. 2007; Coutant et al. 2008) to one-tenth that 
of ICLVs (Cornu and Cathomen 2007; Bayer et al. 2008).

In the early developmental phase, HIV-1 Env was replaced with vesicular sto-
matitis virus envelope glycoprotein G (VSV-G) to allow the vectors to transduce 
a markedly wider set of cells (Burns et al. 1993). The process of producing viral 
vectors in combination with foreign viral envelope proteins is termed pseudotyping, 
and in the case of VSV-G, the pseudotyped viral vectors were also found to be more 
stable, allowing viral particles to be highly concentrated by ultracentrifugation (Ak-
kina et  al. 1996). Selective lentiviral delivery can be obtained by exploiting the 
knowledge of receptor specific viral entry. A different way to alter vector tropism is 
to fuse viral glycoproteins to a ligand protein or antibody to target the viral particles 
to specific cell-surface molecules (Yang et al. 2006). Another step in lentiviral in-
fection, which can be modified for targeted gene delivery, is gene expression. Use 
of a tissue or cell-type specific promoter/regulatory elements (De Palma et al. 2003; 
Park et al. 2003; Hioki et al. 2007; Lopes et al. 2008; Schmeckpeper et al. 2009) 
or incorporation of micro-(mi)RNA target sequences can target gene expression to 
the cells of interest (Brown et al. 2006; Brown et al. 2007). Recently, the research 
group of Alberto Auricchio showed that miRNA-mediated regulation of transgene 
expression by adding miRNA target sequences also can be applied in the retina to 
either restrict expression to a specific cell type or provide an additional layer of 
gene expression regulation (Karali et al. 2011)

More than two decades have passed since genetically modified HIV was used for 
gene delivery for the first time. As opposed to the γ-retroviruses, LVs have a desir-
able, inherent property, namely, the ability to transduce nondividing cells and this 
discovery was the breakthrough for LVs. Continuous improvements have devel-
oped HIV into safer and more effective lentiviral vectors that offer several attractive 
properties as gene-delivery vehicles. These include persistent gene delivery through 
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stable vector integration into the host cell genome, broad tissue tropism including 
the possibility to be pseudotyped, the ability to incorporate relatively sophisticated 
genetic elements such as polycistronic or intron-containing sequences and a rela-
tively easy system for vector manipulation and production. The LV vectors also of-
fer attractive biosafety features such as the split-genome design (see Sect. 3.6), no 
expression of viral proteins after transduction, and a potentially safer integration 
site profile than other retroviruses. Production of third-generation LV vectors is 
briefly described in Fig. 3.2a.

3.1.2 � From Dependent Virus to Desirable Vector—The Adeno-
Associated Viral Vector

Whereas development of the LV virus has been constrained by the intrinsic patho-
genicity of the virus the major hurdle for in vivo gene transfer using AAV has been 
limited efficacy caused by host immune response due to prior AAV infections. Ap-
proximately 80 % of humans are seropositive for AAV2, but despite the high sero-
prevalence, the virus has not been linked to any human diseases. This provides the 
derived recombinant AAV (rAAV) vectors with an excellent safety profile com-
pared to other viral systems.

AAV is a small (~ 25  nm) nonenveloped virus that packages a linear single-
stranded DNA genome of ~ 4.7 kb (Fig. 3.1b). AAV is naturally replication defi-
cient, it belongs to the genus Dependovirus of the Parvovirus family because it is 
dependent on co-infection of a helper-virus such as the adenovirus or herpesvirus 
for replication. The structure of the wildtype AAV is simple and consists of two vi-
ral genes, the rep and cap, flanked by 145 nucleotide-long inverted terminal repeats 
(ITR). The segment of 125 nucleotides of the ITR constitutes a palindrome folding 
upon itself to maximize Watson–Crick base pairing and form a T-shaped hairpin 
structure with a key role in DNA replication (Fig. 3.1b). The secondary structure 
of the ITR provides a free 3’ hydroxyl group for initiation of viral replication and 
serves as priming sites for host cell DNA polymerase to begin second-strand syn-
thesis. The ITRs are the only cis-acting elements necessary for genome replication, 
integration, and packaging.

The viral genes encoding both structural ( cap) and nonstructural proteins ( rep) 
are replaced with the transgene of interest in the rAAV, which subsequently do not 
express any viral genes and therefore rAAV is unable to replicate and integrate 
into host cell chromosome. In wildtype AAV, host cell integration is a site-specific 
reaction with preferential integration of the virus genome into a region designated 
AAVS1 on human chromosome 19 (Kotin et  al. 1991). Targeted integration is a 
unique phenomenon among all known eukaryotic viruses and its exploitation is 
highly attractive for achieving safe and stable transgene expression. The question 
remains, whether AAVS1 is suitable for human gene therapy applications, but tissue 
culture experiments performed on multiple cell types and with multiple transgenes 
have validated this site for effective and safe transgene insertion in human cells 
(Lombardo et al. 2011).
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The molecular fate of the rAAV vectors lacking the rep genes, once in the nucle-
us, is dependent on host cell activities. Incoming rAAV DNA needs to be converted 
into double-stranded, transcriptionally functional templates, which happens either 
by de novo second-strand synthesis or by annealing single-stranded molecules with 
opposing polarities. The latter is possible when the multiplicity of infection is suf-
ficient to promote base-pairing because AAV genomes with sense and antisense 
orientation are packaged equally well. Through intra- or intermolecular recombina-
tion at the ITRs, rAAV genomes can originate circular forms or linear concatemers, 
respectively. Both extrachromosomal DNA forms are transcription-competent tem-
plates and believed to be responsible for the majority of transgene expression. In ad-
dition to the episomal forms, 1 % of the rAAV genomes are integrated into chromo-
somal DNA by a passive process relying on pre-existent chromosomal breaks and 
host cell machinery. Concerns about insertional mutagenesis is less for rAAV com-
pared to retroviral vectors because they do not create but instead insert into existing 
chromosomal breaks and do not display “outward” promoter activity (see Sect. 3.6).

One of the rate-limiting steps for rAAV transduction is the conversion of the 
single-stranded vector genome into double-stranded DNA prior to gene expression 
(Ferrari et al. 1996; Fisher et al. 1996). This critical step was circumvented through 
the use of self-complementary AAV (scAAV) vectors (McCarty et al. 2001). In the 
scAAV vector, both strands are packaged as a single molecule with an inverted 
repeat genome that can fold upon itself and mimic the structure of conventional sin-
gle-stranded AAV (ssAAV) after double-stranded DNA conversion by DNA synthe-
sis (Fig. 3.1b). This enhances formation of transcription-competent molecules, thus 
improving expression kinetics and renders transduction with scAAV independent of 
host cell DNA synthesis. scAAV vector genomes have also been found to be more 
stable and more prone to circularization upon transduction of in vivo tissues than 
ssAAV vector genomes (Wang et al. 2003). With these attractive features, scAAVs 
have the potential to attain therapeutic levels of transgene expression at a minimal 
dose. scAAV vectors were shown to transduce cells in vitro 5–140-fold more effec-
tive than the corresponding ssAAV (McCarty et al. 2001) and cells that did not show 
transgene expression from single-stranded genomes showed expression when trans-
duced with scAAV with the same serotype. The tradeoff for fast expression kinetics 
is the need to limit the size of the transgene that can be packaged in scAAVs to 
approximately one half of the ssAAV genome. Heterodimerization or trans-splicing 
strategies can tackle this drawback and increase vector capacity (Sun et al. 2000). 
With this strategy, the transgene cassette is split between two rAAV vectors and 
after coinfection of target cells, the AAVs form head-to-tail concatamers via recom-
bination at the ITRs fusing the 5′ and 3′ ends of the split gene of interest. The fused 
ITR sequence is removed during mRNA maturation by the use of splicing signals 
(intron). The split gene approach has the drawback of decreased efficacy.

AAVs gain entry into target cells by the use of different cellular receptors. Differ-
ent serotypes have unique binding properties and the capsid possesses the specificity 
for binding cell surface receptors. Over 100 natural serotypes have been isolated, but 
most clinical trials have been performed with rAAV encapsulated with serotype 2 
capsid proteins, the first serotype to be isolated and characterized. Tropism as well 
as gene expression kinetics differ between the serotypes (Zincarelli et  al. 2008). 
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Transencapsidation or pseudotyping is a concept that refers to the possibility to 
pack viral genomes of one serotype, mostly AAV2, in the capsid of another serotype 
(Rabinowitz et al., 2002). At present, the crystal structure of multiple serotypes has 
been solved and the structures have aided in the re-engineering of the prototype vector 
AAV2. Capsid engineering is a valuable tool for both tropism modification and al-
leviation of capsid-specific immunogenicity. Capsid engineering has been performed 
by epitope insertion, chemical modification, and virus-directed evolution. Rational 
design has been used to generate chimeric capsids, where important functional do-
mains or amino acids from one serotype are incorporated into another, and the derived 
mutant will have properties in common with both parental serotypes. Mosaic capsids 
is another approach where capsids are created made up of protein subunits from more 
than one serotype by mixing plasmids encoding capsid subunits of each serotype in 
specific ratios. Capsid engineering has been described in a review by Bartel et al. 
which is recommended for further reading on the subject (Bartel et al. 2011).

As an alternative to rational design of AAV capsids, directed evolution has 
emerged. This strategy emulates the process of natural evolution to improve the 
function of rAAVs and is a powerful tool for rapid selection and isolation of AAV 
variants with novel valuable properties. Directed evolution is exploited to gener-
ate vectors with enhanced tropism for specific cell types while detargeting them 
from undesired cells (Maheshri et al. 2006). This approach can also be used to iso-
late vectors that can escape from immune responses. However, one challenge is to 
translate the properties of vectors generated from selection in cell lines and animal 
models to the increasingly complex challenges experienced in humans.

In 2008, Zhong and coworkers documented a series of interesting findings that 
have led to the development of next-generation AAV2 vectors capable of high-ef-
ficiency transduction at lower vector doses. The authors showed that site-directed 
mutagenesis of surface-exposed tyrosine residues results in production of AAV2s 
that transduce both cells in vitro and murine hepatocytes in vivo more efficient-
ly compared to conventional AAV2 vectors (Zhong et al. 2008). In addition, they 
showed that therapeutic levels of human Factor IX (FIX) could be produced at a 
~ 10-fold reduced vector dose. It was suggested that the increased transduction ef-
ficiency of tyrosine-mutant AAV2s is due to lack of capsid ubiquitination, which 
will lead to reduced proteasome-mediated degradation and hence, enhanced intra-
cellular trafficking to the nucleus. In another recent study, enhanced gene delivery 
to neonatal retina was obtained by intravascular administration of AAV9 vectors 
containing double-mutated tyrosine residues (Dalkara et  al. 2012). These results 
may thus have important implications for the use of tyrosine-mutant AAV vectors 
in human gene therapy.

At present, more than 80 clinical trials have been initiated with rAAV-based vec-
tors. More than 60 utilize the serotype 2 capsid and all include a genome with rAAV 
serotype 2 ITRs. The limitations of rAAV learned from these studies have given 
momentum to efforts to improve this vector. Great efforts have been placed on the 
challenges of immunogenicity and cell/tissue specificity to increase efficiency of 
rAAV vector therapy. Still, rAAV vectors are the most attractive vectors for in vivo 
somatic gene therapy, primarily because they are the safest viral vectors and in 
addition, gene expression from rAAV vectors has been found to be stable for years 
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in postmitotic tissue (Testa et al. 2013). The success of the rAAV clinical trials has 
led to increasing effort in developing a scalable manufacturing process that can 
generate highly pure, high titer, and potent amounts of rAAV vectors. A simplified 
overview of the production of rAAV vectors is outlined in Fig. 3.2b.

3.2 � Ocular Gene Therapy Vectors

3.2.1 � Development of Gene Therapy for Inherited Retinal 
Disorders

Ocular gene therapy has gained tremendous attention despite the facts that most 
inherited ocular diseases are rare and none of them are fatal, but due to the attractive 
features of the eye as a target for gene therapy and because most inherited retinopa-
thies (IR) are the perfect candidates for gene therapy (Fig. 3.1b). IRs are mostly 
monogenic, many of the causative genes have been identified, and rodent and larger 
animal models that mimic human IRs are available. The eye is small, accessible, an-
atomically compartmentalized, immune-privileged, and the contralateral eye serves 
as the perfect control. Retinal cells are postmitotic and transducable by both AAV 
and LV. Depending on i.a. route of administration and serotype AAVs can transduce 
all layers in the retina including rod and cone cells, whereas LVs, probably due to 
the size of the particles, are limited to the more accessible cell layers such as the 
retinal pigment epithelial (RPE) cells following subretinal administration (Fig. 3.3). 
On the other hand AAV vectors are limited by their packaging capacity. However, 
both vectors have great potential as ocular gene therapy vehicles.

Gene therapy of inherited retinal disorders is based on different strategies de-
pending on the effect of the disease-causing mutation. Mutations can result in either 
a gain-of-function or a loss-of-function of the protein product. Gain-of-function 
mutations are often seen in dominant diseases. In the case of dominant negative 
mutations, the protein product is not only nonfunctional but interferes with the 
wildtype protein, and toxic gain-of-function mutations create protein products that 
are themselves harmful for the cell. Loss-of-function mutations are mostly seen in 
recessive diseases. In the latter case, gene therapy requires delivery of wildtype 
cDNA (also known as gene replacement). Different examples of using the gene 
replacement strategy in treatment of diseases in humans are reviewed in a later sec-
tion of this chapter. In the case of gain-of-function mutations, gene therapy is more 
complicated, since the dominant allele requires silencing. This is mainly done by 
RNA technology such as antisense-RNA, ribozymes, or RNA interference (RNAi) 
targeting regions of the mRNA not affected by the mutation to overcome mutational 
heterogeneity. This leads to knock-down of both mutant and wildtype allele gene 
product, and co-delivery and expression of cDNA bearing silent mutations, which 
renders them resistant to degradation/silencing, are required. In addition, studies 
using RNAi for selective targeting of the mutant allele leaving expression of the 
wildtype allele unaltered have also been employed (Rodriguez-Lebron et al. 2009). 
Another approach, described by Mussolino et  al. is a repression–replacement 
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strategy, where repression is mediated by an AAV-delivered zinc-finger artificial 
transcriptional repressor targeted to the mutated hRHO transgene in a transgenic 
mouse model mimicking autosomal dominant retinitis pigmentosa and results in 
significant reduction of its expression (Mussolino et al. 2011). In the case of domi-
nant negative mutations, delivering the wildtype cDNA can alter the balance be-
tween mutant and wildtype protein and effect treatment.

3.2.2 � RNA Interference-Based Ocular Therapy

Gene silencing by RNAi has already been employed in ocular gene therapy related 
to development of new treatment strategies for exudative age-related macular de-
generation (AMD), the most frequent cause of blindness among elderly in the West-
ern world (Leung et al. 1989; Aiello et al. 1994; Colquitt et al. 2008; Chadderton 
et al. 2009; Yuan et al. 2010; Askou et al. 2012). Preliminary results of phase I and II 
clinical trials of bevasiranib, a small interfering (si)RNA-based antiangiogenic agent 
targeting vascular epithelial growth factor (VEGF), have shown promising results 
for the treatment of AMD (Singerman 2009). VEGF stimulates vasculogenesis and 
angiogenesis, and therefore are involved in restoration of the oxygen supply to tis-

Fig. 3.3   Illustration of intravitreal and subretinal injection strategies used in ocular gene therapy. 
Depending on the anatomic localization of the target cells intravitreal or subretinal injection routes 
are chosen. In the case of the latter a small volume of vector particles is injected between the PR 
and the RPE cells creating a retinal detachment (often referred to as “bleb formation”) thereby 
allowing efficient transduction of retinal cells. Following detachment the retina folds back on the 
RPE cells. See text for details
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sues when blood circulation is inadequate. However, when VEGF is overexpressed, 
it can contribute to disease, including AMD and CNV. Therefore, anti-VEGF thera-
pies are among the treatments of these diseases. shRNA-mediated silencing of an 
endogenous gene in RPE cells has also been described (Paskowitz et  al. 2007). 
Recently, the utilization of shRNAs for scAAV8-mediated anti-VEGF therapy has 
been described showing potent reduction of VEGF and reduced choroidal neovas-
cularization (CNV) in a laser-induced mouse model (Askou et al. 2012). The identi-
fication of cellular micro (mi)RNA sponges (Hansen et al. 2013) and miRNA target 
sequences (Brown et al. 2007) regulating the endogenous level of miRNAs, and 
hence, the expression of genes down-regulated by miRNAs opens new strategies 
for targeted expression (see Sect. 3.6) and reduction of disease-causing gene prod-
ucts. For instance, expression of miRNA-10 has been shown to reduce the level of 
soluble and membrane-bound VEGF-receptor 1 (sFLT1 and mFLT1) in zebra fish, 
thereby allowing VEGF to bind to the otherwise less preferable VEGF-receptor 2 
(Hassel et al. 2012). Since activation of the VEGF-receptor 2 is involved in angio-
genesis, and thereby development of AMD, expression of ectopic miRNA-10 target 
sequence molecules may thus be used to reduce CNV. For efficient elimination of 
a specific miRNA, or for simultaneous targeting of several different miRNAs, the 
target sequences could be expressed either as clustered tough decoys (Bak et al. 
2013; Hollensen et al. 2013) or circular miRNA sponges (Hansen et al. 2013). These 
examples of using shRNA and miRNA target sequences expressed from a viral vec-
tor may contribute to the development of effective anti-VEGF therapy (Askou et al. 
2012; Pihlmann et al. 2012).

3.2.3 � AAV- and LV-Based Vectors Mediate Efficient Transduction 
of Target Cells

AAV vectors are to date the most widely used vehicles for transgene delivery to 
the retina. Targeted retinal gene expression can be obtained by pseudotyping, and 
the variety of natural serotypes provides access to a broad range of novel recombi-
nant AAV vectors. Following subretinal delivery, several rAAV serotypes have been 
found to transduce RPE cells (AAV1, 2, 4, 5, 7, 8, and 9), photoreceptor (PR) cells 
(AAV2, 5, 7, 8, and 9), and Müller glia (AAV8 and 9) (Auricchio et al. 2001; We-
ber et al. 2003; Allocca et al. 2007). AAV5, 7, 8, and 9 were found to exhibit more 
efficient transduction and faster transgene expression compared with serotype 2 
(Auricchio et al. 2001; Allocca et al. 2007; Natkunarajah et al. 2008), where AAV8 
has been demonstrated to provide the highest levels of PR transduction in several 
species.

A recent review by Balaggan and Ali includes a comprehensive overview of 
the transduction properties of various LV vectors incorporating several different 
promoters and envelope pseudotypes evaluated after in vivo and ex vivo delivery 
in a variety of animal species (Balaggan and Ali 2012). LV vectors primarily target 
RPE cells following subretinal delivery, regardless of surface proteins but cell dif-
ferentiation and retinal degeneration stage alters this tropism as discussed in the 
following section.
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Route of administration can be exploited to obtain transduction of specific target 
cells and for retinal diseases mostly include either an intravitreal or a subretinal 
injection (Fig. 3.3). Intravitreal vector administration is less invasive, but vector 
diffusion to the outer retinal cells is limited by physical barriers such as the inner 
retina and the inner limiting membrane. The subretinal injection releases the vec-
tor in the subretinal space between the PR cells and the RPE formed by reversible, 
injection-induced detachment. The subretinal injection is more invasive, but is the 
preferred route for PR and RPE transduction. In the LCA2 3-year-follow-up study, 
patients experienced a loss of foveal thickness following subretinal vector delivery 
suggested to be due to foveal cone loss and that cones may be particularly sensi-
tive to subretinal vector-mediated foveal detachment accompanying the injection 
(Jacobson et al. 2012). Evidence of efficient transduction of PR or RPE cells fol-
lowing intravitreal injection is nonexisting and efforts in developing vectors that 
can penetrate the dense inter-photoreceptor matrix (IPM) have been undertaken. 
AAV2 was the only serotype that had been demonstrated to be able to transduce 
inner retinal cells from the vitreous (Surace and Auricchio 2008) until the advent of 
tyrosine-mutant AAV serotype vectors (Zhong et al. 2008). Petrs-Silva et al. were 
able to demonstrate that point mutations in surface-exposed capsid tyrosine residues 
in AAV2, 8 and 9 lead to a strong and widespread transgene expression in many 
retinal cells after intravitreal delivery compared with their wildtype counterparts, 
where one of the serotype 2 mutants displayed widespread transduction throughout 
the retinal layers (Petrs-Silva et al. 2009). An alternative approach is co-adminis-
tration of AAV vectors with a nonspecific protenase. Dalkara et al. investigated the 
retinal transduction profile of five relevant serotypes (AAV1, 2, 5, 8, and 9) follow-
ing intravitreal delivery and identified the ILM as a barrier to AAV-mediated retinal 
transduction (Dalkara et al. 2009). Mild digestion of the ILM combined with AAV 
intravitreal delivery enabled substantially enhanced transduction of various cell 
types of the retina, including clinical relevant RPE and PRs. In particular, AAV5 
led to robust transgene expression. The authors found a serotype-dependent trans-
duction efficiency and argued that the barrier function of the ILM is unlikely to be 
purely diffusional or physical.

Recently, Agostina Puppo and coworkers tested vectors derived from five dif-
ferent AAV serotypes isolated from porcine tissues for their ability to mediate 
gene transfer to both mouse and pig retina. The studies showed that all tested 
AAV serotypes effectively transduced RPE and PR cells following subretinal in-
jections, showing porcine AAVs to be promising vectors for retinal gene therapy 
(Puppo et al. 2013).

PR transduction by LV vectors based on HIV-1 has been found to inversely cor-
relate with PR differentiation. Miyoshi et  al. demonstrated similar transduction 
profiles for pups and adult rats following subretinal injection of LV, but in adult 
rats, expression of the transgene was restricted to the area around the injection site 
(Miyoshi et al. 1997). They explain this discrepancy by the size of the vector and 
tightness of the IPM in adult rats. Bainbridge et al. described a similar expression 
pattern in mice but found an even lower efficiency of PR transduction in pups, 
and transgene expression was primarily observed in areas where the PR layer was 
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disturbed by the surgical procedure (Bainbridge et al. 2001). Grüter et al. inves-
tigated whether a physical barrier between PR and RPE cells and between PRs 
themselves may prevent transduction of PRs from the subretinal side. They did this 
by co-injection of neuraminidase X or chondroitinase ABC with the LV particles, 
enzymes that can change the IPM structure, and found that neuraminidase X sig-
nificantly improved PR transduction (Gruter et al. 2005). These results clearly show 
that LV diffusion in intact, adult retina is impaired by components of the IPM. Pang 
et al. found an age-dependent transduction of PR cells during the first postnatal (P)  
week and that transgene expression in PR was virtually absent in eyes injected 
after P14 (Pang et al. 2006). Rod birth in neonatal mice continues until P11 and is 
completely differentiated by P21, coinciding with the significant shift in tropism. 
Another explanation for this shift could be a down-regulation of the respective viral 
receptors present on the photoreceptor plasma membrane (Kumar-Singh 2008). In 
the human retina, cell division ceases by fetal week 12 and the retina is fully de-
veloped in utero. Based on these studies, LVs based on HIV-1 are not predicted to 
be very useful in human gene therapy requiring efficient transduction of PR cells. 
Balaggan et al. demonstrate efficient and sustained gene expression in RPE cells 
and variable expression in PR cells following subretinal delivery of nonprimate 
LVs based on EIAV in adult mice (Balaggan et al. 2006). PR transduction efficiency 
was estimated to range between nondetectable to 30 %, was not confined to areas 
of retinal trauma, and was substantially higher than mediated by HIV-1 based vec-
tors (Bainbridge et al. 2001). One clinical trial based on EIAV transgene delivery to 
PR has been initiated and shows great promise (NCT01367444; Clinicaltrials.gov 
(Kong et al. 2008)).

Most of the studies investigating LV vector tropism have been carried out on nor-
mal retinas or at an early stage of retinal degeneration. Diffusion of viral particles to 
the outer retina from the vitreous has also been shown to be enhanced if the retinal 
architecture is altered by a degenerative process, which is often the case for IRs 
and age-related retinal degenerative disorders such as AMD. Calame et al. showed 
that LV vectors pseudotyped with the Mokola envelope efficiently transduce Müller 
cells in a degenerate retina and that the rhodopsin promoter appeared less efficient 
than the ubiquitous elongation factor-1 promoter to drive transgene expression in 
degenerate PRs, suggesting that PR-specific promoter activity changes during late 
stages of PR degeneration (Calame et al. 2011).

Although spatial transduction patterns vary to a great extend with the LV vec-
tors, the expression kinetics is more consistent and expression has been reported 
to be evident as early as 3 days post-injection following subretinal injection of an 
EIAV vector in mice (Balaggan et al. 2006). Another study in nonhuman primates 
reported expression up to at least 4 years without significant decline following sub-
retinal injection of a SIV vector (Ikeda et al. 2009). A recent study by Murakami 
et al. showed that SIV vectors pseudotyped with Sendai virus (SeV) envelope pro-
teins can achieve rapid, efficient, and long-lasting gene transfer in the mouse retina 
(Murakami et al. 2010). Subretinal exposure to the vector for only a few minutes 
resulted in high-level gene transfer to RPE cells continuing over a 1-year-period. 
The rapid transduction ability of the SeV pseudotyped vectors is in clear contrast to 
findings obtained with the conventional VSV-G pseudotyped SIV vectors requiring 
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more than 24 h of cell-vector interaction to achieve maximal gene transfer. AAVs 
have also been reported to show an interaction time-dependent increase in transgene 
expression, requiring more than 12 h to reach maximum as described for transduc-
tion of rat cardiac myocytes (Maeda et al. 1998) and human cystic fibrosis airway 
epithelial cells (Teramoto et al. 1998). The brief cell-vector interaction required for 
efficient transduction with SeV pseudotyped SIV vectors enables removal of the 
vector solution and resolution of retinal detachment during surgery, thereby reliev-
ing the stress on vulnerable retinal neurons and providing safer gene transfer.

3.3 � Recent Advances in Clinical Gene Therapy

During the past two decades, ocular gene therapy has moved from bench to bedside. 
One of the most notable clinical trials and successes in gene therapy is restoration 
of vision in patients suffering from an inherited and incurable childhood blinding 
disorder, Leber’s congenital amaurosis (LCA). Contemporary reviews (Ortiz et al. 
2012; Seymour and Thrasher 2012; Naim et  al. 2013) have carefully described 
some of the more notable advances in somatic gene therapy using viral vectors for 
treatment of diseases in humans, such as cancer, heart illnesses, and degenerative 
diseases. Here we highlight recent effective therapies of serious genetic conditions, 
including inherited eye diseases, immunodeficiency syndromes, and hemophilia 
(Fig. 3.1).

3.3.1 � Ocular Diseases

Although conventional medicine has little to offer to patients suffering from retinal 
diseases, the eye represents one of the most accessible targets for localized delivery 
and therefore for applications of gene therapies. In addition, the relative small size 
of the target organ being treated implies the production of a clinical vector for a 
large number of individuals will be reasonably forthright. One of the most promis-
ing and encouraging examples of successful gene therapy for a genetic disease is 
the treatment of LCA. LCA is a severe eye disease resulting in vision loss, and ap-
pears at birth or in the first few months of life. It is an autosomal recessive disorder 
thought to be caused by abnormal development of PR cells. LCA belongs to a large 
group of congenital retinal-blinding conditions affecting approximately 1 in 2000 
people worldwide. Recent findings from three independent studies show remark-
able clinical improvements after treatment of LCA patients for which alternative 
therapies are unavailable. In this form of LCA (called LCA2) patients are bearing a 
mutation in the RPE65 gene, encoding a protein required for the isomerohydrolase 
activity of the retinal pigment epithelium. This activity produces the 11-cis-retinal 
chromophore from all-trans-retinyl esters (Moiseyev et al. 2005). Absence or im-
proper function of RPE65 lead to accumulation of all-trans retinyl esters in the RPE 
cells promoting PR degeneration. In addition, in the absence of 11-cis-retinal the 
rods and cones of the PRs cannot capture light and transduce it into electrical re-
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sponses (Perrault et al. 1999). Thus, the binary hallmark of the pathology of LCA2 
is a combined dysfunction and degeneration of PR cells, after which retinal dystro-
phy and vision loss are inevitable (Hartong et al. 2006; Bramall et al. 2010). The 
hope and expectation were that RPE65 gene replacement therapy would ameliorate 
both the dysfunction and the degeneration resulting in improved vision as well as 
protection of PR cells. In all the three studies the efficient delivery of wildtype 
RPE65 cDNA to RPE cells was achieved by accurate, surgical subretinal injection 
of AAV2 particles (see Fig. 3.1b and 3.1d).

In one study the RPE65 expression was driven by a 1400 bp fragment of the 
RPE65 promoter (Le Meur et  al. 2007) and administrated to three young adult 
patients (17 to 23 years old) (NCT00643747, Clinicaltrials.gov (Bainbridge et al. 
2008)). Approximately 1011 vector genomes (vg) were injected in each patient. 
There were no serious adverse events. Even though no change in retinal response to 
visual acuity or retinal response was observed, the authors found that gene therapy 
led to improved visual function and mobility in one patient, suggesting that the 
clinical effect of this experimental approach should be further analyzed in other 
LCA2 patients. In parallel, Maguire and coworkers (NCT00516477, Clinicaltrials.
gov (Maguire et  al. 2008)) investigated the safety and efficacy of subretinal de-
livered AAV2 expressing RPE65 under the transcriptional control of the chicken 
β-actin (CBA) promoter (Bennicelli et al. 2008). Each of the three patients received 
1.5 × 1010 vg. Although normal vision was not achieved, the three treated LCA2 
patients (19 to 26 years old) had modest improvements in terms of retinal function 
in subjective tests of visual acuity. In the third study, a phase-1 dose-escalation 
trial was performed showing age-dependent effects of RPE65 gene therapy in 12 
LCA2 patients (8 to 44 years old) (Maguire et al. 2009). The patients received ei-
ther 1.5 × 1010, 4.8 × 1010, or 1.5 × 1011 vg of AAV2 expressing RPE65 under the 
transcriptional control of the CBA promoter. The retinal and visual function were 
assessed for up to 2 years. The authors documented that the vector was well toler-
ated and that all patients showed sustained improvements in both subjective and ob-
jective measurements of vision, such as multifocal electroretinography, nystagmus, 
and ambulatory behavior. Notably, an 8-year-old child obtained a light sensitive 
level comparable to that of age-matched individuals with normal vision. This study 
clearly demonstrates that the safety and tenacious improvement in vision in all the 
treated patients reinforce the use of AAV-mediated gene therapy for treatment of 
inherited retinal disease. Moreover, and maybe more importantly, early intervention 
seems to result in the best potential gain.

In 2012, another dose-escalation phase-I study of 15 patients (11 to 30 years old) 
showed that gene therapy for LCA2 is sufficiently safe and substantially efficacious 
(Jacobson et al., 2012), thereby supporting the previous findings. In this study the 
patients were divided into five cohorts based on the applied AAV2-RPE65 vector 
dose ranging from 5.96 × 1010 to 17.88 × 1010 vg (NCT00481546, Clinicaltrials.gov).

Recently Jean Bennetts group demonstrated safe and efficient readministra-
tion of an AAV vector to the contralateral eye of three patients, who had previ-
ously received a single, unilateral subretinal injection of AAV2 carrying the RPE65 
gene under the transcriptional control of the CBA promoter (Bennett et al. 2012). 
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Efficacy of AAV after re-administration in humans has only been described in one 
study (Vardas et al. 2010) and the major concern was whether the re-administration 
would elicit a harmful immune response. In the follow-up study by Bennett and 
coworkers, only modest immunological responses were measured likely due to the 
immune-privileged nature of the eye and the low dose and high purity of the vec-
tor. Careful analysis, including evaluations of the immune response, and retinal and 
visual function testing suggest that subretinal re-administration is both safe as well 
as effective despite previous exposure to the AAV2 RPE65 vector.

Aside evaluation of efficacy Cideciyan and coworkers also investigated the 
effect of RPE65 gene therapy on the PR cell degeneration in a follow-up study 
(Cideciyan et al. 2013). Despite the fact that gene therapy leads to long-term im-
provement of vision, the authors found that the decline of the photoreceptor cell 
layer continued and gene augmentation does not protect from degeneration, sug-
gesting a need for a combinatory strategy in LCA therapy and a deeper understand-
ing of the underlying disease processes to not only improve vision but also slow 
retinal degeneration (Cepko and Vandenberghe 2013; Cideciyan et al. 2013). Taken 
together, AAV delivery of a RPE65 transgene to RPE cells showed proof-of-concept 
for ocular gene replacement therapy mediated by viral vectors and is presently mov-
ing to a phase-III clinical trial (NCT00999609; clinicaltrials.gov).

Another rare disease benefitting from AAV-mediated gene therapy is the 
MERTK-associated form of autosomal recessive RP. MERTK is a member of the 
Mer/Axl/Tyro3 receptor tyrosine kinase family, is expressed in the RPE cells and 
required for phagocytosis of PR outer segments. Absent of MERTK leads to pro-
found retinal degeneration, subsequently leading to PR loss via apoptosis. In the 
most successful early study, MERTK was expressed from a LV vector (Tschernutter 
et al. 2005), but coadministration of the LV-MERTK with an AAV vector express-
ing a neurotrophic factor was found to be superior. At this point in time, a phase-I 
clinical trial has been initiated (NCT014822195; Clinicaltrials.gov), where three 
patients have been treated by subretinal injection of AAV2 harboring an RPE spe-
cific promoter driving MERTK expression.

As previously mentioned, inhibition of VEGF for the management of pathologi-
cal ocular neovascularization such as AMD is a proven paradigm. However, month-
ly intravitreal injections are required for optimal treatment. Besides anti-VEGF 
gene therapy based on RNAi (see above) it has recently been shown that a soluble 
anti-VEGF molecule (sFLT01) has antiangiogenic effect in mice and nonhuman pri-
mates following intravitreal delivery of AAV2-sFLT01 (Lukason et al. 2011). Based 
on these results, suggesting that intravitreal delivery of AAV2-sFLT01 may be an 
effective long-term treatment for AMD, a safety and tolerability study of AAV2-
sFLT01 in patients with neovascular AMD has been initiated (NCT01024998; Clin-
icaltrials.gov).

In conclusion, the potential for successful development of genetically based 
therapies into conventional medicine for ocular diseases, including LCA and AMD 
seems particularly good.
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3.4 � Immunodeficiency Syndromes

As highlighted in the previous section, AAV vectors have successfully been used 
in ocular gene therapy clinical trials, but during recent years, several clinical trials 
have been initiated employing retroviral vectors, including LVs, mainly due to their 
relatively large transgene carrying capacity. In this section, the retroviral vector-
based therapies demonstrating the strongest potential for clinical application are 
described.

Gene therapy of severe combined immunodeficiency (SCID) was initiated more 
than 10 years ago. SCID is a recessive genetic disorder characterized by the absence 
of functional T-lymphocytes. Consequently, both B cells and T cells of the adaptive 
immune system are impaired due to defects in one of nine possible genes, such as 
the IL-2Rγ  ((insert gamma symbol not y)) gene located on the X-chromosome. The 
prevalence of SCID is around 1 in 65,000–100,000 births. If untreated, babies typi-
cally die within the first year of life due to recurrent infections. The most common 
treatment of SCID is bone marrow transplantation. However, this treatment may 
have adverse side effects and in a number of cases it is not possible to find human 
leukocyte antigen (HLA)-matched hematopoietic stem cell donors, thereby leaving 
the patients without alternative therapies other than gene therapy. In the first tri-
als developed for the treatment of X-linked SCID, conventional γ-retroviral vectors 
were used for ex vivo transduction of CD34 +  hematopoietic stem and progenitor 
cells resulting in expression of the interleukin-2 receptor gene under transcriptional 
control of the retroviral long terminal repeat (LTR)s (see Fig. 3.1a and c). In total, 19 
patients were treated in two separate trials and CD34 +  cells were infused at doses of 
60 × 106 to 207 × 106 and 1 × 106 to 22 × 106 cells per kg, respectively (Hacein-Bey-
Abina et al. 2010; Gaspar et al. 2011). For all patients the functional polyclonal T-cell 
response was restored and transduced T cells were detected for more than 10 years 
after gene therapy. Despite the fact that five of the patients developed lymphoblastic 
leukemia due to insertional mutagenesis, these trials have paved the way for utilizing 
gene therapy applications in the treatment of other hematological diseases such as β 
thalassemia (Cavazzana-Calvo et al. 2010) and Wiskott-Aldrich syndrome (Boztug 
et al. 2010; Galy and Thrasher 2011). Interestingly, this ex vivo application regime 
has also successfully been used to treat metabolic diseases including metachromatic 
leukodystrophy and X-linked adrenoleukodystrophy (Cartier et al. 2009), illustrating 
the broad applicability of ex vivo gene therapy. Strikingly, the data from long-term 
follow-up studies in around 100 patients suffering different forms of inherited immu-
nodeficiencies treated with γ-retroviral mediated gene therapy show an impressive 
overall survival greater than 90 %. Most of these patients are experiencing substan-
tial clinical benefit regardless of the fact that toxicities were observed in ten individ-
uals (Booth et al. 2011). To improve the treatment, much effort has been invested in 
solving the toxicity issue. It is now known that the adverse side effects (development 
of leukemia) share the same molecular mechanism involving activation of proto-
oncogene expression caused by insertion of potent promoter sequences contained 
in the LTRs of the applied γ-retroviral vectors into patient genomes. To overcome 
insertional mutagenesis the vector strategy was therefore changed by substituting 
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the γ-retroviral vector with the self-inactivating (SIN) vector systems, including LV 
vectors. The reasons for choosing LV vectors are many, but the two most important 
benefits are (i) their reduced ability to interfere with host genes and decreased capa-
bility of depositing genetic material in promoter regions of genes, thereby reducing 
the genotoxicity (see Sect. 3.6), and (ii) their capacity to transduce nondividing cells, 
rendering LV vectors to transduce hematopoietic stem cells (HSCs) more effectively 
compared to other vector systems, thus reducing the ex vivo transduction period for 
conservation of engraftment ability (Fig. 3.1c). One important challenge that has to 
be resolved in terms of using LV vectors as a widespread application for different 
diseases in many patients is large-scale manufacturing of high quality vectors. Today 
it is not possible, as in the case of the conventional γ-retroviral vector, to obtain sta-
ble packing cell lines for the production of LV vectors, leaving LV vector production 
laborious and expensive. Despite this challenge LVs have successfully been used in 
a number of trials, including treatment of X-linked adrenoleukodystrophy (Cartier 
et  al. 2009), and presently trials for Wiskott-Aldrich syndrome (NCT01515462, 
ClinicalTrials.gov), chronic granulomatous disease (NCT00394316, ClinicalTrials.
gov), and X-linked SCID (NCT01306019, ClinicalTrials.gov) are moving into the 
clinic (Fig. 3.1a).

3.5 � Hemophilia

As exemplified by ocular gene therapy localized gene delivery of viral vectors has 
clear applications for some disorders. On the other hand, preclinical studies have 
documented that specific AAV serotypes followed by intravascular injection will 
predominantly target hepatocytes, thereby providing a beneficial strategy using this 
organ for expression of therapeutic agents needed either locally or systemically. 
Even though several attempts for the treatment of, e.g., hemophilia and metabolic 
disorders have resulted in disappointing results due to toxic effects or prevention 
of long-term expression caused by immunological responses to the viral vector, 
it has been suggested that stable expression of therapeutic levels of the transgene 
may as mentioned above be limited by a capsid-specific cytotoxic T-cell response 
(against the transduced hepatocytes) (Manno et al. 2006). New serotypes have been 
developed to circumvent the possibility of humoral immunity to AAV. Recently, 
Nathwani and coworkers have attempted to develop an optimized therapy for hemo-
philia B, which is an X-linked bleeding disorder resulting from a defect in the gene 
encoding coagulation factor IX (FIX), a serine protease that is pivotal for blood 
clotting. Hemophilia B has a prevalence of around 1 in 25,000 to 30,000 males. It 
has been estimated that individuals with severe hemophilia B only have 1 % of nor-
mal values of FIX in the circulation, resulting in frequent bleeding periods, which 
are associated with early death (Nathwani and Tuddenham 1992; Darby et al. 2007). 
Even though the present treatment, which involves frequent intravenous injections 
of recombinant FIX, is well tolerated and results in clinically relevant levels of 
circulating FIX, it is associated with unwanted effects like inhibition formation and 
is very expensive.
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The Nathwani group replaced the AAV2 vector (used in previous experimental 
treatments) with AAV8, which has a lower seroprevalence in humans than does 
AAV2 (Gao et al. 2002; Calcedo et al. 2009). In addition, the authors included two 
other clever steps: One is the development of a codon-optimized FIX (the pro-
tein factor missing in hemophilia patients) expression cassette that is packaged as 
scAAV, enabling substantially higher-expression levels due to the complementary 
dimers in each viron (Nathwani et al. 2006). The human FIX transgene was ex-
pressed from the synthetic liver promoter 1 (LP1), which consists of liver-specific 
elements from the human apo-lipoprotein E/C-I gene locus control region and the 
human α1-antitrypsin promoter. The LP1 promoter has the advantages of being 
compact and highly liver-specific. The other step was the application of a simple, 
noninvasive, peripheral-vein-based administration approach that is safe for patients 
with a bleeding disorder (Nathwani et al. 2007). This step is possible since AAV8 
has a strong tropism for the liver (Fig. 3.1b and d).

Six patients (27 to 64 years old), selected on the basis of having low levels of 
antibodies against AAV8, were enrolled sequentially into one of three cohorts ac-
cording to dose levels: Low (2 × 1011 vg per kg of body weight), medium (6 × 1011 
vg per kg) and high (2 × 1012 vg per kg). In all patients AAV-mediated expression 
of FIX was detected at 2 to 11 % of normal levels. In addition, decreased frequency 
(2 of 6 patients) or cessation of spontaneous hemorrhage (4 of six patients) was 
detected. Both patients receiving the high dose developed transient, asymptomatic 
side effects related to peripheral AAV8-capsid-specific T cells or an unexplainable 
slightly increase in liver-enzyme levels. The study demonstrates that (i) peripheral-
vein infusion of scAAV8 encoding FIX results in transgene expression at levels suf-
ficient to improve the bleeding phenotype, and (ii) immune-mediated clearance of 
transduced hepatocytes may be controlled by temporary steroid treatment without 
loss of FIX expression.

Gene therapy studies have also been initiated to treat hemophilia A, the most 
common inherited bleeding disorder, caused by deficiency of factor VIII (FVIII). 
As in the case of hemophilia B, hemophilia A is well suited for gene replacement 
since a modest rise (> 1 %) in the level of circulation FVIII can ameliorate the bleed-
ing phenotype. However, several obstacles have challenged AAV-mediated gene 
transfer for hemophilia A gene therapy. One is the distinct biochemical and mo-
lecular properties of FVIII resulting in highly inefficient expression of the factor. 
Optimization of the FVIII coding sequence (termed FVIII-N6), including partial 
deletion of the B-domain (Miao et al. 2004) (Cerullo et al. 2007), has significantly 
reduced the tendency to evoke an unfolding protein response and thus improved 
the levels of expression and secretion, thereby rendering FVIII-N6 a useful variant 
for additional assessments in the context of gene therapy (Malhotra et al. 2008). 
Another challenge is the size of the FVIII coding sequence, which at 7.0 kb far sur-
passes the normal packing capacity of AAV vectors. To solve this issue McIntosh 
and coworkers recently developed a novel 5.2-kb AAV expression cassette contain-
ing a hybrid liver-specific promoter driving the expression of a codon optimized 
variant, shown to have improved expression when encoded from a lentiviral context 
(Nathwani et al. 2006; Radcliffe et al. 2008; Ward et al. 2011). In addition, the 226 
amino acid long N6 B-domain was replaced with a short 17 amino acid spacer 
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peptide containing the signal required for efficient expression of human FVIII 
(McIntosh et  al. 2013). The authors showed efficient packaging of the cassette 
into AAV8 particles. Importantly, expression in mice and nonhuman primates was 
more potent than is possible with previous FVIII variants, thereby providing further 
support for safe and effective gene therapy for hemophilia A in humans.

3.6 � Safety

Safety is of the utmost importance in development of gene therapy vectors. At the 
infant stage of viral gene therapy, the success of the first cure was tempered by the fact 
that 5 out of 20 patients who were successfully treated for X-linked severe combined 
immunodeficiency (SCID) developed leukemia (Hacein-Bey-Abina et al. 2003). As 
previously described, the treatment was based on reinfusion of haematopoietic stem 
cells that were transduced ex vivo with a γ-retrovirus MLV vector expressing the 
common cytokine receptor interleukin-2 receptor gamma ( IL-2Rγ)(see Fig. 3.1a). A 
few years earlier, in September 1999, 18-year-old Jesse Gelsinger died of multiorgan 
failure, 4 days after he received a high dose of adenovirus vectors. Gelsinger took 
part in a gene therapy clinical trial intended for babies suffering from severe and fatal 
ornithine transcarbamylase deficiency. The vector was infused directly into the liver 
but had disseminated into the circulation and triggered a massive inflammatory re-
sponse (Marshall 1999; Report 2002). These cases serve as constant reminders of the 
need to develop vectors with better safety profiles in terms of insertional mutagen-
esis and host immune response. In addition to these risks, the possibility to generate 
replication-competent viruses will also be assessed in the following paragraph. Clini-
cal trials have revealed different toxicity profiles for the LV and rAAV vectors; the 
major concern for LV vectors being genotoxicity whereas rAAV vector gene transfer 
are limited by immunotoxicity. Phenotoxicity is mainly related to the transgene being 
expressed, and a discussion on the topic is beyond the scope of this chapter.

3.6.1 � Insertional Mutagenesis

Genotoxicity caused by insertional mutagenesis is less of a risk for rAAV vectors 
compared with the retroviral vectors. Integration into the host cell genome is for 
rAAV a passive process with a frequency < 1 % in vivo (Nakai et al. 2001; Inagaki 
et  al. 2008) and since most rAAV applications target nondividing cells, the risk 
associated with rAAV integration is much less than with retroviral vectors, but not 
zero. Each vector system has a characteristic genomic integration pattern. rAAV ge-
nomes share with the retroviral genome a preference for integrating into genes, but 
as opposed to the integrase-dependent integration of retroviral genomes, rAAV are 
believed to be fused by nonhomologous end-joining to pre-existing chromosomal 
breaks (Miller et al. 2002). γ-Retroviruses preferentially target regulatory sequenc-
es, growth-regulatory genes, and are in general more prone to insert near proto-
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oncogenes than lentiviral vectors (Cattoglio et  al. 2007). The lentiviral insertion 
pattern has been found to be 10 times safer than the γ-retroviral (Montini et al., 
2006) and LV vectors have been found to integrate more randomly throughout the 
entire genome (Schroder et al. 2002).

Insertional mutagenesis can either cause disruption or an abnormal activation of 
host genes, where the primary concern is oncogenesis caused by the latter. Disrup-
tion of a gene is less of a concern, since retroviral vectors often only integrate in 
one allele leaving the other intact. In rare cases with haploinsufficiency, insertional 
disruption can become problematic. SIN-vectors have been developed, where the 
3’LTR U3 region, which contains all the viral enhancer and promoter activities, is 
partially deleted (Yu et al. 1986; Miyoshi et al. 1998). Another approach to lower 
the risk of activation of proto-oncogenes near the site of integration is utilizing chro-
matin insulator elements. These elements are believed to form expression boundar-
ies, not only preventing interference between promoters and enhancers of adjacent 
genes, but also overcoming negative chromosome positional effects that can cause 
silencing of transgene expression (Emery et al. 2000; Labrador and Corces 2002).

Several different approaches can potentially reduce the risk of genotoxicity: Us-
ing vectors with random or more neutral integration profiles, targeting cells that 
lack sustained proliferation potential, using SIN-vectors, using more efficient vec-
tors to avoid multiple integrations in a single cell, and by thoughtful design of ex-
pression cassettes that avoid long-distance enhancer interactions or incorporate in-
sulator sequences.

Targeting vector integration is the ultimate solution to the problem of insertional 
mutagenesis. The integration pattern of retroviruses has been shown to be closely 
related to the integrase, but not the gag, env, or pol genes (Shibagaki and Chow 
1997; Harper et al. 2003; Metais et al. 2010). Fusion of the integrase with sequence-
specific DNA binding domains such as a zinc finger protein has also been attempted 
but with limited success (Bushman and Miller 1997). In nondividing cells, IDLVs 
represent an interesting alternative approach. These vectors typically have a muta-
tion in the IN gene amplifying episomal formation whereas integration events are 
reduced up to 104 fold (Leavitt et al. 1996).

3.6.2 � The Risk of Generation of Replication Competent Viruses

Multiplasmid transient transfection of adherent HEK-293T cells is the most widely 
used method for production of both rAAV and LV (see Fig. 3.2). Replication com-
petent viruses results from recombination of the helper plasmids that supply the 
genes for efficient packaging with the vector plasmid. In addition, rAAV depends 
on Ad helper genes for packaging (Fig. 3.2b). Development of safer packaging sys-
tems for rAAV involves cell lines expressing the rep and the cap gene, plasmids 
encoding Ad helper genes, and hybrid vectors expressing both AAV and Ad helper 
genes. All methods yield a minimum of replication competent viruses, but differ-
ences in vector yield has been found.

To make the HIV vector prototypes safer in terms of reducing the probability of 
generating replication competent LVs, the viral genes needed for production and 
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packaging were divided from those encoding viral proteins into two plasmids; one 
encoding proviral DNA with a deletion in the env gene and one expressing Env 
(Helseth et  al. 1990; Page et  al. 1990). First-generation HIV-1-based vectors in-
creased safety by splitting vector components into three plasmids; a packing con-
struct expressing HIV Gag, Pol, and regulatory/accessory proteins, an Env plasmid 
encoding a viral glycoprotein, and a transfer vector containing all of the essential 
cis-acting elements for packaging, reverse transcription, and integration. In the sec-
ond-generation LV vectors HIV-1 accessory proteins have been deleted to further 
increase safety (Zufferey et al. 1997). The third-generation LV vectors have been 
made Tat-independent by replacing the U3 promoter region of the 5′-LTR in the 
transfer vector with a strong viral promoter such as the cytomegalovirus promoter 
(Dull et al. 1998; Kim et al. 1998). The rev gene has been removed from the packag-
ing construct and is provided from a separate plasmid. This vector system consists 
of four plasmids with only three out of the nine original genes of HIV-1 (Fig. 3.2a). 
To reduce the likelihood of generating replication competent LV vectors even fur-
ther, the SIN vectors were developed, that also reduce the possibility of activating 
proto-oncogenes after vector integration (Yu et al. 1986; Miyoshi et al. 1998). In 
order to increase safety during clinical treatment, analysis of virus preparations us-
ing long-term cultures and PCR assays should be used to assess the possibility of 
replication competent retrovirus (RCR) and replication competent lentivirus (RCL) 
contamination (Sastry and Cornetta 2009). It is believed that the risk of insertional 
mutagenesis is greatest if RCR is present, since ongoing viral infection is likely 
to result in a higher number of insertional events (Sastry and Cornetta 2009). In 
support to this notion RCR contaminating retroviral vector preparations have been 
shown to cause malignancy in both mice and nonhuman primates (Donahue et al. 
1992; Cornetta et al. 1993). Whether RCL can produce a HIV-1 like syndrome is 
presently unknown, although HIV-1 accessory proteins normally required for viru-
lence have been removed from vector constructs to improve their safety profile. Al-
though new generations of LV vectors are generated to reduce the likelihood of pro-
ducing replication competent LVs, the problem has not been completely eliminated.

Vectors derived from nonprimate LVs such as FIV and EIAV cannot replicate in 
human cells, and could constitute a safer alternative than HIV-based vectors. Due to 
highly restricted tropism, pseudotyping with the VSV-G glycoprotein has furthered 
vectors with expanded tropism, but inclusion of VSV-G in nonprimate LV has been 
proposed to increase the possibility of creating replication-competent viruses.

Another major concern in the use of viral vectors is the possibility of recombina-
tion between the therapeutic vector and either endogenous viral elements or exog-
enous infections in the target cell. Recombination and mobilization can in nondi-
viding cells occur many years after the initial transduction, and homology between 
vector and WT viruses increase the risk of generating replication competent or re-
combinant viruses. It has been demonstrated, that LV vectors can be rescued by an 
exogenous HIV-1 infection in tissue cultures (Evans and Garcia 2000), which can 
limit the clinical use of LV vectors. Due to low homology, recombination between 
different viral strains (e.g., retroviral vectors with influenza virus) is unlikely, but 
the risk of generating recombinant viruses exists, if two viral strains are present in 
the same target cell.
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3.6.3 � Host Immune Response

When viral particles are generated and injected in vivo, all components of the virus 
can induce both innate and adaptive immune responses. Compared to the Gelsinger-
case, activation of host immune response by LV or rAAV particles has not been 
found to pose a fatal risk but constitute a tremendous challenge in development of 
safe and efficient gene delivery.

The innate pathway is induced through pattern recognition receptors, where the 
most characterized family consists of the Toll-like receptors (TLRs). After LV trans-
duction of the cell, studies have demonstrated that the critical events are viral entry 
and reverse transcriptase since RNA and DNA viral genomes are recognized by 
several TLRs (Breckpot et al. 2010; Agudo et al. 2012). Activation of the TLRs lead 
to rapid secretion of inflammatory cytokines that can interfere with the efficiency 
of transduction, as well as prime the adaptive immune response. The VSV-G capsid 
protein can also initiate an immune response, either by activating the TLR pathway 
or as a target of the human complement system (DePolo et al. 2000). The adaptive 
immunity is divided into cell-mediated and humoral immunity. The cell-mediat-
ed immunity is comprised of T helper cells and cytotoxic T lymphocytes (CTLs), 
whereas the humoral response is mediated by antibodies secreted by B cells. Ad-
ministration of viral particles can result in development of antibodies targeting viral 
particle components as well as the transgene product. Capsid-specific antibodies 
have not been found to affect long-term expression, but re-administration of the 
same vector serotype is blocked (Abordo-Adesida et  al. 2005). Development of 
neutralizing antibodies together with CTLs targeting the transgene are major con-
cerns and rate-limiting factors for the success of in vivo LV gene therapy.

The biggest challenge in rAAV-mediated gene therapy is the presence of pre-
existing neutralizing antibodies against the capsid due to the widespread exposure 
to numerous AAV serotypes in the human population. Serotype-switching, capsid-
engineering, and shielding by chemical modifications can potentially overcome this 
problem, and have been discussed in the AAV section above. Immunosuppression 
by pharmacological elimination of antibody producing cells (Mingozzi et al. 2012a; 
Mingozzi et al. 2012b) and plasmapheresis (Monteilhet et al. 2011) have also been 
suggested to modulate humoral immune response prior to rAAV mediated gene thera-
py. Cellular immune response against the AAV capsid, especially in the case of ocular 
gene therapy, has been found to be limited and vary depending on amount, serotype, 
and route of administration. This problem can be solved by transient immunosuppres-
sion (Nathwani et al. 2011). T-cell response against the AAV2 capsid might be avoid-
able by using surface-exposed tyrosine-mutant AAV2 vectors (Zhong et al. 2008) and/
or scAAV genomes, both leading to high-efficiency transduction at lower doses.

3.7 � Conclusions

The viral vector-based gene delivery platform is remarkably versatile, and vec-
tor advancements for viral gene therapy aim at developing vectors that can safely 
achieve the highest percentage of therapeutically modified cells with the lowest 



3  Somatic Gene Therapy Using Viral Vectors 59

amount of viral vectors. The viral vector tool box is neither complete nor perfect, 
but the advent of tyrosine-mutants and scAAVs illustrate what vector manipulation 
can accomplish in terms of reducing the therapeutic viral load. Inability to predict 
the immune response in humans is still the biggest impediment in the effort of 
developing therapeutic viral vectors, since it cannot be completely replicated in 
animal models. This emphasizes the importance of evaluating novel viral vectors in 
the final context of use, not only because of uncertainty with immune responses but 
also because target cells and their environment may be subject to various alterations 
that can impact on transduction capacities as well as targeted transgene expres-
sion. Another important challenge is to reduce the risk of genotoxicity. The review 
shows that many different approaches have been suggested or even implemented in 
upcoming gene therapy trials. However, in order to improve safety the field needs 
to develop even more sophisticated expression cassettes without reducing efficacy.

In conclusion, these highly promising data clearly demonstrate that viral-medi-
ated gene therapy as such is way beyond the proof-of-concept threshold and will, 
in combination with the growing interest of applying DNA- or RNA-based tech-
nologies into the clinic, undoubtedly pave the way for development of efficacious 
long-term gene therapy treatment of inherited diseases. This resurgence of viral-
based gene therapy is supported by substantial investments by the pharmaceutical 
industry, thereby promising to further accelerate clinical translation. The presented 
studies also demonstrate (i) that presently available AAV vectors safely and effec-
tively transduce post-mitotic cells for targeted delivery and treatment of inherited 
diseases, such as LCA and hemophilia B, and (ii) that third generation LV vectors 
successfully ameliorate the disease phenotype for a number of immunodeficien-
cy syndromes, including X-linked SCID, giving substantial reassurance that gene 
based technologies will soon enter in mainstream medicine.
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4.1 � Introduction

Through millions of years viruses have swept through populations. Devastating epi-
demics have roared and shaped the history of mankind and viruses have evolved 
and exploited the unique capacity to transport genetic material from individual to 
individual and from cell to cell. As a result, genetic cargo of ancient viruses has 
accumulated in the germline and shaped the human genome in ways that we are 
slowly beginning to appreciate (Kunarso et al. 2010). Along with the fundamental 
understanding of virus replication and spread, virus invasions have taught us the 
basic principles of gene transfer. Pioneering studies from the early 1980s showed 
that viruses could be engineered to carry heterologous genetic material. By pro-
viding the viral proteins necessary for production of retrovirus particles in trans, 
such helper-free viruses were able to incorporate heterologous RNA carrying the 
secondary RNA motifs for proper packaging into assembled virus particles. Such 
findings laid the foundation for the concept of therapeutic gene transfer (Friedmann 
and Roblin 1972; Anderson 1984; Blaese et al. 1995) and initiated a now 30-year 
long quest for development and refinement of safe and efficient vector systems for 
gene therapy treatment of genetic disorders. Years of research with ups and many 
downs are now finally bearing fruit, and the gene therapy community has recently 
celebrated successes with effective therapies for serious genetic conditions such as 
blindness caused by inherited retinal disorders (Bainbridge et  al. 2008; Maguire 
et al. 2009), immunodeficiency syndromes (Aiuti et al. 2009; Cartier et al. 2009; 
Hacein-Bey-Abina et al. 2010), lipoprotein lipase deficiency (Gaudet et al. 2012), 
and hemophilia (Nathwani et al. 2011).

Viruses are structured, chemical entities consisting of nucleic acids wrapped in 
a core of viral proteins. A lipid envelope derived from the former host cell may 
for some viruses surround the protein core. This design is evolutionarily adapted 



70 J. G. Mikkelsen

to confronting the many barriers that a virus encounters on its way from the ex-
ternal environment to the nuclei of host cells. The viral package not only offers 
protection of the viral nucleic acids within the host, but also allows trafficking 
within extracellular matrices and facilitates host cell specificity due to interactions 
between proteins embedded in the cell membrane and proteins distributed on the 
surface of the virus. In addition, viruses traverse the first cellular barrier, the plasma 
membrane, though a variety of routes including endocytosis and fusion with the 
membrane, leading to internalization and release of the virus core (Klasse 2012). 
The next barrier, the highly viscous and crowded cytoplasm is bypassed by some 
viruses by active trafficking along the network of microtubules (Matarrese and Ma-
lorni 2005), whereas the third major barrier, the nuclear membrane, is overcome 
by access through the nuclear pores (Kobiler et al. 2012). Even inside the nucleus, 
viruses may possess mechanisms that allow genomic attraction of the viral DNA, 
facilitating the insertion of viral genetic cargo into transcriptionally active chroma-
tin (Mitchell et al. 2004).

Such properties have promoted the development of efficient virus-derived gene 
vectors, and vectors, based on gamma-retroviruses, lentiviruses, adenoviruses, and 
adeno-associated viruses, are being heavily scrutinized for their applicability in the 
treatment of a wide variety of diseases. Chapter 3 in this book covers the progress 
and success of viral vector technologies. As the broad clinical use of viral vectors 
seems to emerge ahead of us, and viruses are turning into drugs, why should we 
bother pondering on alternative ways to achieve therapeutic gene transfer? Well, the 
truth is that viral vectors may have drawbacks that can be avoided with approaches 
that are not based on virus-based gene transportation. Most importantly is perhaps 
the risk of a potentially strong immune response induced by injection of a large dose 
of viral particles and for some applications the oncogenic potential due to inser-
tional mutagenesis, but high production costs and challenges related to large-scale 
manufacturing of viral vectors are other main reasons that nonviral gene delivery 
strategies continue to draw attention in the gene therapy community.

In its most primitive form, a nonviral vector system consists of naked plasmid 
DNA carrying a promoter driving the expression of a therapeutic gene. Given the 
challenges that have been fought by viruses over millions of years, it does not come 
as a surprise that naked DNA transfer is rather inefficient and requires additional 
action to facilitate nuclear DNA uptake. Such actions may serve to increase cell 
permeability, for example by exposing target cells to an externally applied electri-
cal field or high pressure. Other strategies aim at mimicking viral gene transfer 
by engineering synthetic particles carrying the DNA, whereas yet other strategies 
are based on the cellular uptake of DNA-conjugated nanoparticles. The term ‘gene 
therapy’ refers in the narrowest definition to the delivery of a therapeutic gene to 
cells in order to change their functional properties and treat disease. In this chap-
ter, the current status of nonviral gene transfer is reviewed, with primary focus on 
gene-encoding DNA. Efforts to deliver DNA oligonucleotides, locked nucleic acids 
(LNA), and synthetic RNAs, like small interfering RNA, will not be covered here, 
although such methods may certainly fit within a broader definition of gene therapy. 
Rather, based on recent findings, the focus will be primarily on the DNA itself and 



714  Nonviral Gene Therapy—The Challenge of Mobilizing DNA

a description of how DNA, as the source of the therapeutic gene in nonviral deliv-
ery approaches, undergoes changes that may optimize future performance in terms 
of safety and efficiency. Also, with focus on the adaptation of DNA transposable 
elements for genomic gene insertion, emphasis will be put on novel gene-insertion 
technologies, which have successfully addressed the lack of gene expression per-
sistency, typically considered one of the major drawbacks of nonviral gene therapy. 
A short glimpse into current clinical trials involving nonviral gene delivery is given 
towards the end of the chapter.

4.2 � Gene Delivery by Naked Plasmid DNA—as Primitive 
as It Gets

‘At the risk of adding to this list, I propose plasmid as a generic term for any ex-
trachrosomal hereditary determinant’ is the quote that Joshua Lederberg used when 
he in 1952 introduced the term “plasmid”, referring to a long list of terms that had 
previously been used to describe extra-chromosomal genetic particles and the con-
cept of cytoplasmic heredity (Lederberg 1952). The definition of plasmid DNA was 
later refined to describe ring-shaped, double-stranded DNA molecules that replicate 
independently of chromosomal DNA. Obviously, such circular DNA molecules, 
replicated in and purified from bacteria, have played a fundamental role in the de-
velopment of molecular cloning and serve on a daily basis as an invaluable tool in 
the hands of students and researchers world-wide. Plasmid DNA is the backbone of 
today’s highly advanced methods of genetic engineering and represents the simple 
key constituent of most nonviral gene vehicles.

4.2.1 � Plasmids—the Nonviral Gene Vehicle

Plasmids are capable of replicating autonomously in bacteria. Each plasmid mol-
ecule carries an origin of replication which constitutes the initiation site for replica-
tion of the plasmid and serves to regulate the number of plasmids within each bac-
terial cell. In a natural setting, plasmids may typically provide bacteria a selective 
advantage. Such plasmid-encoded bacterial resistance factors, originally referred 
to as R factors (Datta and Kontomichalou 1965), are transferable between bacteria 
and include proteins conferring resistance to antibacterial drugs like neomycin, ka-
namycin, and penicillins including ampicillin (Sutcliffe 1978). By including such 
antibiotic resistance genes, like the ampicillin resistance gene (AmpR), in the plas-
mid backbone, a single species of plasmid DNA may be selectively amplified in 
bacteria, usually Escherichia coli, grown in ampicillin-containing growth medium, 
resulting in high total yields of plasmid DNA. Plasmids are harvested from lysed 
bacteria by selective alkaline denaturation of chromosomal DNA (Birnboim and 
Doly 1979), leading upon neutralization with sodium acetate to DNA renaturation 
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and formation of insoluble aggregates of high molecular weight DNA. Complexes 
of protein and SDS as well as high-molecular weight RNAs are also precipitated 
under these conditions, whereas renatured covalently closed plasmid DNA stays in 
solution and may be harvested subsequently by ethanol precipitation or column pu-
rification. Lipopolysaccharides (LPS), often referred to as endotoxins, are present 
in high numbers in the outer bacterial membrane and are shed to the surrounding 
supernatant during growth and lysis. Due to the size, negative charge, and chemi-
cal structure of LPS, these molecules are co-purified with plasmid DNA and are 
frequent contaminants of plasmid preparations. It is well-known that LPS trigger an 
inflammatory response and therefore must be removed prior to the use of plasmids 
in sensitive experimentation in cultured cells or for in vivo applications like gene 
therapy. Modern purification methods therefore include a removal buffer that pre-
vents LPS from binding to the resin in plasmid DNA purification columns, leading 
to preparations of DNA with almost negligible levels of LPS.

Plasmid DNA is a macromolecule with a relative high molecular weight. De-
spite its defined size in terms of the number of basepairs (typically in the range of 
5–10 kb dependent on the specific application), even a pure preparation of plas-
mid DNA may be heterologous due to different conformations of the plasmid. Co-
valently closed, supercoiled DNA is the most condensed form in which the DNA 
double helix coil is further coiled to form a twisted conformation of the plasmid 
(Fig.  4.1a). Excessive alkaline treatment during plasmid DNA preparation may 
cause increased denaturation of supercoiled DNA, which is usually not desired. 
Also, during plasmid extraction and preparation, single-stranded nicks may occur, 
leading to unwinding of plasmid and formation of a relaxed open circular confor-
mation (Fig. 4.1b). Alternatively, plasmids may adapt a relaxed conformation by 
enzymatic removal of supercoils leading to an unwound circular form with both 
DNA strands uncut (Fig. 4.1c). Double-stranded DNA breaks may also occur, lead-
ing to a linear conformation without supercoiling (Fig. 4.1d).

Plasmid DNA can be engineered to express any gene of interest and even several 
genes if this is relevant for the specific application. In its most primitive form, a 
gene-carrying plasmid contains a simple expression cassette consisting of a ubiq-
uitously expressed promoter flanked downstream by an intron-devoid open read-
ing frame, derived from cDNA, and a polyadenylation sequence (Fig. 4.1, upper 
right). However, the sky is the limit when it comes to the creativity of designing 
gene-expressing plasmids, and it is beyond the scope of this chapter to review all 
possibilities. Nevertheless, an almost infinite list of inducible and cell- and tissue-
regulatable expression strategies has been employed to obtain optimized expression 
strength, increased RNA stability and processing, spatiotemporal control and so on. 
Based on successful plasmid construction and purification, the researcher is faced 
with the challenges of mobilizing plasmid DNA in cultured cells and perhaps even 
in live individuals. Some of the main barriers for in vivo delivery of plasmid DNA 
are discussed here (see Fig. 4.2 for a schematic representation).
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Fig. 4.1   Plasmid DNA—the nonviral gene vehicle. The figure gives a schematic representation of 
some of the most important features of plasmid DNA from basics of production ( left) to different 
structural forms ( middle, a–d), and typical content of a standard plasmid utilized for gene delivery 
( upper right). Plasmid DNA can be formulated (a DNA-containing liposome is shown) and admin-
istered as either naked or formulated DNA. DNA uptake can be facilitated by treating target tissues 
by magnetic force (magnetofection), ultrasound (sonoporation), electric pulses (electroporation), 
or high-pressure (hydrodynamic injection), as indicated by the symbols ( lower right)

 

Fig. 4.2   The major barriers to plasmid-based gene transfer. The barriers to systemically adminis-
tered plasmid DNA are depicted. Primary challenges to the in vivo mobilization of plasmid DNA 
include barriers within the capillaries ( left), within tissues and extracellular space ( middle), and 
within cells ( right). The right panel presents the concept of macromolecular crowding caused by 
the dense network of microtubules ( blue lines), intermediate filaments ( green lines), and actin fila-
ments ( red lines). The nuclear matrix within the nucleus is represented by thin blue lines
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4.2.2 � Getting Plasmids To the Nucleus—Barriers On the Way to 
the Checkered Flag

Mobilization of plasmid DNA in a naked form is complicated by the fact that DNA 
is negatively charged and that molecules of plasmid DNA therefore represent a 
strong anionic charge. Due to the negative charge on the surface of cells, plasmid 
DNA is naturally repelled from the cell surface by electrostatic repulsion leading 
to limited DNA uptake. Also, following conventional intravenous administration in 
mice, unformulated plasmid DNA is rapidly cleared from the blood stream, at least 
partially due to metabolic degradation due to hepatic uptake and clearance (Kawa-
bata et al. 1995) (Fig. 4.2, left). Such clearance is based on the uptake of plasmid 
DNA by nonparenchymal cells, like endothelial and Kuppfer cells, by mechanisms 
involving the recognition of anions by scavenger receptor-like surface proteins. 
Plasmid DNA entering the systemic circulation has direct access to capillary endo-
thelial cells and needs to traverse the endothelial lining to get access to tissues. In 
many tissues, the layer of endothelial cells and underlying structures of the capil-
laries do not allow passage of macromolecules like plasmid DNA, whereas a few 
tissues, such as the liver, contain capillaries that are characterized by a permeable 
endothelial lining with gaps that allow passage of DNA molecules into the tissue. 
Hence, plasmid DNA uptake is largely restricted to endothelial cells, circulating 
blood cells, and cells in the liver and spleen. The resulting degradation of plasmid 
DNA, for example in Kuppfer cells in the liver, results in only negligible gene 
expression following a standard intravenous injection of naked plasmid DNA (Liu 
et al. 1999). Hence, the overall pharmacokinetic properties are limited by the size 
and charge of plasmid DNA, rendering the transport and access to tissues of interest 
rather inefficient. Notably, in a study based on intravenous plasmid injection in rats, 
it was observed that supercoiled plasmid, relative to the other plasmid conforma-
tions, was rapidly cleared from the circulation, suggesting that this more compact 
conformation was rapidly taken up by the liver and metabolized (Houk et al. 2001). 
Moreover, supercoiled DNA was detectable only after injection of very high doses 
of plasmid DNA (2 mg), and supercoiled forms were converted to open circular 
forms which were then linearized, allowing further degradation. In a related study 
in mice, levels of plasmid DNA above 1000 ng/ml serum, obtained 30 s after in-
travenous injection of 50 µg plasmid DNA, was reduced to a level of about 3 ng/
ml after an additional 30 min (Oh et al. 2001). In accordance, the half-life of naked 
plasmid DNA is reduced in vitro (approximately 10 min in isolated mouse whole 
blood), suggesting that plasmid DNA is subjected to targeted degradation by both 
endo- and exonucleases (Kawabata et al. 1995).

The difficulties for plasmid DNA on the journey into cells are far from over in 
case the DNA should in fact live long enough to encounter and attach to a cell. In 
fact, the challenges may have just begun, since the plasmid DNA must now face the 
cellular barriers in shape of the cellular and nuclear membranes and not least the 
crowded cytoplasm (Fig. 4.2, right panel). Cellular internalization of naked DNA 
across the cell membrane is inefficient but may occur through endocytosis and sub-
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sequent escape from endosomes into the cytoplasm. However, diffusion of DNA 
is highly restricted in the cytoplasm. Whereas mobility of small DNA fragments 
(< 250 bp) are only mildly hindered, larger plasmid-size DNA molecules (> 2000 bp) 
are increasingly impeded with increasing size (Lukacs et al. 2000). Studies based 
on measurements of the cytoplasmic mobilization of fluorophore-labelled DNA 
molecules suggested that size-dependent reduction of diffusion is caused by macro-
molecular crowding in the cytoplasm and that mainly fixed structures, such as the 
highly cross-linked actin cytoskeleton, trap plasmid DNA and, hence, represent a 
major barrier to mobilization through the cytoplasm from the endosome to nuclear 
pores (Dauty and Verkman 2005). In fact, it seems unlikely that plasmid DNA is 
able to move through the cytoplasm by diffusion, and directed trafficking along the 
cytoskeleton is a more likely scenario (Vaughan et al. 2006). It is well-known that 
viruses travel through the cytoplasm along the network of microtubules (McDonald 
et al. 2002). In experiments based on microinjection of GFP-expressing plasmids 
into cells in culture, plasmid trafficking, and resulting expression of GFP, was found 
to rely on the microtubule network. Hence, the expression of GFP decreased in cells 
in which the network was disrupted (Vaughan and Dean 2006). Moreover, the mo-
lecular motor protein dynein was identified as a player in facilitating DNA move-
ment. Also, cytoplasmic DNA transport was found to benefit from the association of 
plasmid DNA with proteins containing a nuclear localization signal (NLS) (Mesika 
et  al. 2005). This interaction not only facilitates nuclear entry but also mediates 
transport of protein-DNA complexes along microtubules in a dynein-dependent 
manner and in a fashion that seems to involve NLS-directed recognition of the mi-
crotubule-interacting importins (Mesika et al. 2005). Interestingly, recent evidence 
suggests that transcription factor binding sites within plasmids may support their 
cytoplasmic trafficking. Hence, binding of cyclic AMP response-element binding 
protein (CREB) to sites that are present in the commonly used cytomegalovirus 
(CMV) promoter was crucial for interaction with microtubules and enhanced move-
ment of plasmid DNA through the cytoplasm (Badding et al. 2012). A proteomics 
approach used to identify components of plasmid-trafficking complexes identified 
microtubule-associated motor proteins, including dynein and importin β1, as key 
players in plasmid transport through the cytoplasm (Badding et al. 2013), support-
ing the notion that nonviral gene delivery relies on active intracellular DNA traf-
ficking facilitated by sequence-directed complex formation between plasmid DNA 
and cytoplasmic proteins (Lam and Dean 2010). Despite active transport through 
the cytoplasm, plasmid DNA is still sensitive to enzymatic degradation in the cyto-
plasm, resulting in a relatively short half-life, which by estimations range from 1 to 
5 h (reviewed in (Vaughan et al. 2006)) with suspected variations between plasmids 
and cell types.

The nuclear membrane is more or less impermeable to plasmid DNA and repre-
sents the final solid barrier for incoming plasmid DNA. Hence, a large percentage 
of the plasmid DNA is stuck in the cytoplasm and never gains access to the nucleus 
(Vaughan et al. 2006). It is well-known that the nuclear uptake of DNA is increased 
in actively dividing cells due to the disassembly of the nuclear membrane. Hence, 
plasmid DNA may gain easier access to and transiently accumulate in relatively 
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high numbers in the nuclei of cells in a dividing cell population. Still, exogenous 
plasmid DNA may be able to enter the nucleus in non-dividing, terminally differ-
entiated cells. This transport across the nuclear membrane is facilitated by nuclear 
pore complexes (NPCs), which are membrane-penetrating, aqueous channels con-
sisting of multiple copies of approximately thirty different proteins. The structure 
of those large channel complexes is largely conserved, but heterogeneity in com-
position and function is evident in different cell types and tissues (see (Raices and 
D'Angelo 2012) for review). Due to the size, intruding plasmid DNA is not likely 
to diffuse through NPCs in a signal-independent fashion and will rely on facilitated 
import through the pore. To be ferried across the nuclear membrane, larger mole-
cules must interact with ferry proteins—exportins or importins—that pull the cargo 
through the membrane. For import, importin-α recognizes a specific amino acid 
sequence—the nuclear localization signal (NLS)—on the cargo protein and allows 
also importin-β to become part of the complex that is subsequently carried through 
the pore. Once inside the nucleus, the complex is disassembled, leading to release 
of the cargo molecule, by the actions of a small GTPase called Ran. RanGTP facili-
tates the displacement of importins from the complex and forms RanGTP-importin 
complexes that are subsequently shuttled back to the cytoplasm. Upon arrival in the 
cytoplasm, RanGTP is hydrolyzed to RanGDP leading to release of the importins.

Importin-based nuclear import of plasmid DNA requires association of the DNA 
with NLS-containing proteins that may facilitate the binding to importin-α. In the 
cytoplasm, plasmid DNA becomes complexed with cellular proteins (e.g. transcrip-
tion factors) that may play a role in the attraction towards NPCs. Obviously, such 
interactions will depend on sequences in the plasmid, and several sequences, in-
cluding the frequently used SV40 enhancer (reviewed in (Vaughan et  al. 2006), 
are known to facilitate trafficking through the pore most likely by binding NLS-
containing transcription factors.

4.2.3 � Expressing Genes from Naked Plasmid DNA—Crossing 
the Barriers with Force

Despite the many barriers to delivery of genes carried on naked plasmid DNA, suc-
cessful gene transfer has indeed been achieved in vivo with naked DNA. However, 
as an overall trend, this kind of gene delivery seems to depend on the application 
of extra physical force to the target cells. As indicated in Fig. 4.1, such force can 
be achieved by subjecting cells or tissues to an externally applied electrical field 
(electroporation), sound of ultrasonic frequencies (sonoporation), or a magnetic 
field (magnetofection). Also, the application of high pressure by a controlled hydro-
dynamic pressure in capillaries (hydrodynamic gene delivery) facilitates increased 
permeability of the endothelial lining and parenchymal cells.

The first evidence of in vivo gene expression achieved by administration of 
naked plasmid DNA was provided by Wolff and coworkers who injected plasmid 
DNA into skeletal muscle and observed subsequent expression of marker genes in 
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transfected myofibers (Wolff et al. 1990). Gene expression was achieved in later 
studies by injection of plasmid DNA into other tissues, including liver (Wolff 1997), 
heart (Acsadi et al. 1991; Buttrick et al. 1992), skin (Hengge et al. 1996), and the 
thyroid gland (Sikes et al. 1994). However, the efficiency of this method was rela-
tively low resulting at best in short-term gene expression without any clear clini-
cal perspective. Budker and coworkers subsequently reported substantial levels of 
gene expression in skeletal muscle after rapid injection of a plasmid DNA solution 
into the femoral artery and simultaneous occlusion of blood vessels leading into 
and out of the hindlimb (Budker et al. 1998). This finding laid the foundation for a 
gene delivery strategy based on applying a controlled hydrodynamic pressure in the 
capillaries. Soon after, reports by Liu et al. (1999) and Zhang et al. (1999) estab-
lished the hydrodynamics-based procedure for delivery of plasmid DNA to mouse 
liver. By rapid injection of a large volume of plasmid DNA (2 ml, equivalent to 
8–10 % of the body weight) through the tail vein, a high level of gene expression 
could be measured in the liver, resulting in a peak of expression approximately 8 h 
after injection. Although gene expression would subsequently decline, the absence 
of cell division among normal hepatocytes allowed gene expression to prevail at 
a reasonable level due to the persistence of plasmid DNA in the transfected cells. 
Also, peak levels of expression could be re-established by repeated injection of 
plasmid DNA. By transferring plasmid encoding β-galactosidase, it was estimated 
in the early studies that as many as 40 % of the hepatocytes were transfected by this 
method (Liu et al. 1999). However, this transfection rate may certainly depend on 
the amount of plasmid, its size and sequence, the mouse strain, and the experience 
and skills of the researcher performing the injection. Nevertheless, this approach for 
systemic administration of plasmid DNA established the mouse liver as a preferred 
model system for nonviral gene delivery, and numerous studies have benefitted 
from this technique allowing in vivo insight into the uptake of plasmid DNA and the 
mobilization of DNA inside cells. As we shall see later, the establishment of DNA 
transposon-based gene vehicles was one of numerous technologies that developed 
through work in hydrodynamically injected mice. Importantly, in several cases hy-
drodynamic plasmid injections were found leading to long-term expression of genes 
with therapeutic applicability. Hence, injected naked plasmid DNA encoding α1 an-
titrypsin and human factor IX resulted in levels of protein that reached therapeutic 
levels (Miao et al. 2000).

Hydrodynamic gene delivery exploits the close association between the capillary 
endothelium and parenchymal cells. This allows direct access of the DNA to sur-
rounding tissues during rupture of the endothelial barrier in thin-layered capillaries. 
High pressure does not only induce breakage of the endothelial lining, but also 
causes transient hyperpermeability of the surrounding cells (Suda and Liu 2007) 
supporting a mechanism that involves hydroporation (Zhang et al. 2004). The struc-
ture and architecture of the capillaries and the surrounding tissue have major impact 
on the efficiency of the process. In liver, it is believed that the large volume injected 
into the mouse in a period of 5–7 s enters directly into the inferior vena cava and 
thereby stretches heart muscle fibers to an extent that leads to cardiac congestion. 
This causes the accumulation of the injected solution in the inferior vena cava, and 
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an elevated intravascular pressure drives the DNA solution into the liver in retro-
grade via the hepatic vein while the existing blood in the liver is pushed backward 
toward the portal vein. Inside the liver, the elevated pressure expands the sinusoids 
and concomitantly causes membrane defects in hepatocytes allowing subsequent 
DNA uptake. The procedure—carefully reviewed and modeled in Suda and Liu 
(2007) and Bonamassa et al. (2011)—causes temporary cardiac dysfunction as well 
as liver toxicity due to liver expansion and structural deformation. The enlarged 
liver returns to its original size approximately 30 min after injection, and hepatocyte 
membrane defects are reportedly ‘re-sealed’ a few minutes after the pressure impact 
(Bonamassa et al. 2011).

Hydrodynamic plasmid DNA delivery has been performed in a variety of species 
and tissues using different routes of administration. It is beyond the scope here to 
review these studies, some of which are listed in a review by Suda and Liu (Suda 
and Liu 2007). Nevertheless, although hydrodynamic DNA injection was for some 
time considered a convenient—but not necessarily a clinically relevant—model, 
researchers in the field have strived to advance the technology for use in larger 
animals and humans. By injection of plasmid DNA encoding the lacZ transgene 
into the femoral artery of pigs, Danialou and colleagues were able to balance the 
pressure in the skeletal muscle providing optimized conditions for the injection. As 
a result, more than 20 % of the muscle fibers in the pig hind limb were transfected 
by this procedure (Danialou et al. 2005). Encouraged by such findings, new devices 
are being developed to assist reproducible DNA delivery. Automatic computer-con-
trolled hydrodynamic was achieved with a new tool, designated the HydroJector-
EM, that allows reproducible effect in mouse liver (Yokoo et al. 2013). A related 
injection device promises to mimic the effects of conventional, manual methods and 
was found to assist delivery of plasmid DNA encoding the luciferase reporter gene 
to pig liver through the lateral hepatic vein in combination with image-guided cath-
eterization and complete occlusion (Suda et al. 2008). Previous studies suggested 
that only about 2 % of the pig hepatocytes were transfected by this type of proce-
dure (Kamimura et al. 2009). However, by adapting the method for gene transfer 
to skeletal muscle of pig, Kamimura and coworkers were able to transfect 70–90 % 
of the muscle groups in the hind limb leading to persistent reporter gene expression 
(Kamimura et al. 2010). Hydrodynamic injection into the limb vein was established 
also for forced delivery of naked plasmid to the myofibers of nonhuman primates 
(Hegge et al. 2010). By a single hydrodynamic limb vein injection, Wooddell and 
coworkers were able to transfect an average of 10 % of all myofibers in the targeted 
muscle of the arms and legs (Wooddell et al. 2011), providing hope that this method 
may have clinical relevance. Despite such promising findings, it is still the overall 
impression that hydrodynamic injection may need further optimization for effective 
and safe use in humans. In attempts to scale-up the technology, several groups have 
experienced disappointing results, and it has been suggested that the impulse, rather 
than the pressure, is a critical determinant for the potency of hydrodynamic delivery 
(Hackett et al. 2011).

The application of an electrical field to cells and tissues represents an alterna-
tive strategy for facilitating forced DNA delivery into cells. Short and intense elec-
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trical pulses that may last from a few microseconds to a millisecond disturb the 
phospholipid bilayer of the cell membrane and trigger a transient increase in the 
permeability of the cell membrane. Along with the formation of temporary pores, 
the electrical potential across the membrane assists in mobilizing the negatively 
charged plasmid DNA, allowing the influx of plasmid DNA from the surround-
ings as well as enhanced intracellular mobilization and transport across the nuclear 
membrane. Plasmid DNA is thought to enter the cell by a two-step mechanism by 
which the pulse facilitates a direct interaction between the DNA molecules and 
the destabilized membrane prior to passage of plasmid DNA across the membrane 
(Escoffre et al. 2009).

Electroporation of cultured cells and bacteria has been used as a routine tech-
nique for many years and is now playing an increasingly dominant role in in vivo 
nonviral gene transfer in relation to DNA-based vaccination and gene therapies. 
So far, the majority of clinical trials based on DNA delivery by electrotransfer ad-
dresses either anticancer applications by DNA delivery into tumors or the use of 
DNA as antiviral vaccines (Bodles-Brakhop et al. 2009). However, for gene ther-
apy purposes, electrotransfer-mediated gene delivery to muscle seems particularly 
promising (see Hojman (2010) for review). The application of electric pulses to 
muscles of mice injected with naked plasmid DNA was first shown by Aihara and 
Miyazaki to promote enhanced transgene expression (Aihara and Miyazaki 1998). 
By optimizing the regimens of pulses, gene transfer to muscle has been further re-
fined allowing only minimal perturbation of cell physiology (Hojman et al. 2008). 
Using mouse muscle as a target tissue, therapeutic delivery of a gene expression 
cassette encoding erythropoietin (Epo) was achieved by a single electrotransfer-
supported injection of only 500 ng of plasmid DNA (Hojman et al. 2007). Although 
promising, these findings were not directly mirrored by studies of electrotransfer 
of plasmid DNA to the gluteal muscle in the pig (Spanggaard et al. 2012). Hence, 
using luciferase as a reporter, gene electrotransfer was found to facilitate localized 
gene expression only in an area delineated by the electrodes. Nevertheless, the im-
pact on cells facilitated by an electrical field is an example of how physical force 
may aid the uptake of naked DNA with a substantial therapeutic potential for local 
gene delivery, for example into tumors (Andre et al. 2008).

4.3 � Delivery of Plasmid DNA Wrapped in Synthetic 
Carrier Materials—Bypassing Barriers

Although physical force may in some selected cases be applicable for in vivo de-
livery of naked plasmid DNA, alternative strategies may be needed to ferry for-
eign genetic material to a specific tissue and cellular target. With inspiration from 
the world of viruses, many attempts have been made to wrap negatively charged 
high molecular weight plasmid DNA in synthetic, chemical coats that may to some 
degree mimic the composition of viruses. Many different types of liposomal and 
polymeric DNA delivery systems have been explored for transfection of cells both 
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in vitro and in vivo. Such nonviral delivery platforms are efficient in many culture 
systems, and the development of effective DNA transfection reagents has become 
a profitable business based on the daily need of potent DNA transfection in labo-
ratories world-wide. For the same reason, the exact chemistry of such commercial 
lipid- and cationic polymer-based reagents is often a well-kept secret. Nevertheless, 
the chemistry related to in vivo delivery of nucleic acids is a growing independent 
research area which has been thoroughly covered in previous reviews (Ewert et al. 
2010; Zhu and Mahato 2010; Kang et al. 2012). With reference to these reviews, 
some of the basic principles of lipid- and polymer-based delivery strategies are 
mentioned here.

Nonviral DNA formulations are based on the electrostatic interactions between 
the cationic carrier material and the anionic plasmid DNA. In the chemical com-
plex formed around the plasmid DNA as a scaffold, the negatively charged DNA is 
masked and either encapsulated or condensed (Xu et al. 1999), allowing easier in 
vivo mobilization due to charge changes and a significant reduction in molecular 
volume. Also, encapsulated plasmid DNA is protected against nucleolytic degrada-
tion. Lipids used for the DNA complex formation consist of a cationic head group, 
which is linked by a spacer to a tail of hydrophobic hydrocarbons (e.g fatty acids 
or cholesterol derivatives). See for example Nguyen and Szoka (2012) for graphic 
representation. The head group is responsible for electrostatic interactions with the 
DNA and the cell membrane, whereas the spacer contributes to stability and biode-
gradability of the DNA-complexed macromolecule. Plasmid DNA complexed with 
the cationic lipid GL67A is currently being used in the only active clinical trial for 
cystic fibrosis (Alton et al. 2013). These positively charged fatty liposomes are rela-
tively stable and able to withstand the aerosolisation process that drives the delivery 
of the nonviral vector to the lung epithelium of cystic fibrosis patients (Griesenbach 
and Alton 2013).

Like lipids, polycationic polymers electrostatically complex with negatively 
charged plasmid DNA. The reduced size and net cationic surface charge of DNA-
polymer complexes facilitate cellular entry. Furthermore, high flexibility of poly-
mers supports strong molecular interactions with the plasmid and provides efficient 
protection against enzymatic degradation. However, in vivo use of such complexes 
may be restricted by toxic effects caused by polymer-induced aggregation of erythro-
cytes and complex formation with anionic blood proteins. The most frequently used 
polymers include polylysine and polyethyleneimine (PEI) which are both available 
in linear and branched versions (Kadlecova et al. 2013). Highly branched polymers 
provide increased flexibility and stable complex formation but are thought also to 
display higher cytotoxic effects due to their increased affinity for the cell membrane 
leading to damage of the membrane (Fischer et al. 2003; Kadlecova et al. 2012).

The mechanisms of lipid- and polymer-based gene transfer are vaguely under-
stood, but lipoplexes and polyplexes are thought to enter cells mainly through endo-
cytosis. During this process, part of the cell membrane engulfs the macromolecular 
DNA complex bound on the cell surface. The intracellular vesicle—often desig-
nated the endocytic vesicle—serves as an intracellular distribution center, allowing 
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distribution to various intracellular destinations. Escape from endocytic vesicles 
and early endosomes is a crucial factor for further transport of the DNA towards the 
nucleus. Means of promoting escape from endosomal entraptment by the inclusion 
of endosomal escape devices include fusogenic lipids and membrane-disruptive 
peptides and polymers. These and related strategies are carefully reviewed in El-
Sayed et al. (2009). The fate of plasmid DNA that enters cells through endocytic 
uptake may depend on details of the uptake mechanism. Hence, different endocytic 
pathways are known and classified according to the regions of the membrane that 
become part of the endocytic vesicle. Some areas of the cell membrane, lipid raft 
domains, are characterized by an ordered structure composed of organized clusters 
of lipids. However, the membrane is not uniform, and lipid raft domains exist in a 
generally quite disordered milieu of lipids. Endocytosis outside the lipid raft areas 
may occur through chathrin-mediated endocytosis, phagocytosis, or macropinocy-
tosis, whereas several different mechanisms may facilitate DNA uptake in lipid raft 
domains, as reviewed in El-Sayed and Harashima (2013). Although the importance 
of these different pathways for intracellular distribution of plasmid DNA is far from 
fully understood, it seems reasonable to believe that the intracellular fate of plasmid 
DNA can be further controlled in new vector designs capitalizing on increased un-
derstanding of the processes of endocytosis.

4.4 � Safer and More Efficient Gene Transfer by Minicircle 
DNA—Getting Rid of Bacterial DNA

Until recently, plasmid DNA has been the key component of vectors for nonvi-
ral gene delivery, but this status may be changing. As the growth and amplifica-
tion of plasmid DNA in bacteria requires bacterial genes and elements situated in 
the plasmid backbone, such sequence stowaways are automatically ferried into 
plasmid-treated cells and may potentially compromise the safety of plasmid-based 
gene delivery. Risks include an unintended immune response evoked by the ex-
pression of antibiotic resistance genes and potential transmission of antibiotic re-
sistance genes to host bacteria via horizontal gene transfer. For these reasons, the 
regulatory agencies recommend avoiding the use of antibiotic resistance markers 
(Mayrhofer et al. 2009; Vandermeulen et al. 2011). Moreover, unmethylated CpG 
motifs are frequently present in the plasmid backbone and may activate the innate 
immune system through recognition by the Toll-like receptor 9 (TLR9), the receptor 
that recognizes immunostimulatory CpG motifs, in antigen-presenting cells (Krieg 
et al. 1995; Hemmi et al. 2000). Indeed, such inflammatory response was reduced 
in TLR9-deficient transgenic mice (Zhao et al. 2004). CpG-triggered immune re-
sponses may result in the loss of cells carrying the plasmid (Yew et al. 1999; Hodges 
et al. 2004; Yew and Cheng 2004), and plasmids with a reduced number of CpG 
motifs are less immunogenic and confer long-term gene expression with less toxic-
ity (Yew et al. 2002; Hyde et al. 2008).
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Pioneering work by Chen and co-workers demonstrated that linear DNA devoid 
of the bacterial backbone induced higher levels of gene expression in mouse liver 
than was obtained with ordinary plasmid DNA (Chen et al. 2001). In a systematic 
study of a panel of expression cassettes, the general pattern was that animals re-
ceiving the purified expression cassette expressed persistently higher levels of the 
transgene than animals treated with plasmid DNA (Chen et al. 2004). These authors 
also observed that the linear DNA concatamerized after mouse liver transfection by 
hydrodynamic injection through the tail vein and that some of the linear fragments 
formed small circles upon uptake in the liver (Chen et al. 2001). These findings gave 
a first indication that the linkage between the expression cassette and sequences in 
the backbone could have an inhibitory effect on expression and that optimized and 
longer-term gene expression could potentially be achieved with circles devoid of 
the backbone. Chen et al. then moved on to engineer a technology based on the re-
combination activity of the phage PhiC31 integrase for production of such ‘minicir-
cles’ excluding the bacterial backbone and carrying only the transgene expression 
cassette (Chen et al. 2003). The minicircles were produced by transforming bacteria 
with a plasmid from which expression of the PhiC31 integrase was induced by 
incubation of the bacteria in L-arabinose. By flanking the expression cassette with 
the attB and attP PhiC31 recognition sites, PhiC31-directed recombination between 
the two sites could facilitate the release of a minicircle from the original plasmid, 
allowing subsequent purification on a CsCl gradient. Such minicircles were found 
to express transgenes in liver up to more than 500-fold more efficiently than stan-
dard plasmid (Chen et al. 2003). Notably, this difference was seemingly not caused 
by increased transfection of minicircle DNA, as the vector copy numbers in mouse 
liver after minicircle and plasmid injection were comparable (Chen et  al. 2001; 
Chen et al. 2003; Riu et al. 2007). Interestingly, several heterochromatin markers 
(e.g. di- and trimethylation of lysine 9 on histone 3 and di- and tri-methylation of 
lysine 20 on histone 4) were found by chromatin immunoprecipitation to be asso-
ciated with plasmid DNA, but not with minicircle DNA, analyzed about a month 
after DNA transfection of the mouse liver (Riu et al. 2007). In particular, plasmid 
sequences have been observed to be dramatically enriched with trimethylated ly-
sine 27 on histone 3 (Gracey Maniar et al. 2013). In contrast, higher amounts of 
euchromatin markers (e.g. acetylated histones 3 and 4, di-methylation of lysine 79 
on histone 3, and acetylation of lysine 9 on histone 3) were identified on minicircle 
DNA, suggesting that the persistence of gene expression from minicircles is cor-
related with an open chromatin state (Riu et al. 2007). Perhaps surprisingly, tran-
scriptional silencing in the mouse liver seemed not to be associated with the content 
of CpG motifs or the presence or absence of methylation in those motifs (Chen 
et al. 2008). However, recent findings suggest that preferential silencing of plasmid 
DNA occurs inside the nucleus on a stage that precedes the export of mRNA to 
the cytoplasm (Gracey Maniar et al. 2013). This indicates that plasmid silencing is 
not due to aberrant mRNA processing and that transcriptional blockage is enforced 
through plasmid nucleosome formation and subsequent heterochromatin formation. 
Interestingly, injections into mouse liver of minicircles with various lengths of ex-
tragenic spacer sequences have indicated that the length and not the sequence or 
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origin of this extragenic spacer is the key determinant, at least in this tissue, for 
transcriptional silencing of episomal transgene expression cassettes (Lu et al. 2012).

To allow efficient large-scale production of minicircles, Kay and colleagues pro-
duced a genetically modified E. coli producer strain containing the components for 
potent minicircle production (Kay et al. 2010). This bacterial strain contains expres-
sion cassettes for L-arabinose-inducible production of the PhiC31 integrase and 
the endonuclease I-SceI. After overnight culturing of this strain transformed with 
the mother plasmid, incubation of the bacteria in L-arabinose facilitates PhiC31-
catalyzed release of the minicircle (Fig.  4.3). Simultaneous degradation of plas-
mid DNA and backbone circles is facilitated by nucleolytic processing by the ISceI 
endonuclease which cuts at one or more of the numerous ISceI restriction sites 
situated in the plasmid backbone. Large amounts of pure minicircles can now be 
isolated on conventional plasmid purification columns. Alternative methodologies 
also include recombinase-based release of minicircles but generally suffer from 
high contamination rates, low yield, or the need for time-consuming purification 
processes (Darquet et  al. 1997; Bigger et  al. 2001; Chen et  al. 2003; Mayrhofer 
et al. 2008; Kobelt et al. 2013). With the method developed by Kay et al. minicircle 
production resembles conventional plasmid production and has become consider-
ably less labor-intensive. Hence, it is to be expected that minicircles will become 
standard tools in biomedical experimentation and may rapidly rise to become key 
carriers of genetic cargo in nonviral gene therapies.

Preclinical evidence of minicircle-based gene delivery is now emerging in dif-
ferent corners of the gene therapy field. Liver-directed minicircle administration 
was explored also for delivery of the α-L-Iduronidase (IDUA) gene for treatment of 

Fig. 4.3   Basic concepts in the production of minicircles (see text for details)
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mice with mucopolysaccharidosis type 1, a lysosomal storage disease (Osborn et al. 
2011). Previous attempts to express the IDUA gene from plasmid DNA in mouse 
liver have resulted in only short-term expression in immunocompetent mice, lead-
ing to the assumption that transgene-expressing cells were eradicated by a robust 
immune reaction triggered by the transgenic protein (Aronovich et al. 2007; Osborn 
et al. 2008; Aronovich et al. 2009). Although copy number analyses in mouse liver 
have indicated that neither immune-based clearance of liver cells nor the loss of 
vector genomes explains the loss of IDUA production, expression from plasmids as 
well as from minicircles was found to be compromised in immune-competent mice 
(Osborn et  al. 2011). Interestingly, however, minicircles carrying a CMV-driven 
IDUA gene were found to facilitate significantly higher, persistent levels of gene 
expression relative to full-length plasmid DNA in immunodeficient NOD/SCID 
mice, supporting the notion that the bacterial backbone also in this case has a nega-
tive impact on gene expression (Osborn et al. 2011).

In another line of study, Huang et  al. demonstrated efficient expression from 
minicircles delivered to the mouse heart (resulting in 5-fold higher levels of gene 
expression relative to plasmid DNA) and found that transgene expression was con-
siderably more persistent with minicircles than with regular plasmid DNA (Huang 
et al. 2009a). The authors also managed to treat myocardial infarction by intramyo-
cardial injection of minicircles encoding hypoxia-inducible factor-1α (HIF-1α). No-
tably, the levels of HIF-1α protein were significantly higher in minicircle-treated 
hearts relative to hearts treated with standard plasmid, and cardiac function was 
more efficiently restored with minicircles (Huang et al. 2009a). HIF-1α protein has 
a short half-life due to rapid proteosomal degradation mediated by hydroxylating 
enzymes. In accordance, minicircle-encoded small hairpin RNAs (shRNAs) direct-
ed toward HIF-1α-degrading enzymes were found to induce an increased level of 
HIF-1α protein in intramyocardially injected mouse hearts (Huang et al. 2011). In 
this case, minicircle gene therapy enhanced the mobilization of stem cells allow-
ing increased myocardial angiogenesis and improved cardiac function after induced 
myocardial infarction. Studies in mouse heart with minicircles containing the hu-
man vascular endothelial growth factor (hVEGF) gene driven by a CMV promoter 
did not show an obvious difference after injection with equal molar amounts of 
minicircle and plasmid DNA (Stenler et al. 2009). This particular minicircle was 
more potent than the plasmid counterpart only when the same dose in milligrams 
was used, indicating that transgene expression in this case was affected primarily 
by the copy number and to a lesser degree by differential transcriptional silenc-
ing of minicircles and plasmid DNA. Using similar VEGF-encoding minicircles 
(with expression driven by a β-actin promoter) Kwon et al. treated skin wounds of 
diabetic mice by subcutaneous injection of minicircles complexed with a cationic 
dendrimer carrier. However, in this study, only dendrimer-complexed minicircles, 
and not naked minicircles, resulted in VEGF production after injection, leading to a 
marked increase in the healing rate of wounds in mice with streptozotocin-induced 
diabetes (Kwon et al. 2012).

Systemic administration by intravenous injection of minicircles is an attrac-
tive delivery scenario for many nonviral gene therapies. Delivery of liposome-
complexed plasmid DNA elicits a type I interferon-mediated inflammatory response 
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(Sellins et al. 2005), which may potentially be reduced by the use of minicircles. 
Although systemically administered minicircle liposomes carrying the gene encod-
ing manganese superoxide dismutase (MnSOD) were found to protect mice from 
total body irradiation, it is currently unclear if minicircles for this application are 
more suitable carriers than plasmid DNA (Zhang et al. 2008).

Recent intradermal injections of minicircles provide the first evidence that 
minicircles may also function as an optimized platform for new vaccines (Dietz 
et al. 2013). Dietz and coworkers used a tattooing approach to deliver plasmid DNA 
and the minicircle counterpart, and found that the immunogenicity caused by trans-
gene-encoded proteins was significantly higher with injected minicircles than with 
plasmid DNA. With this approach, the authors obtained protection against bacterial 
infection, which was the result of the higher and more prolonged gene expression 
after injection of minicircles (Dietz et al. 2013). In a similar fashion, minicircles 
transferred to mouse muscle by electroporation resulted in higher levels of gene 
expression relative to plasmid DNA (Chabot et al. 2013).

Minicircles are likely to be both safer and more efficient carriers of transgenes 
than plasmid DNA. These circles free of bacterial DNA recently moved into the 
world of stem cells; hence, ‘reprogramming’ minicircles, carrying all four ‘Yamana-
ka’ factors, were utilized for generation of induced pluripotent stem cells (Jia et al. 
2010; Narsinh et al. 2011). Although companies are now offering minicircles, the 
relative cheap and easy production of minicircles will allow general use in labora-
tories worldwide. The reduced size and improved safety will certainly fuel their use 
in nonviral gene therapies.

4.5 � Gene Insertion by Integrating Nonviral Vectors—
From Short-Term to Persistent Gene Expression

Upon reaching the final destination of the journey—the transcriptional machinery 
within the nucleus—transfected plasmid or minicircle DNA molecules will be liv-
ing a life primarily as nuclear episomes. Hence, only a minor and insignificant 
proportion of the molecules will randomly insert into the genome of the transfected 
cell, for example by jumping into double-stranded DNA breaks. In nondividing or 
slowly dividing cells, like muscle and liver cells, such episomes may persist in the 
nucleus for a long time allowing prolonged expression of the transgene. However, 
gene expression may eventually cease due to the loss of episomes during cell rep-
lication and/or transcriptional silencing facilitated by the bacterial backbone or se-
quences in the promoter. In proliferating cells, nonintegrated plasmid or minicircle 
DNA is rapidly diluted and lost as a result of cell division, leading to only short-
term gene expression. Such transient expression of the transgene was for long an 
Achilles Heel of nonviral gene therapies, and several strategies have been explored 
to secure stable gene expression. One of these is based on the inclusion of scaf-
fold matrix attachment regions (also referred to as S/MAR elements) in the vector 
DNA. S/MARs are genomic DNA sequences that facilitate the interaction between 
chromatin and the nuclear matrix. See for example review Argyros et al. (2011b). 
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Introduction of S/MAR sequences in plasmids has been shown to facilitate epi-
somal replication and maintenance even in dividing cells (Piechaczek et al. 1999; 
Baiker et al. 2000), although there is still some controversy associated with the ca-
pacity of S/MARs to guide plasmid replication in in vivo models, like mouse liver 
(Argyros et al. 2008; Argyros et al. 2011a; Argyros et al. 2011b). Whereas nuclear 
maintenance of episomal DNA remains a promising but also challenging approach, 
enzymatically catalyzed insertion of the transgene cassette into the genome ensures 
transmission of the transgene to daughter cells, allowing stable gene expression in 
a population of dividing cells.

With the reconstructed Sleeping Beauty ( SB) DNA transposon as the locomotive, 
transposable DNA elements have emerged during the last decade as a primary tool 
for genomically inserting genes carried by nonviral vectors (Fig. 4.4). DNA trans-

Fig. 4.4   Gene insertion by DNA transposition. The figure illustrates the components and mecha-
nisms of Sleeping Beauty DNA transposition. a Development of the two-component transposition 
system from a native transposon. Based on the revived DNA transposable element, one plasmid 
( top) is designed to express the transposase, whereas another plasmid ( below) carries the trans-
poson with the gene of interest (GOI) expression cassette. The transposon is flanked by the left 
and right inverted repeats (LIR and RIR) which both carry two direct repeats (indicated by black 
triangles). The inner flanking regions (IFRs) were defined and described in (Moldt et al. 2007). 
‘CMV’ indicates the promoter derived from cytomegalovirus, whereas ‘Prom’ indicates any pro-
moter driving the expression of the GOI. b Mobilization of the SB transposon vector from plasmid 
DNA by DNA transposition involving the formation of the synaptic transposition complex. Exci-
sion circles are generated by cellular repair of the excision site (indicated by the small green box). 
c A schematic overview of the cellular actions leading to gene insertion by SB DNA transposition 
after co-transfection of transposase-encoding plasmid ( left) and transposon-containing plasmid 
DNA ( right)
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posons are primitive genetic elements which have colonized living organisms from 
plants to bacteria and mammals. Such elements are originally mobile with the abili-
ty to jump from one position to another within the genome in a reaction catalyzed by 
the transposase protein encoded by the element itself. However, through evolution, 
most DNA transposons have accumulated inactivating mutations and have been left 
behind as fossil relics without any obvious function in the host cell or organism. 
Based on detailed insight into the phylogenetics of DNA transposon elements in 
the genome of salmonid fish, Ivics and colleagues were able to ‘re-awaken’ the SB 
element from ancient Tc1/mariner elements through a series of mutagenesis steps 
(Ivics et al. 1997). These efforts primarily focused on re-establishing the function 
of the transposase protein which was in a final, revived version able to catalyze the 
mobilization of a transposon element, containing a transgene expression cassette, 
from transfected plasmid DNA into the genome of human cells. These findings 
marked the birth of a simple two-component vector technology consisting of (i) a 
plasmid encoding the transposase and (ii) a plasmid containing the transposon vec-
tor consisting of two inverted repeat (IR) structures (that were originally derived 
from an element present in the genome of Tanichthys albonubes) flanking the trans-
gene cassette (Fig. 4.4a). With this technique, the transgene could be mobilized the 
last step into the genome providing essentially a nonviral alternative to the integrat-
ing viral vectors.

The 340 amino acid long SB transposase is composed of two major domains; 
the N-terminal DNA-binding domain and the C-terminal catalytic domain of the 
enzyme containing the characteristic DDE domain found in many evolutionary re-
lated proteins, including the retroviral integrases. (Izsvak et  al. 2002). A nuclear 
localisation signal (NLS) is located between the two domains and is important for 
nuclear import of the protein. The outer borders of the SB transposon are defined by 
the two 225-bp IR sequences (left and right IR) each containing two 30-bp direct 
repeats (DRs) (Cui et  al. 2002). Binding of a single transposase subunit to each 
DRs in the two IRs results in the generation of a synaptic complex in which the 
ends of the transposon are held together by a tetramer of transposases (Ivics et al. 
1997; Geurts et al. 2003) (Fig. 4.4b). The transposon is then excised from the do-
nor locus by double-strand DNA breaks which generate 3-bp 3′-overhangs at the 
transposon ends and at the excision site. The released transposon is re-inserted into 
a TA-dinucleotide target sequence which is duplicated upon transposon insertion. 
Together with the TA target-site duplication, repair of the 3′-overhang at the exci-
sion site creates a characteristic 5-bp SB “footprint”. This footprint can be identified 
in repaired plasmid molecules (“excision circles”) that have served as a donor for 
DNA transposition. A schematic overview of cellular actions related to the insertion 
of transgenes by the DNA transposition system is provided in Fig. 4.4c.

Yant and co-workers were the first to demonstrate the potency of DNA trans-
poson-based gene delivery in vivo (Yant et  al. 2000). By hydrodynamically co-
injecting two plasmids, one expressing the SB transposase from a CMV promoter 
and one carrying a SB transposon with the human factor IX gene (driven by an 
elongation factor 1α promoter), the authors demonstrated high stability of transgene 
expression in the mouse liver triggered by mobilization of the transposon from the 
plasmid and into the genome. Notably, transgene expression in transposon-treated 
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livers remained stable even after cell proliferation induced by partial hepatectomy, 
demonstrating that the transgene cassette had indeed been inserted into the genome 
of the mouse hepatocytes. Using this technique, a mouse model of hemophilia B 
was successfully treated by a single injection with the two plasmids (Yant et  al. 
2000). Since then, numerous studies have been carried out to understand and further 
develop DNA transposon elements as gene carriers in mammalian cells. Moreover, 
the battery of DNA transposon elements with a capacity to jump in mammalian cells 
has slowly been expanded. In addition to SB, the piggyBac ( PB) element, isolated 
from the cabbage looper moth Trichoplusia ni (Elick et al. 1996; Fraser et al. 1996), 
is showing efficient DNA transposition in human cells (Adelman et al. 2002; Ding 
et al. 2005; Wilson et al. 2007) and is currently intensively studied for gene delivery. 
Also, Tol2 derived from the genome of the Japanese medaka fish Oryzias latipes 
(Kawakami et al. 1998; Kawakami et al. 2000; Balciunas et al. 2006), Frog Prince 
( FP) isolated from the genome of the leopard frog Rana pipiens (Miskey et  al. 
2003), Passport derived from the fish Pleuronectes platessa (Clark et al. 2009), and 
Himar1 from the hornfly Haematobia irritans (Keravala et al. 2006) are elements 
with robust transposition activity in mammalian cells. Newly identified elements 
include piggyBat isolated from the bat Myotis lucifungus (Mitra et al. 2013) and 
TcBuster from the red flour beetle Tribolium castaneum (Woodard et al. 2012; Li 
et al. 2013).

Although these distinct elements may have different properties in different cell 
types, they seem to share the common trait that mobilization does not require spe-
cies-specific host factors. However, host factors like DNA-bending proteins may 
indeed support the transposition process, as has been seen for SB and FP (Zayed 
et al. 2003). Despite the potential benefits of choosing among a variety of DNA 
transposon systems, SB and PB are currently the most effective systems in mamma-
lian cells and now together represent the forefront in transposon-based gene therapy.

DNA transposition and gene delivery by SB and PB has been reviewed on nu-
merous occasions (Izsvak and Ivics 2004; Hackett et  al. 2005; Ivics and Izsvak 
2006; Claeys Bouuaert and Chalmers 2009; VandenDriessche et al. 2009; Izsvak 
et  al. 2010; Ammar et  al. 2012b; Di Matteo et  al. 2012; Swierczek et  al. 2012), 
and it is not the intention in this chapter to review detailed properties and compare 
the two elements. However, it should be noted, that both these elements have been 
further developed since their original discovery. Mutagenesis of the SB transposase 
sequence has produced a series of hyperactive transposase mutants with enhanced 
transposition activities (Yant et al. 2004; Zayed et al. 2004; Baus et al. 2005). Most 
recently, a high-throughput PCR-based DNA-shuffling strategy led to the develop-
ment of the hyperactive transposase SB100X, which was initially demonstrated to 
be 100-fold more active than the original SB transposase (originally referred to as 
SB10) (Mates et al. 2009). Improved PB transposition has been achieved by codon 
optimization of the transposase gene (Cadinanos and Bradley 2007; Lacoste et al. 
2009). In addition, a hyperactive PB transposase (hyPBase) was recently developed 
(Yusa et al. 2011).

DNA transposon vectors facilitate active insertion of the transgene into the ge-
nome and thereby facilitate long-term gene expression. The other side of the coin is 
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that insertion of the gene generates a risk of disrupting or activating cellular genes. 
For this reason, the integration profiles of integrating vectors—viral and nonvi-
ral—have been attracting increased attention. Interestingly, both SB and PB trans-
posons preferentially integrate into DNA sequences that are rich in thymidines and 
adenines (Liu et al. 2005; Yant et al. 2005; Geurts et al. 2006; Wilson et al. 2007), 
but differ in global integration site preferences. Mapping of SB insertion sites from 
mouse liver (Yant et al. 2005), human primary T cells (Huang et al. 2010), HeLa 
cells (Vigdal et al. 2002), NIH 3T3 mouse fibroblasts (Yant et al. 2005), and mouse 
embryonic stem cells (Liang et al. 2009) reveals a near random integration profile 
with less than 40 % integration within active genes. The PB transposon, in con-
trast, seems to have a bias towards intragenic regions as demonstrated by studies in 
HEK293 and HeLa cells (Wilson et al. 2007; Meir et al. 2011) and in primary hu-
man T cells (Galvan et al. 2009; Huang et al. 2010). It is currently not known why 
the integration profiles of the two systems differ, but the more random profile of 
SB has sometimes been used to back up the claim that SB is a safer vector system 
than PB. Nevertheless, even randomly inserting vectors may hit cellular genes, and 
attempts have been made to target the SB transposon to predetermined genomic loci 
by fusing the transposase with the adeno-associated virus Rep protein (Ammar et al. 
2012a) or zinc-finger proteins (Yant et al. 2007; Voigt et al. 2012). A similar strategy 
was utilized to pursue site-directed PB insertion (Kettlun et al. 2011). These studies 
show the feasibility of targeting DNA transposons to predefined loci but also give 
indications that directed insertion into the genome will remain a very challenging 
goal for future therapeutic use of DNA transposons.

The potency of transposon-based vectors in preclinical settings has been demon-
strated in mouse liver on several occasions (Yant et al. 2000; Mikkelsen et al. 2003; 
Yant and Kay 2003; Ehrhardt et  al. 2005; Ohlfest et  al. 2005b; Aronovich et  al. 
2007). Hyperactive transposase variants SB100X and HyPBase have been shown to 
increase in vivo efficacy even further (Mates et al. 2009; Doherty et al. 2012) and 
currently represent the prime choices for therapeutic mobilization of transgenes. 
However, although high efficiency is certainly attractive in hard-to-transfect cell 
types or tissues that are difficult to reach with plasmid DNA, it should be kept 
in mind that the most efficacious transposases hold the potential to insert several 
transposons into the same cell (Sharma et al. 2012), leading in many cases to an 
increased risk of insertional mutagenesis. Therefore, the amount of transfected 
plasmid (transposon donor as well as transposase-encoding plasmid) should be op-
timized for any given application. Early experimentation in the mouse liver also 
revealed that the SB system, in particular, seems to be vulnerable to an inhibitory 
response caused by overproduction of the transposase. Hence, whereas injection of 
1 µg plasmid DNA encoding the SB10 transposase from a CMV promoter resulted 
in efficient DNA transposition in mouse liver, transposition was not detectable with 
an increased plasmid dose (25 µg plasmid DNA) (Yant et  al. 2000). This effect 
was initially thought to be caused by some evolutionarily conserved mechanism 
that protects host organisms from accelerating transposition, for example by form-
ing aggregates of transposase proteins. Although this is still a possible explanation, 
analyses of liver samples by Southern blotting indicated that plasmid DNA was 
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diminished from livers treated with high amounts of transposase-encoding plas-
mid (Yant, Mikkelsen, Kay, unpublished observations). In accordance, later studies 
showed that overexpressed transposases had a negative impact on the growth of 
cells (Walisko et al. 2006; Galla et al. 2011). It is likely, therefore, that hepatocytes 
with boosted expression of the transposase died upon hydrodynamic gene delivery 
resulting in low levels of transposition and reduced gene expression, which has 
been consistently observed with high amounts of transposase.

In attempts to optimize delivery of the SB transposon system, both the trans-
poson and the transposase expression cassette were included on the same plasmid 
(Mikkelsen et al. 2003). Since the two components were hence delivered in a 1:1 
ratio on a single plasmid, it was necessary to balance the expression of the trans-
posase by utilizing a promoter that was relatively weak in mouse liver. Using such 
helper-independent transposon-transposase vectors (HITT, later most often referred 
to as ‘cis’ vectors), optimized DNA transposition in mouse liver was achieved and 
a haemophilia B mouse model treated (Mikkelsen et al. 2003). To further improve 
the safety profile and the efficacy of the SB system, the SB transposon vector tech-
nology was recently combined with the minicircle DNA technology (Sharma et al. 
2013). By exploiting minicircles as donors for SB transposons, efficient transposi-
tion and, at low transposase dosages, stable transfection rates were achieved that 
were improved relative to the standard plasmid donor. These findings demonstrated 
that minicircle-based SB transposon vectors represent an efficient alternative to 
plasmid DNA as both donors of SB transposons and carriers of SB transposase ex-
pression cassettes, and suggest that circular DNA, devoid of the bacterial backbone, 
should be utilized in future clinical applications.

Today, more than 17 years after the initial report on SB, long-term gene expres-
sion after in vivo treatment with the SB system has been reported for a range of 
tissues. These include lung (Belur et al. 2003; Liu et al. 2004; Liu et al. 2006a; Liu 
et al. 2006c; Belur et al. 2007; Lin et al. 2011), skin (Ortiz-Urda et al. 2003), and 
brain (Ohlfest et al. 2004; Ohlfest et al. 2005a) of adult mice injected with plasmid 
DNA. However, the versatility of this approach in cultured cells may probably have 
the most immediate impact in developing therapies. Gene insertion in CD34+ he-
matopoietic stem cells (Hollis et al. 2006; Staunstrup et al. 2009; Sumiyoshi et al. 
2009; Xue et al. 2009), primary T cells (Huang et al. 2008; Singh et al. 2008; Huang 
et al. 2009b; Jin et al. 2011), and human embryonic stem cells (Wilber et al. 2007; 
Orban et al. 2009) is creating hope for the use of DNA transposon-based gene mo-
bilization for genetic engineering of such cell types. Indeed, the first clinical trial 
utilizing SB-directed gene insertion has focus on gene insertion in primary T cells 
(Singh et al. 2008) and was recently initiated for treatment of patients with B-lym-
phoid malignancies with adoptive immunotherapy (Williams 2008; Kebriaei et al. 
2012; Torikai et al. 2012).

During the time of development of SB-based vector technologies, several recom-
binases, including the phage PhiC31 integrase, have attracted attention due to their 
potential for facilitating site-directed gene insertion (Thyagarajan et al. 2001). By 
hydrodynamic injection of plasmids carrying a recombination substrate and encod-
ing the PhiC31 integrase, respectively, site-specific gene insertion was found to 
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facilitate therapeutic gene expression in mouse liver (Olivares et al. 2002). Despite 
the enormous potential of this technique, the interest in PhiC31-based gene transfer 
has declined substantially due to the risk of causing interchromosomal transloca-
tions in treated cells (Ehrhardt et al. 2005; Ehrhardt et al. 2006; Liu et al. 2006b; 
Liu et al. 2009). With the invention of designer nucleases, like zinc-finger nucleases 
(ZFNs) and transcription activator-like nucleases (TALENs) (Clark et al. 2011; Mc-
Mahon et al. 2012), new winds are blowing in the field of genetic engineering. Such 
nucleases generate site-directed double-stranded DNA breaks and facilitate gene 
insertion by homologous recombination (Porteus and Carroll 2005; Urnov et  al. 
2005; Mahfouz et al. 2011) and may in the future allow site-directed gene insertion 
and repair of disease mutations in stem cells and in vivo.

4.6 � Nonviral Gene Therapy Clinical Trials—Hopes  
and Challenges

By understanding and surpassing the major barriers to delivery of plasmid DNA 
to organs and cells, research in plasmid production and administration has brought 
nonviral vectors much closer to successful clinical use. Although it seems unlikely 
that plasmid- or minicircle-based gene delivery techniques will replace viral vec-
tor technologies, which have also been further optimized and made safer in recent 
years, the ease of production of plasmid/minicircle DNA, the growing expertise and 
reproducibility in production of chemical carrier materials, and not least the high 
level of safety and low immunogenicity will make nonviral vectors the vehicles of 
choice in selected therapeutic applications.

Since the first-in-human plasmid delivery treatment was carried out by intratu-
moral injection of plasmid-liposome complexes (encoding a foreign major histo-
compability complex protein, HLA-B7) back in 1992 (Nabel et al. 1993), a total of 
112 trials using lipids and liposomes as carrier of plasmid DNA have been initial-
ized according to available online sources (‘Gene Therapy Clinical Trials world-
wide’ provided by the Journal of Gene Medicine at www.wiley.co.uk/genmed/
clinical). Trials involving the use of naked plasmid delivery constitute a total of 
346 trials. The fact that only less than 3 % of the nonviral gene therapy trials have 
been phase II/III or III trials (counting only trials based on naked or lipid-aided 
plasmid delivery) bears witness to the obvious challenges of obtaining therapeutic 
gene expression. However, past trials have laid the foundation for technological im-
provements, and twelve new trials were initiated in 2012. Among these, five trials 
are aimed at treating various forms of cancer, two of them by intratumoral injection 
of naked plasmid DNA. Three trials target cardiovascular diseases including critical 
limp ischemia, diabetic peripheral neuropathy, and heart failure, whereas two trials 
explore the continued potential of intramuscular plasmid delivery in DNA-based 
vaccines.

One of the trials that were initiated in 2012 is focused on the treatment of cys-
tic fibrosis (CF) by delivery of plasmid DNA embedded in cationic lipids to the 
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lung. This trial is run by The UK Cystic Fibrosis Gene Therapy Consortium (UK-
CFGTC), which consists of three research groups with a combined staff of more 
than 50 individuals working solely with the aim of developing gene therapies for 
CF. In many ways, the hopes and challenges of bringing nonviral gene therapy to 
clinical reality are well represented by the past and current efforts to establish a 
genetic medicine for treatment of CF. CF is a common inherited disease caused by 
mutations within the CFTR gene encoding the CF conductance regulator which is 
involved in ion transport in the lung epithelium. Defective ion transport causes for-
mation of viscous secretions in the airways leading to inflammation, infections, and 
lung damage. The requirement for repeated treatment (due to the limited life span 
of respiratory epithelial cells) as well as the marked immune recognition of viral 
vectors upon repeated vector administration (Alton et al. 2013) has put attention on 
the use of nonviral gene delivery for treatment of CF.

The ongoing UKCFGTC trial is a representative example of how the improved 
understanding of gene expression, plasmid-directed inflammation, and chemi-
cal formulations may be utilized to develop an optimized clinical protocol (Alton 
et al. 2013). Delivery of naked plasmid DNA to the airways is very inefficient and 
aerosolization of plasmid DNA to lungs requires that the DNA is ‘packaged’ in a 
liposome formulation. Early clinical studies using pulmonary and nasal administra-
tion of a standard plasmid with CMV-driven expression of the CFTR gene demon-
strated partial correction of the chloride transport abnormality but also signs of an 
inflammatory response (Alton et al. 1999). This trial utilized a formulation based 
on the cationic lipid GL67, which was generated by chemical optimization of a 
cationic cholesterol derivative mixed with dimethylaminoethane-carbamoyl (DC-
Chol) (Lee et al. 1996). An improved formulation was created by adding the neutral 
lipid DOPE, thought to mediate improved escape of the complex from endosomes, 
along with the lipid DMPE-PEG5000 which stabilizes the liposome for in vivo 
delivery in lung epithelium (Eastman et al. 1997). This formulation was found to 
be successfully aerosolized in the lungs of CF patients (Ruiz et al. 2001), and more 
recent, comparative studies have not been able to identify alternative formulations 
that work more efficiently for aerosol delivery of plasmid DNA (McLachlan et al. 
2011). The plasmid expressing CFTR has undergone several changes since the first 
trials in the 1990s. Production of the CFTR protein was improved by expressing a 
codon-optimized version of the CFTR gene from the human EF1α promoter (sup-
ported by a CMV enhancer), which was shown by preclinical experimentation to 
provide sustained expression (Hyde et al. 2008). Moreover, the plasmid (now re-
ferred to as pGM169) was engineered to become entirely free of CpG dinucleotides, 
which are known to induce inflammation and compromise long-term gene expres-
sion in epithelial lung tissue (Hyde et al. 2008). The trial based on GL67A-formu-
lated pGM169 is currently carried out as a blinded, placebo-controlled treatment 
and is planned to enroll a total of 130 patients who will each receive twelve doses 
of the nonviral vector over a period of about a year (Alton et al. 2013).
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4.7 � Conclusions

The pGM169 plasmid is—according to the UKCFGTC web site—the most abun-
dant plasmid to be produced so far for human clinical use. The fact alone stands as a 
clear indication that nonviral gene therapies have come a long way and have moved 
from studies of plasmid design and chemical wrapping to high-profile clinical trials 
including a large cohort of patients. The near future will demonstrate not only if CF 
is treated by repeated application of nonviral vectors but also if the many efforts to 
overcome the obstacles to plasmid-based gene delivery will pay off and result in 
improved and successful treatment of inherited diseases and infections as well as 
of cancers and cardiovascular diseases. In recent years, the gene therapy field has 
created success stories with a constantly increasing pace. With the discovery of non-
viral integrating vector technologies (e.g. DNA transposons), novel genome editing 
tools (e.g. designer nucleases), and minicircles devoid of bacterial DNA, there is 
no doubt that nonviral techniques will become established for in vitro applications 
including perhaps most importantly the genetic modifications of stem cells. In the 
years to come, we will learn whether plasmid-based gene delivery can grow to com-
pete with viral vector technologies for in vivo applications and therapy. Come join 
the challenge of mobilizing DNA.
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5.1 � Introduction

There is an increasing need to develop novel approaches for the treatment of a large 
number of chronic degenerative diseases affecting primarily the aging population 
and where there is currently no effective therapy. These diseases include a variety of 
conditions including Parkinson’s disease, liver failure, diabetes, osteoarthritis, and 
osteoporosis. Cell therapy or cellular therapeutics is being introduced into clinical 
practice with the aim of restoring defective organ functions through transplanting 
healthy and functional cells. Stem cells, because of their nature, are currently con-
sidered the most suitable cells for cell therapy. Combining gene therapy with stem 
cell therapy can potentially enhance the beneficial characteristics of stem cells and 
prevent possible side effects.

5.2 � Stem Cells: Definition and Types

Stem cells are defined as cells that can self-renew and differentiate into mature cells 
(Keller 2005). Based on their differentiation potential, stem cells can be classified 
as pluripotent where stem cells can differentiate potentially into all somatic cell 
types and exemplified by embryonic stem cells (ESC), or multipotent, bipotent, or 
monopotent where stem cells can differentiate into a limited number of cell types 
and this usually the case of tissue-specific (adult) stem cells. ESCs are isolated from 
the inner cell mass of mammalian blastocysts and the first human ESC (hESC) 
line was derived in 1998 by Thomson and colleagues from supernumerary in vitro 
fertilization (IVF) clinic embryos (Thomson et al. 1998). Tissue-specific stem cells 
(or adult stem cells) are isolated from different tissues using either a physicochemi-
cal procedure, e.g., adherence to plastic, density gradient centrifugation, or through 
immune cell sorting using antibodies against specific cell membrane-associated 
antigens.

A novel “manufactured” stem cell type that has received enormous attention in 
recent years due to its potential use in therapy is the induced pluripotent stem cells 
(iPSC). iPSC cells are pluripotent, ESC-like cells, established via reprogramming 
of somatic cells using specific factors called “reprogramming factors” (Takahashi 
et al. 2007). The most widely used set of reprogramming factors are Oct4, Sox2, 
Klf4, and c-Myc (Takahashi and Yamanaka 2006). However, combinations of other 
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genes, proteins, microRNA (miRNAs), or chemicals have been reported to create 
iPS cells with varying degree of efficiency (Hanna et al. 2009; Plath and Lowry 
2011).

5.3 � Mesenchymal (Stromal) Stem Cells (MSC)

MSC are a multipotent, adult stem cell type not only identified in bone marrow 
stroma but also present in the stroma of other organs. We focus on MSC in this 
chapter since it is being introduced into clinical medicine in an increasing num-
ber of clinical trials. MSC are fusiform, fibroblast-like cells that are negative for 
hematopoietic surface markers: CD34, CD45, CD14, CD31, CD133, and posi-
tive for a number of markers: Stro-1, CD90, CD73, CD105, CD166, and CD44. 
Traditionally, human MSC have been isolated from low-density mononuclear 
cell populations of bone marrow, based on their selective adherence to plastic 
surfaces, compared to hematopoietic cells (Friedenstein et al. 1970; Luria et al. 
1971; Kassem et al. 1993; Rickard et al. 1996). Single-cell cloning of MSC has 
demonstrated that only 30 % of putative MSC clones are multipotential and thus 
true MSC (Kuznetsov et al. 1997). MSC-like cells have been isolated from other 
sources including peripheral blood (Kuznetsov et al. 2001), umbilical cord blood 
(Rosada et al. 2003), synovial membranes (De Bari et al. 2001), deciduous teeth 
(Miura et al. 2003), and amniotic fluid (De Coppi et al. 2007). These various MSC 
populations share some common properties and cell surface phenotype but differ 
in their differentiation potential and their gene expression profile (Al-Nbaheen 
et al. 2012). Bone marrow-derived MSC are characterized by their ability to dif-
ferentiate into mesoderm-like cells, e.g., osteoblasts (Kassem et al. 1993), adipo-
cytes (Abdallah et al. 2005), and chondrocytes (Johnstone et al. 1998) in vitro and 
to form bone and bone marrow organ that support hematopoiesis upon implanta-
tion in an open system (subcutaneous implantation) in immune-deficient mice 
(Abdallah et al. 2008).

5.4 � Stem Cell Therapy

Two approaches employing stem cells are being examined in a number of preclini-
cal and clinical (mostly phase I) trials. The first is to transplant stem cells that have 
been differentiated into a specific lineage to tissues with the aim of replacing the 
diseased or dysfunctional tissues (called replacement therapy), e.g., transplantation 
of stem-cell-differentiated neuronal cells in preclinical animal models of stroke or 
spinal cord injury (Salazar et al. 2010; Jensen et al. 2011). The second approach 
makes use of the fact that stem cells (and in particular MSC) can secrete a large 
number of regeneration-enhancing growth factors and thus when transplanted into 
injured tissues, the stem cells enhance tissue regeneration. This form of therapy has 
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been termed stem-cell-based humoral therapy. An example is the implantation of 
MSC into damaged myocardium in order to enhance its regeneration (Grauss et al. 
2007).

5.5 � Use of Genetically Modified Stem Cells in Preclinical 
and Clinical Therapy

Targeting stem cells for gene therapy offers unique advantages over direct gene 
transfer into the body since it makes use of the possible long half-life of stem cells 
within the tissues as well as the natural ability of stem cells for integration within 
the tissues (Abdallah and Kassem 2009). In addition, gene therapy can act to confer 
new characteristic on stem cells, e.g., stem cells can act as carriers for therapeutic 
genes or proteins into organs or tissues. A number of recent studies have employed 
gene-modified MSC in preclinical and clinical settings and some of the results pro-
vide basis for human clinical translation. Some of these preclinical trials in different 
medical specialties are summarized in Table  5.1 and discussed in the following 
paragraphs.

System Disease model Cell model Gene altered Rationale and 
outcome

Reference

Bone Critical defect 
or fractures

Rat BMMSC Runx2 Accelerate healing 
of critical-sized 
defects

(Wojto
wicz et al. 
2010)

Human adi-
pose-derived 
MSC

BMB2 Enhance bone 
formation

(Peterson 
et al. 2005)

Rat BMMSC HIF-1α Enhance angio-
genesis and bone 
formation

(Zou et al. 
2011)

Mouse 
BMMSC

Osx Enhance bone 
formation

(Tu et al. 
2007)

Mouse cloned 
BMMSC

IGF-1 Enhance homing 
and bone formation

(Shen et al. 
2002)

Mouse 
BMMSC

BMB 2 and 
VEGF

Enhance vascular-
ization and bone 
formation

(Kumar 
et al. 
2010b)

Osteoporosis Murine 
BMMSC

BMB2 and 
α4 integrin

Improve homing to 
bone marrow and 
bone mass

(Kumar 
et al. 
2010a)

Table 5.1   Fields of regenerative medicine 21-1: examples of preclinical studies using gene-modi
fied human mesenchymal stem cells in different disease models
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System Disease model Cell model Gene altered Rationale and 
outcome

Reference

Cardio-
vascular

Acute 
Myocardial
Infarction

Rat BMMSC Akt and
ANG1

Prevent cell 
apoptosis, enhance 
angiogenesis

(Shujia 
et al. 2008)

Rat BMMSC BCL2 Prevent apopto-
sis and enhance 
survival

(Li et al. 
2007)

Rat BMMSC SDF1 and
VEGF

Improve hom-
ing and enhance 
survival

(Tang et al. 
2010)

Rat BMMSC IGF-1 Improve survival, 
and engraftment, 
promote stem cell 
recruitment

(Haider 
et al. 2008)

Ischemic heart 
disease

Mouse 
BMMSC

CXCR4 Enhance binding 
to SDF1, Improve 
homing and 
engraftment

(Zhang 
et al. 2008)

Neuro-
logical

Controlled 
cortical impact 
(CCI)

Human 
telomerized 
bone marrow 
stromal cells

GLP-1 Reduction of hip-
pocampal cell loss 
as well as attenu-
ation of cortical 
neuronal and glial 
abnormalities

(Heile 
et al. 2009)

Parkinson’s 
disease

Rat and human 
bone marrow 
MSCs

NICD Functional improve-
ment in rotational 
behavior and 
adjusting step and 
paw-reaching tests

(Dezawa 
et al. 2004)

Cancer Melanoma Mouse 
BMMSC

IFN–α Increase survival, 
anti-tumorigenic 
effects

(Ren et al. 
2008a)

Prostate cancer Mouse 
BMMSC

IFN-β Increase survival, 
anti-tumorigenic 
effects

(Ren et al. 
2008b)

Melanoma 
and Cervical 
cancer

Mouse 
BMMSC

IL12 Increase survival, 
anti-tumorigenic 
effects

(Seo et al. 
2011)

Homing AMI Mouse 
BMMSC

CCr1 Enhance viability 
and migration

(Huang 
et al. 2010)

AMI Rat BMMSC CXCR4 Enhance homing 
and migration

(Cheng 
et al. 2008)

BMMSC bone marrow mesenchymal stem cell, AMI acute myocardial infarction, MSC mesenchy-
mal stem cells

Table 5.1  (continued)
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5.6 � Use of Gene-Modified MSC in Skeletal Repair

Manufactured bone tissue is needed for replacement in an increasing number of 
common disorders, e.g., bone defects resulting from complicated fractures caused 
by trauma or surgically induced amputation, reconstruction procedures carried out 
by cranial/oro-maxillo-facial surgeons for genetic or acquired diseases and in situ-
ations of nonunion fracture healing caused by defective bone formation. Histori-
cally, the paradigm treatment for these conditions has been the use of the patient’s 
own bone (autograft) harvested from the iliac crest or fibula. However, there are 
significant limitations for the use of autografts, including the risk of severe or long-
term discomfort at the bone graft donor site, functional or cosmetic deficit, and 
complications such as infection and nerve damage (Ahlmann et al. 2002). Allografts 
obtained from cadaveric donors or from patients undergoing surgery have been em-
ployed as an alternative for autografts (Emms et al. 2009), However, the use of fresh 
allografts carries risk of pathogen transmission.

Transplantation of MSC that are capable of bone generation in vivo is therefore an 
attractive alternative approach to autograft and allograft techniques. Genetic modi-
fication of MSC has been tried to enhance bone-forming capacity and efficacy of 
bone formation through a number of approaches. Overexpression of growth factors 
known to enhance bone formation has been tried, e.g., overexpression of members 
of bone morphogenetic proteins (BMP) (Chen et al. 2004) or vascular endothelial 
growth factor (VEGF) (Johnson et al. 1992; Galloway et al. 2000; Carano and Filva-
roff 2003; Kneser et al. 2006; Ho and Kuo 2007; Kodach et al. 2008; Kanczler et al. 
2010). Another approach is to enhance osteoblast differentiation capacity and hence 
bone formation through overexpression of osteoblast master transcription factors, 
e.g., Runx2 (Zhao et al. 2005) and Osterix (Tu et al. 2007). Alternatively, enhancing 
bone formation through augmentation of vascularization ability of MSC has been 
tried (see below). The functionality of gene-modified MSC have been tested by 
delivering the cells at the injury site with or without an osteoconductive scaffold.

A number of studies have examined the effect of BMP-overexpressing MSC on 
fracture healing. In a recent publication, human adipose tissue-derived MSC over-
expressing BMP-2 were loaded on a collagen–ceramic carrier and implanted into 
6 mm femorals with critical size defect in adult rats. After 8 weeks, transgenic cells 
resulted in full healing of bone defects whereas transplanting control (non-trans-
genic) cells did not elicit significant bone formation (Peterson et al. 2005). Simi-
larly, murine bone marrow-derived MSC overexpressing BMP-2 and VEGF were 
systemically administered in a mouse segmental bone defect in the tibia and led to 
enhanced bone formation due to increased number of osteoblastic cells as well as 
enhanced tissue vascularity (Kumar et al. 2010b). Murine bone marrow MSC over-
expressing BMP-2 and α-4 integrin were shown to home to bone marrow following 
systemic infusion and to increase bone mass in ovariectomy-induced osteoporotic 
mice (Kumar et al. 2010a). Other bone formation enhancing growth factors have 
been employed. Transgenic IGF-1-overexpressing murine bone marrow MSC were 
systemically administered into mice with stabilized mid-femur closed fracture and 
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resulted in an improved healing with an increased volume of mineralized callus 
compared with mice treated with control non-transfected cells (Shen et al. 2002).

The possibility of increasing bone formation through increased mature osteo-
blast formation of MSC has also been tested. Runx2, the master transcription factor 
of osteoblastic phenotype, was overexpressed in rat bone marrow MSC and the 
cells implanted with a scaffold in critical-sized segmental defects in rats and the 
transgenic cells resulted in accelerated healing of bone defect compared to con-
trol unmodified MSC or defects treated with cell-free scaffold (Wojtowicz et  al. 
2010). Another study tested the effects of overexpression of osterix (Osx), another 
known osteoblast-specific transcription factor, in murine MSC on their ability for 
bone regeneration in vivo. Bone marrow-derived MSC overexpressing osterix were 
implanted in mouse calvarial critical-sized bone defects and resulted in healing of 
bone defects. The total amount of newly formed bone was five times greater in 
the osterix-treated group compared to control group implanted with non-transgenic 
cells (Tu et  al. 2007). Furthermore, in this study, the Osx-transduced cells were 
identified in areas of newly formed bone (Tu et al. 2007).

One of the limitations of successful in vivo bone formation by the transplanted 
MSC is their limited ability to enhance vascular formation. Genetic modification 
of MSC has tried to enhance their vascularization potential. For example, rat bone 
marrow MSC were transfected with VEGF, cultured on nano-hydroxyapatite/colla-
gen (NHAC) scaffold, and implanted locally in mice. VEGF-overexpressing MSC 
exhibited higher levels of alkaline phosphatase activity and a larger amount of ec-
topic bone formation associated with enhanced vascularization compared to control 
non-transfected cells. Also, hypoxia-inducible factor-1α (HIF-1α) has recently been 
identified as a major regulator of angiogenic–osteogenic coupling and a number of 
osteogenesis- and vasculogenesis-associated genes are the direct targets of HIF-1a 
including VEGF and stromal-derived factor 1 (SDF1, (Sarkar et  al. 2009). In a 
recent study, rat bone marrow-derived MSC were transduced by lentivirus contain-
ing either wild-type or constitutively active HIF-1α (cHIF). HIF-1α-overexpressing 
MSC exhibited an enhanced osteogenic differentiation in vitro and enhanced the 
repair of critical-sized calvarial defects in rats in vivo with evidence of increased 
newly formed bone volume and blood vessel volume (Zou et al. 2011).

The above-cited studies demonstrate a proof of concept of the possibility of en-
hancing the osteoblast differentiation and in vivo bone formation capacity of MSC 
through genetic manipulation. However, clinical translation will require confirma-
tory studies in large animal models as well as consideration of the safety issues 
discussed below.

5.7 � Use of Gene-Modified MSC in Cardiovascular 
Diseases

Cardiovascular diseases including heart failure due to mechanical impairment 
of myocardium is one of the major causes of mortality worldwide (Fuster et  al. 
2011) and MSC have been tested for their ability to enhance myocardial tissue 
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regeneration following acute myocardial infarction (AMI) or chronic ischemic heart 
failure (CHF). The beneficial effects of MSC in these conditions are most probably 
related to “humoral” factors secreted by MSC with regeneration enhancing effects. 
Genetic modification of MSC to enhance production of a particular growth factor 
or cytokine has been tested for their usefulness in enhancing cardiac regeneration. 
For example, rat MSC overexpressing IGF-1 were injected intra-myocardially in 
a rat model of AMI. The injected cells resulted in increased local production of 
stromal-derived factor-1 (SDF-1) a chemotactic factor associated with increased 
recruitment of c-kit(+), MDR1(+), CD31(+), and CD34(+) vascular stem cells into 
the infarcted myocardium resulting in reduced infarction size and increased ejection 
fraction (Haider et al. 2008). In another study, rat bone marrow MSC overexpress-
ing SDF-1 and VEGF were implanted locally into infarcted rat myocardium and led 
to reduced infarct size and postinfarction fibrosis as well as increased vasculariza-
tion in the damaged myocardium (Tang et al. 2010).

A member of the chemokine family is the C–C chemokine receptor type 1 
(CCR1) that is overexpressed in mouse bone marrow MSC. These transgenic cells 
were injected locally 1 h after coronary artery ligation in a mouse model of acute 
myocardial infarction. The CCR1-overexpressing injected mice showed reduced 
cardiomyocyte apoptosis, increased capillary density and restoration of cardiac 
function, and reduction in the infarct size (Huang et al. 2010).

Limited survival of transplanted stem cells in the myocardium has been one 
of the factors compromising the therapeutic benefits of transplantation therapy. 
An example to overcome this limitation is through overexpression of survival-
enhancing factors. VEGF (Tao et  al. 2011) and Akt (Shiojima and Walsh 2006) 
are the major angiogenic factors being investigated for the treatment of myocar-
dial infarction (MI). Rat MSC overexpressing survival protein B-cell lymphoma 
2 (Bcl-2) were locally injected into a rat model of AMI via intracardiac route. The 
modified cells exhibited long-term survival at the infarction location and resulted 
in 17 % reduction in infarct size compared to controls. Interestingly, the beneficial 
effects of Bcl-2 overexpression were mediated through an increased production 
of VEGF (Li et al. 2007). In another study, the survival of injected rat MSC was 
improved through overexpression of Akt protein (also known as protein kinase B). 
Transplanting Akt-overexpressing cells in a rat model of AMI significantly reduced 
infarct size and improved left ventricular function (Mangi et al. 2003). Similarly, 
intramyocardial injection of rat MSC over-expressing both angiopoietin 1 (Ang-1) 
and Akt in rat AMI model resulted in a better functional recovery of myocardium 
(Shujia et al. 2008).

5.8 � Use of Gene-Modified MSC in Neurological Diseases

Stroke, spinal cord injuries, Parkinson’s disease, and Alzheimer disease are ma-
jor causes of disability and death and bone marrow stromal cells are one of the 
most promising candidates for cellular therapy of these conditions. MSC possess 
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neuron markers such as glial fibrillary acidic protein (GFAP), neuron-specific eno-
lase, nestin (Khoo et al. 2008). While MSC have been reported to differentiate into 
neuronal-like cells (Wislet-Gendebien et al. 2012), this differentiation capacity was 
not reproducible by other investigators (Bertani et al. 2005; Krabbe et al. 2005) and 
most probably represents an in vitro phenomenon and not a physiological mecha-
nisms taking place in vivo.

Some investigators tried to induce a neuronal-like phenotype in MSC through 
genetic manipulation and in vitro “reprogramming” with neuro-associated differ-
entiation factors. For example, rat and human bone marrow MSC transfected with 
the intracellular domain of Notch, a key regulator of the terminal differentiation of 
neurons and glial cells, treated in vitro with basic fibroblast growth factor (bFGF), 
forskolin, and ciliary neurotrophic factor followed by treatment with glial cell-line-
derived neurotrophic factor (GDNF) produced a proportion of cells that were ty-
rosine hydroxylase positive. Local (intra-striatal) implantation of these genetically 
modified and reprogrammed rat MSC cells into a rat model of Parkinson’s led to 
improvements in apomorphine-induced rotational behavior and adjusting step and 
paw-reaching tests (Dezawa et al. 2004). However, these results need confirmation 
by other investigators.

The transplantation of genetically modified MSC as vehicle for the production 
of important therapeutic proteins has been tested in a number of preclinical studi
es. glucagon-like peptide 1 (GLP-1) is a 30-amino-acid peptide hormone produced 
in the gut epithelial endocrine L cells and it exerts neuro-protective properties 
(Holst 2004; Perry and Greig 2004). Heile et al. tested the efficacy of human bone 
marrow-derived MSC transduced with the human telomerase reverse transcriptase 
gene (hTERT), human MSC-telomerase reverse transcriptase gene (hMSC-TERT) 
(Simonsen et al. 2002), and overexpressing GLP-1 in a controlled cortical impact 
(CCI) rat model. Results demonstrated that transplanted hMSC-TERT-GLP1 cells 
resulted in the reduction of hippocampal cell loss as well as attenuation of cortical 
neuronal and glial abnormalities, as measured by MAP-2 and GFAP expression 
(Heile et al. 2009). In another study, the intraventricular implantation of encapsu-
lated hMSC-TERT-GLP1 cells resulted in decreased iglial fibrillary acidic protein 
and microglial integrin α M (CD11b) immunoreactivity in the frontal lobes sug-
gesting anti-inflammatory and neuro-protective properties of the transplanted cells 
(Klinge et al. 2011).

5.9 � Use of Gene-Modified MSC in Cancer Therapy

Due to their immune-modulatory effects and tumor tropism, MSC have been con-
sidered as an ideal delivery vehicle for cancer gene therapies (Seo et  al. 2011). 
MSC possess different molecular mechanisms involving chemokine receptors and 
adhesion molecules that facilitate MSC migration toward tumor microenvironment 
(Menon et al. 2007; Chamberlain et al. 2008; McGrail et al. 2012). Genetic modifi-
cation of MSC can further enhance migration potential of MSC to specific tumors 
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(Menon et al. 2008). This approach method holds great promise for the treatment of 
cancers that are otherwise resistant to conventional therapies.

Interferon-α (IFN-α) is one of the most frequently used adjuvant therapies to 
eradicate micro-metastatic deposits in patients with a high risk of systemic recur-
rence in many cancer types (Omori et al. 2012) and it is one of the cancer frontline 
treatment modalities in ovarian cancer (Ingersoll et  al. 2012) and renal cell car-
cinoma (Kruck et al. 2012). Intravenous infusion of murine MSC overexpressing 
IFN-α homed to mouse melanoma lung metastasis and was associated with reduced 
tumor growth and significantly increased survival of the treated animals (Ren et al. 
2008a). In addition, the same group reported that intravenous infusion of MSC 
overexpressing IFN-β reduced tumor growth in a mouse model of prostate cancer 
with lung metastasis due to increased metastatic tumor cell apoptosis and decreased 
tumor cell proliferation and vasculature (Ren et al. 2008b).

Interleukins are another group of cytokines that are essential members of the im-
mune system. Rat MSC overexpressing human interleukin 2 (IL-2) injected directly 
into either the glioma growth in rat brain or the contralateral hemisphere, resulted in 
inhibition of tumor growth in both experiments as evidenced by magnetic resonance 
imaging (MRI) scanning, and was associated with increased survival of treated ani-
mals (Nakamura et al. 2004).

Recently, the best route for administering genetically modified MSC as anti-
tumour therapy was tested. Rat MSC overexpressing interleukin 12 (IL12) were 
injected into mice bearing solid and metastatic B16F10 melanoma via intra-tumor, 
subcutaneous, or intravenous route. Animals receiving local (intra-tumor) injection 
exhibited stronger tumor-specific T-cell responses and antitumor effects as well as 
more sustained expressions of IL-12 and interferon (IFN)-γ at the tumor site. On 
the other hand, subcutaneous injection of IL-12-MSC at the contralateral site ex-
hibited similar levels of serum IL-12 and IFN-γ but much weaker antitumor effects. 
Intravenous injection elicited earlier peaks in serum levels of IL12 and IFN-γ but 
induced weaker tumor-specific T-cell responses and antitumor effects. These find-
ings suggested that intra-tumor injection of MSC is a more efficient approach for 
therapy (Seo et al. 2011).

5.10 � Use of Gene-Modified MSC to Enhance Homing to 
Injured Tissues

The inefficient homing of systemically injected MSC to noninjured tissues (Bent-
zon et al. 2005) remains one of the major obstacles facing cell therapy. Homing 
to injured tissues has been studied extensively in leucocytes and it is a complex 
and highly regulated multistep process in which circulating cells loosely roll/ad-
here upon sinusoidal endothelial cells followed by firm adhesion that prevents their 
movement back to circulation and facilitate their transmigration to their destined 
tissues under the influence of cytokines and adhesion molecules (Karp and Leng 
Teo 2009). Following injury, damaged cells secrete a number of chemokines that 
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act as attractants to cells participating in tissue repair (Wu and Zhao 2012). Several 
groups have demonstrated successful but rather limited homing after systemic de-
livery to ischemic, irradiated or otherwise injured skeletal tissues in which only a 
small number of the transplanted cells were found in the target tissue.

One of the hypothesized reasons for poor homing capacity of MSC is inade
quate expression of homing associated chemokines and adhesion molecules. For 
example, CXCR4, a known homing signaling molecule, is expressed at low levels 
in MSC (Wynn et  al. 2004; Cheng et  al. 2008; Sackstein et  al. 2008). Interest-
ingly, in a number of in vivo studies, homing of transplanted MSC to myocardium 
(Zhang et al. 2008) and bone (Devine et al. 2002) has been improved by overex-
pressing CXCR4 in MSC. The functional effects of increased homing to injured 
sites have also been reported. MSC overexpressing CXCR4 infused intravenously 
24 h after coronary occlusion in a rat model of AMI where the cells homed to the 
infarcted myocardium and resulted in better recovery of left ventricular function 
(Cheng et  al. 2008). Similarly, a murine bone marrow cell line overexpressing 
CXCR4 was intravenously administrated in immune-competent glucocorticoid-
induced osteoporotic mice and better homed to bone marrow and increased bone 
mass (Lien et al. 2009).

5.11 � Challenges for Clinical Use of Genetically Modified 
Stem Cells

The safety record of non-genetically modified adult stem cells is excellent (Lep-
perdinger et al. 2008). However, there are concerns that genetic manipulation of 
stem cells may lead to genetic instability and increase the risk for tumor trans-
formation upon transplantation. Currently, two clinical trials are being conducted 
using genetically modified neuronal stem cells in patients with stroke and safety 
data from these trials will provide important insight into the safety of clinical use 
of genetically modified stem cells in therapy. The first trial is conducted by the 
CellMed company in collaboration with International Neuroscience Institute, Ha-
nover, Germany, where telomerized MSC (hMSC-TERT) (Simonsen et al. 2002) 
were genetically engineered to overexpress GLP-1 protein known to enhance 
brain regeneration following injury (see above). It is a phase I clinical trial in pa-
tients with cerebral hemorrhage that require surgery. After removing of the bleed, 
the GLP-1-overexpressing hMSC-TERT cells encapsulated in alginate beads are 
transplanted within a retrievable mesh device (has been described in the popular 
press as “tea-bag”) and removed after the treatment period of 14 days to carry out 
histological analysis of the cells within the mesh to ensure safety as well as qual-
ity control related to the viability of the cells during this procedure (http://www.
biocompatibles.com/media/press-releases/first-ever-treatment-of-stroke-patient-
with-stem-cell-therapy-product). The second trial is also a phase I safety study and 
is conducted by ReNeuron where a neuronal stem cell product, ReN001 is being 
administered in ascending doses to a total of 12 stroke patients suffering from 
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ischaemic stroke (http://clinicaltrials.gov/ct2/show/NCT01151124?term=stem+
cells+and+stroke&rank=6)

The cells used in this trial are conditionally immortalized neuronal cells with 
a gene-enhancing cell proliferation: c-myc under tamoxifen-inducible promoter 
(Pollock et al. 2006). In the presence of tamoxifen, the cells proliferate and can be 
expanded in vitro to generate sufficient number of cells needed for clinical trials and 
when the drug is removed, the cells behave as “normal” cells.

Additional concerns related to use of genetically modified MSC in therapy is 
related to immunological rejection. The two abovementioned trials are based on us-
ing “off-the-shelf” allogeneic stem cells that facilitate clinical use of stem cell thera-
peutics. However, the use of the “universal” stem cells for therapy creates concerns 
regarding immunological rejection. MSC is generally considered as “immunologi-
cally tolerant” due to their immune suppressive effects and thus are being tested 
in allogenic transplantation protocols. However, immunological consequences fol-
lowing allogenic genetically modified stem cell transplantation will require further 
investigation during any planned clinical trials.

5.12 � Conclusion and Future Directions

Combining gene therapy and stem cell therapy through the creation of the clinical-
grade gene-modified stem cells has enormous potential for treating and ameliorat-
ing the conditions of a large number of patients suffering from chronic diseases. 
It also allows the creation of “off-the-shelf” stem cell products ready for use in 
therapy and thus facilitates the use of stem cell-based products in clinical trials. The 
clinical use of gene-modified stem cells requires careful monitoring for long-term 
side effects in the form of tumor formation or undesired immunological responses. 
Understanding the biology of gene-modified stem cells and the development of in 
vitro assays predictive for their in vivo behavior and genetic stability will allow 
wider use of gene-modified stem cells in clinical protocols.
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6.1 � Introduction

The concept of nuclear transfer and the ability to clone individuals is for many a 
recent development marked by the creation of the cloned sheep, Dolly, in 1996. In 
fact, the idea was first introduced in the late 1930s, but only successfully applied 
20 years later in amphibians (Edwards et al. 2003). In 1952, Briggs and King first 
reported successful cloning in the frog (Briggs and King 1952), followed by the 
mouse in 1981 by Illmensee and Hoppe, and many other species in the late 1980s 
including rabbit, sheep, cattle and pigs (reviewed in Edwards et al. 2003). These 
pioneering studies created cloned animals by taking donor nuclei, from totipotent 
or pluripotent embryonic cells, and transferring them into enucleated oocytes. Ef-
fectively, individuals were cloned at a very early stage in life—the embryo. The 
creation of Dolly in 1996 was a hallmark scientific discovery, as it was the first 
successful cloning of an adult animal (Wilmut et  al. 1997). Adult differentiated 
cells were used as the donor nuclei as opposed to totipotent embryonic cells, a feat 
which many scientists initially considered impossible. Somatic cell nuclear transfer 
(SCNT) was hence born and applied to clone adult animals of many other species 
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including mice, cattle, pigs, goats, cats, rabbits, rats, dogs, horses, mules and deer 
(Edwards et al. 2003; Campbell et al. 2005; Jang et al. 2010).

Throughout the years, the SCNT technique has largely remained unchanged, 
with only minor alterations to the general procedure. There has been increasing 
development, however, in the use of specialized gene-editing techniques to modify 
donor cell DNA prior to SCNT. This has greatly facilitated the creation of transgen-
ic cloned animals harbouring targeted genetic alterations. Clones expressing novel 
non-native genes (knockin), reduced gene expression (gene attenuation or knock-
down) and even the creation of animals with non-functional genes (gene disruption 
or knockout), are examples. The ability to create engineered and cloned animals is 
essentially becoming as simple as modifying the genome within a cell. The pur-
pose of this chapter is to review the various techniques used for transgenic animal 
production, with focus on the advantages of SCNT in the creation of large animal 
models. Furthermore, it will highlight current gene-editing technologies and how 
they can be applied to create unique transgenic cloned large animal strains for use 
in agriculture, research and other biomedical applications. Transgenic large animals 
that have been successfully produced to date will also be discussed.

6.2 � Importance of Transgenic Large Animals

There are many applications for transgenic animals, particularly in the development 
of biomedical models for the study of disease. Genetically modified mice have been 
used for years in research for the study of biological processes fundamental to the 
pathogenesis of complex diseases. While studies in mice have been instrumental 
in understanding basic cellular processes and disease pathophysiology, there are a 
number of limitations with this model species. Small size, short lifespan, as well as 
poor anatomical and physiological comparison with humans are examples. These 
hindrances limit the ability to translate findings in mice research directly to hu-
mans. The development of transgenic models in larger species is needed to bridge 
this translational gap, given their longer lifespan and larger size. In particular, the 
porcine model is gaining favour because the pig shares similarities in anatomy and 
physiology with humans. Furthermore, when compared to previously engineered 
mouse models, pig models exhibit greater similarity of phenotypes to those seen in 
human disease (Rogers et al. 2008). In addition, these similarities make pigs excel-
lent potential organ donors for xenotransplantation (Ibrahim et al. 2006).

While transgenic large animals, particularly pigs, are important for the develop-
ment of more suitable biomedical models, they are also important for other uses. 
Animal “pharming”, or the use of transgenic animals for the production of protein-
based pharmaceuticals, is more practical in larger animals due to the greater amount 
of product that can be harvested, as well as the ease of collection methods. Further-
more, transgenic large animals have direct applications for agriculture through the 
development of animals with increased growth, decreased disease susceptibility and 
improved animal product characteristics (Maksimenko et al 2013).
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6.3 � Techniques Used for the Production of Transgenic 
Animals

Various techniques to produce genetically altered animals have been developed 
throughout the years including pronuclear microinjection, sperm-mediated gene 
transfer (SMGT), oocyte transduction and finally, SCNT. All methods involve the 
integration of a specific transgene within the genome of the target cell. The trans-
gene is composed of a promoter sequence and a structural gene sequence. The pro-
moter sequence defines the control of transgene expression, and it can be designed 
to express in all cells (constitutive promoter) or in specific cells (cell-specific 
promoter). This component of the transgene can be exploited to create transgenic 
animals that express the transgene in all cells of the body (pan expression), versus 
within a specific tissue (tissue-specific expression). The structural gene sequence 
encodes the protein that ultimately will be produced within the cell. This can be 
a natural or synthetic gene, and either native or non-native to the target species. 
Furthermore, the gene does not necessarily need to encode a physiologically active 
protein, but one that can interfere with protein translation (RNA interference) or 
disrupt other genetic sequences (DNA-specific nucleases) to create decreased or 
loss of gene function.

Specialized transgenes can be designed based on the intention for the transgenic 
animal, such as the creation of an animal that expresses a novel protein in its milk, 
or an animal that lacks a particular protein. Once constructed, the transgene must 
somehow be integrated within the genome of the target cell or embryo. The differ-
ent methods of transgenic animal production are discussed and the efficiency of 
transgene integration compared.

6.3.1 � Pronuclear Microinjection

In 1981, Gordon and Ruddle developed pronuclear microinjection, a technique 
whereby foreign DNA is injected into the pronucleus of a developing zygote (Gor-
don and Ruddle 1981). This technology resulted in the production of various trans-
genic animals by the end of the 1980s, including rabbits, sheep and pigs (Wall 
2001). The major disadvantage of pronuclear injection, while quite simple to per-
form, is the low efficiency of production of transgenic offspring (Luo et al. 2012). 
This is because there is no control over which zygotes will incorporate the injected 
transgene, nor is there control as to the location where the transgene will integrate 
within the genome. Effectively, once the transgene is injected, it is left to chance 
whether it will be integrated into the genome to produce a transgenic animal. As a 
result, only 5–10 % of offspring born through this technique will harbour the trans-
gene (Wall 2001; Luo et al. 2012). Some may not even express it appropriately, 
especially if it has been incorporated in areas of gene silencing (Wall 2001; Luo 
et al. 2012). In fact, it has been shown that only 50 % of transgenic animals will 
express the transgene at useful levels (Wall 2001). Furthermore, only 70 % of the 
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offspring will be able to pass the genetic alteration onto the next generation (Wall 
2001; Luo et al. 2012). Using this technique in mice may not seem as daunting, 
given that completion of gestation and sexual maturity can be attained within 2 
months, as well as the large litter size obtained. Furthermore, housing and caring for 
mice are practical and costs are relatively low, so reduced efficiency in the creation 
of transgenic founders may not pose a huge financial setback. In the context of large 
animal species, however, the low efficiency of pronuclear injection greatly hinders 
the usefulness of the technique. Large animal species have much longer times to 
sexual maturity, longer gestation periods and significantly smaller litter sizes. This, 
coupled with the higher cost for basic husbandry makes pronuclear injection ex-
tremely unpractical. For example, with the low efficiency of transgenic offspring 
production, a maximum of one per ten live piglets born (10 %) would be expected 
to be transgenic. Furthermore, there is only a 50 % chance this animal will express 
the transgene and a 70 % chance it will pass the gene on to further generations with 
breeding. In cattle, sheep or goats, the numbers would be even more dismal given 
their smaller litter sizes. While easy to perform and potentially useful for small ani-
mals with high reproductive potential, pronuclear injection is simply not efficient 
enough to justify its use in larger animal models.

6.3.2 � Sperm-Mediated Gene Transfer

In 1989, Lavitrano and colleagues introduced SMGT, a technique that is based on 
the natural ability of sperm to adsorb foreign DNA. There is evidence that exog-
enous DNA (e.g. transgenes) can bind to sperm cells which can then be used in stan-
dard in vitro fertilization (IVF) or artificial insemination (AI) to produce transgenic 
animals (Lavitrano et al. 2003). In 2003, eight separate experiments conducted by 
the Lavitrano laboratory using SMGT resulted in an average of 57 % transgenic off-
spring, a stark improvement compared to reported values using pronuclear micro-
injection. Unfortunately, the high efficiency reported by these studies has not been 
reliably repeated or confirmed in other species. Indeed, the efficiency of SMGT is 
still variable since there is no reliable way to select the transfected sperm prior to 
IVF or AI. Adaptations to the procedure have been tested, including the utilization 
of intracytoplasmic sperm injection-mediated gene transfer (ICSI-MGT) directly 
into oocytes. Different research groups have used this procedure with variable suc-
cess in developing live offspring (Lai et al. 2001; Pereyra-Bonnet et al. 2008; Wata-
nabe et al. 2012). Live transgenic piglets were born using this method by Watanabe 
and colleagues in 2012; however, their efficiency of producing transgenic offspring 
remained low at 12–18 %. While this efficiency may be slightly better compared to 
pronuclear injection using these methods, the technique has addressed neither the 
issue of nonintegration nor the random location of transgene insertion within the 
genome.
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6.3.3 � Oocyte Transduction

Oocyte transduction is another method used for developing transgenic animals and 
involves the injection of a transgene encoded by retroviral vectors into the oocyte 
prior to IVF. In 2001, Cabot and colleagues successfully introduced the enhanced 
green fluorescent protein gene into pigs using this method (Cabot et  al. 2001). 
Unfortunately, much like pronuclear injection, SMGT and ICSI-MGT, there is no 
control in transgene integration in oocyte transduction, resulting in low efficiency 
of transgenic animal production. Furthermore, while very large transgenes can be 
injected in pronuclear injection and ICSI-MGT, the size of transgene utilized in 
oocyte transduction is limited by the size of the viral vector (Prather et al. 2013).

6.3.4 � Somatic Cell Nuclear Transfer

As described in the introduction, nuclear transfer and cloning have been success-
fully applied in mammals since the 1980s, albeit using totipotent or pluripotent 
donor cells. The further development of using somatic donor cell nuclei in the late 
1990s has enabled the technology to be easily applied to many species where em-
bryonic stem cell populations are not available. This improvement has particularly 
facilitated the production of transgenics in large animal species. The SCNT tech-
nique essentially involves the introduction of a somatic cell nucleus (the donor) 
into the cytoplasm of an enucleated oocyte (the recipient), prior to the oocyte being 
activated and developing into an embryo (Fig. 6.1). Several methods are available 
for enucleating oocytes. The most commonly used method involves a specialized 
micromanipulation system, in which one micropipette is used to gently hold the 
oocyte while another micropipette is used to aspirate the nucleus (traditional clon-
ing method; Niemann 2012). Alternatively, enucleation can also be accomplished 
by manually cutting a portion of the oocyte that includes the DNA using a sharp 
blade (hand-made cloning method; Vajta 2007). The location of the oocyte DNA 
is normally identified by the polar body in matured meiosis II (MII) stage oocytes 
(Campbell et al. 2007). Once the mature oocyte is enucleated, it is fused with the 
donor cell through a direct current (DC) electrical pulse (Campbell et  al. 2007). 
While termed the “nuclear donor”, the cell is actually fused in its entirety with the 
enucleated oocyte, therefore fusing both the donor nucleus and cytoplasm with the 
recipient. After fusion, the reconstructed embryo must be activated to allow further 
development. This can be accomplished via another DC electrical pulse or chemical 
treatments such as ionomycin or strontium chloride. The basis for the activation is 
to mimic calcium concentration oscillations within the embryo, which occur during 
normal spermatic fertilization. Embryos are cultured in vitro until various stages 
of development, depending on the species, followed by embryo transfer to the sur-
rogate female for implantation and continued development (Campbell et al. 2007; 
Bordignon 2011) (Fig. 6.1).
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The major advantage imparted by SCNT over the aforementioned techniques, 
is the ability to genetically alter donor cells and select for the cells with desired 
modifications prior to nuclear transfer (Fig. 6.2). By selecting only transgenic cells 

Fig. 6.2   Porcine fetal fibroblasts transfected with apolipoprotein E RNA interference transgenes 
(shRNA), which also contain the green fluorescent protein marker. These transfected cells may be 
preferentially selected and used for SCNT and generation of transgenic offspring. SCNT somatic 
cell nuclear transfer, shRNA short hairpin RNA

 

Fig. 6.1   Somatic cell nuclear transfer ( SCNT). Diagram depicting the SCNT procedure with com-
parison of the traditional and hand-made cloning methods. Transgenes can be introduced into 
cultured donor somatic cells and then preferentially selected for use in the SCNT procedure and 
creation of transgenic cloned offspring. PB polar body, ZP zona pellucida, PV perivitteline; A.J. 
Dicks ©
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for the nuclear transfer and embryo development (Fig. 6.3), the efficiency of pro-
ducing a transgenic animal rises to 100 % which is not achievable by pronuclear 
microinjection, SMGT, ICSI-MGT or oocyte transduction. Furthermore, SCNT 
is more amenable to the application of gene-editing techniques to create targeted 
alterations to the genome, including gene inactivation. While transgenic animals 
expressing novel genes or attenuated expression of specific endogenous genes can 
be created by the aforementioned techniques, it is much more difficult to create tar-
geted gene-disrupted animals using these methods. The reason for this is primarily 
how the genetic alterations are accomplished. In pronuclear microinjection, SMGT, 
ICSI-MGT and oocyte transduction, exogenous DNA is introduced. This exogenous 
DNA can be in the form of a novel gene not inherently expressed in that species 
or a synthetic gene that encodes an interfering molecule (e.g. short hairpin RNA, 
shRNA) which blocks the expression of an endogenous gene.

The development of targeted gene-disrupted animals was, until recently, only 
accomplished using homologous recombination, which is laborious and time con-
suming. Pronuclear microinjection, SMGT, ICSI-MGT and oocyte transduction 
methods have not produced gene-disrupted animals, as it requires direct removal 
or alteration of the gene sequence. However, this may change with the advent of 
new gene-editing techniques that can introduce specific gene mutations through ex-
pression of transgenes encoding specialized nucleases. Regardless, tools for direct 
identification and selection of specific embryos that have incorporated the desired 
alterations before implantation are not yet available. As a result, the creation of 
gene-disrupted transgenic animals using these methods remains inefficient at this 
time.

Despite the 100 % transgenic efficiency in large animal species afforded by 
SCNT, the cloning efficiency, which refers to the number of live animals obtained 
for every reconstructed embryo transferred into the surrogate female, is low at the 
present time. The cloning efficiency varies depending on the species and the donor 

Fig. 6.3   Porcine blastocyst which has been created through SCNT using porcine fetal fibroblasts 
transfected with apolipoprotein E shRNA. Phase contrast image ( left) compared to fluorescence 
( right). This transgenic blastocyst can be transferred to a surrogate female for further develop-
ment. SCNT somatic cell nuclear transfer, shRNA short hairpin RNA
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cell population, but on average is less than 5 % (Bordignon 2011). Mortality of 
cloned embryos is seen throughout various stages of pregnancy, although it oc-
curs largely during the preimplantation period (Edwards et al. 2003). Among those 
that survive to delivery, there is a higher incidence of perinatal death in cloned 
animals compared to naturally conceived animals (Bordignon 2011). Cloned ani-
mals sometime exhibit no abnormalities on gross or histopathological examination, 
while others may be born exhibiting signs of “large offspring syndrome” (Edwards 
et al. 2003). This condition encompasses a multitude of defects such as oversized 
birth weight, respiratory difficulties, cardiac disease, contracted tendons, or higher 
disease susceptibility, among other defects (Niemann 2012). Reasons for the high 
embryonic loss during development and the perinatal period is not fully understood, 
but nuclear reprogramming deficiencies as well as disturbances resulting from ex-
tensive in vitro manipulations are suspected to play a large role (Bordignon 2011). 
The inappropriate, misdirected or lack of reprogramming within the donor somatic 
cell nucleus likely results in abnormal gene regulation and development, resulting 
in pre- and post-implantation death (Campbell et  al. 2007). Refinements in this 
area would greatly improve the yield of live transgenic animals, and subsequently 
decrease the time and labour associated with successive cloning procedures (Ed-
wards et  al. 2003). Fortunately, most studies indicate that compared to naturally 
conceived animals, cloned large animals that survive past the weaning period have 
normal survivability (Niemann 2012) as well as growth, meat/milk production and 
reproductive efficiency (Bordignon 2011). Further research into how embryonic 
reprogramming occurs and how it can be facilitated will increase our understanding 
of development and thereby enhance the cloning efficiency as well as improve the 
health of cloned offspring.

6.4 � Gene-Editing Techniques Used to Create Transgenic 
Animals

The ability to select the modified genome of choice prior to nuclear transfer permits 
the utilization of virtually any gene-editing technique available to create the geneti-
cally altered donor cells. This is particularly useful in the creation of gene-modified 
animals, where the gene must be altered to either delete or activate gene function. 
In mice, the creation of gene-inactivated animals has been facilitated by embryonic 
stem cells and homologous recombination (see below). In large animal species, the 
lack of embryonic stem cells that can be used for this purpose forces the application 
of other techniques to create strains with loss-of-function mutations. Fortunately, 
the exponential development of gene-editing tools along with SCNT has signifi-
cantly enhanced the ease of gene modifications in cells, facilitating the introduction 
of missense mutations or gene deletions. In particular, it might be possible to use the 
RNA-guided gene-editing method (see below) to create gain-of-function mutations 
by allowing site-specific changes to be made in the genome, such as in promoter 
regions to enable constitutive expression, or release from repression. These new 
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technologies are making it plausible to simply and effectively create “designer” 
cloned animals for use in research and other biomedical applications.

6.4.1 � Homologous Recombination

There are numerous methods for altering DNA sequences, including the natural 
process of homologous recombination. Homologous recombination has been exten-
sively used in the mouse for two reasons: the availability of pluripotent embryonic 
stem cells that can be maintained and manipulated in cell culture, and the high 
reproductive potential of the murine species. The latter allows rapid generation of 
progeny leading to the production of strains that are homozygous for the disrupted 
allele, in the case of nonlethal loss-of-function mutations. The mutation is delivered 
to the cell using a targeting vector carrying the desired genetic modification. A seg-
ment of the targeting vector is integrated into the genome via recombination events 
designed to occur at regions flanking the altered DNA sequence, thus effectively 
replacing a DNA segment at the locus of interest. The addition of genetic elements 
belonging to specific recombination systems, such as the Cre-Lox, flippase-flippase 
recognition target (FLP-FRT) systems (Mallo 2006), is an improvement to the origi-
nal system in that they permit temporal or tissue- and cell-type specific disruption of 
specific genes. This method has been successfully used in murine embryonic stem 
cells, which exhibit a 100-fold greater rate of recombination compared to somatic 
cells (Wang and Zhou 2003). Furthermore, the ability to screen for altered cells 
using positive and negative selection pressures (e.g. resistance or susceptibility to 
antibiotics) allows for a 1000-fold enrichment of cells with recombined genomes 
(Wang and Zhou 2003). The lack of pluripotent embryonic stem cells in large ani-
mal species known to be fit for this application is seen as the major limitation in 
adopting this method for the development of transgenic animals. While inefficient 
in somatic cells, homologous recombination has been used to create targeted gene-
disrupted somatic cells in large animal species. These have subsequently been uti-
lized in SCNT to generate gene-ablated animal clones. Such is the case used to cre-
ate pig strains that are deficient in α-1,3-galactosyltransferase (GGTA; Phelps et al. 
2003), cystic fibrosis transmembrane conductance regulator (Rogers et  al. 2008) 
and coagulation factor VIII (Kashiwakura et al. 2012).

6.4.2 � RNA Interference

RNA interference represents another genetic engineering tool, which was first dis-
covered in Caenorhabitis elegans (Hannon and Rossi 2004; Fire et al.1998). This 
method utilizes a natural host defence mechanism designed to elicit an immune 
response to exogenous RNA, namely RNA viruses, and results in decreased trans-
lation of the viral mRNA as well as an inflammatory response (Hannon and Rossi 
2004). When double-stranded RNA (dsRNA) is introduced into the cell, it is pro-
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cessed by an RNase dicer enzyme into small-interfering RNA (siRNA), which then 
incorporates into the RNA-induced silencing complex (RISC) (Fig. 6.4). The RISC 
subsequently binds to mRNA complementary to the bound siRNA and impedes 
protein production through mRNA cleavage (Fig. 6.4). This process has been ex-
ploited by introducing specifically designed siRNA complementary to endogenous 
genes to attenuate their expression, resulting in gene knockdown within cells. Since 
its discovery, RNA interference has been widely used in gene function studies to 
selectively reduce target gene expression in cells and transgenic animals. For RNA 
interference to be useful in transgenic animal production, modifications to the tech-
nique had to be made to ensure consistent production of siRNA throughout the life 
of the cell and the animal. Direct introduction of dsRNA into cells results in only 
transient gene knockdown (Paddison et al. 2002). In contrast, integration of a trans-
gene encoding a shRNA molecule into the host DNA, ensures long-lasting produc-
tion of dsRNA/siRNA which permits continual repression of target mRNA transla-
tion (Paddison et al. 2002). Cells transfected with these targeted shRNA sequences 
can subsequently be used as donor cells for SCNT and the production of cloned 

Fig. 6.4   Comparison of gene-editing techniques: RNA interference ( left), zinc finger nucleases 
(ZFNs; middle) and transcription activator-like ( TAL) effector nucleases ( right). ZFNs differ com-
pared to TALENs with respect to the DNA-binding domain. The ZFN depicted shows three zinc 
finger proteins ( ZFP), each recognizing three nucleotides of the DNA sequence. The TALEN 
depicted is composed of 12 tandem arrays of repeating protein sequences of 34 amino acids long. 
Each repeating sequence varies at the 12th–13th amino acid (RVD) and this confers the recogni-
tion of a single nucleotide of the DNA sequence. ZFNs and TALENs can be exploited to create 
missense mutations, gene additions and gene deletions. RISC RNA induced silencing complex, 
FokI FokI endonuclease, RVD repeating variable diresidue, dsbs double stranded breaks, NHEJ 
non-homologous end-joining; A.J. Dicks ©
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transgenic animals. This approach has already been successfully used to produce 
engineered pig strains with attenuated gene expression, including transgenic piglets 
expressing apolipoprotein E shRNA (Bordignon et al. 2013; Fig. 6.5) and porcine 
endogenous retrovirus shRNA (Ramsoondar et  al. 2009). The former transgenic 
animal was created as a potential model for atherosclerosis and the latter to create 
an improved tissue donor for xenotransplantation studies.

6.4.3 � DNA-Specific Nucleases

6.4.3.1 � Zinc Finger Nucleases

While RNA interference has been used successfully to decrease the expression of 
target genes, there is variable efficacy in gene expression attenuation. Sequences 
selected for this purpose must be validated for specificity as well as efficiency. For-
tunately, transgene expression can also be exploited to enable gene inactivation. The 
development of DNA sequence-specific nucleases has revolutionized the ability to 
create targeted genetic alterations. Like RNA interference, this method also relies 
on naturally occurring processes. Zinc finger nucleases (ZFN) are composed of the 
bacterial FokI endonuclease, which facilitates strand breakage, coupled with engi-
neered DNA-specific binding proteins, termed zinc finger proteins (ZFP), which 
have been engineered to bind to certain DNA sequences (Fig. 6.4). The ZFPs actu-
ally derive from natural transcription binding factors discovered in Xenopus in 1985 
(Miller et al. 1985). Each ZFP is traditionally composed of three to four Cys2–His2 
zinc fingers arranged in tandem arrays, each of which recognizes and binds a spe-
cific 3-nucleotide DNA sequence (Urnov et al. 2010; Fig. 6.4). Thus, ZFPs allow 

Fig. 6.5   Gene-attenuated ( knockdown) ApoE transgenic piglets produced via SCNT and RNA 
interference technology. SCNT somatic cell nuclear transfer. (Bordignon et al. 2013)
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the assembly of modules with DNA binding specificity of about 9–12 nucleotides 
for a single ZFN. This functionality is enhanced by the fact that the engineered 
FokI endonuclease associated with the ZFN will not catalyze strand breakage un-
less dimerized (Urnov et al. 2010). The dimerization of the ZFNs results in a spe-
cific DNA-binding domain of about 18–24 nucleotides, a length that significantly 
limits potential off-target cleavage. In theory, the specificity of ZFNs is attractive 
as they can be designed to target a wide variety of DNA sequences. Furthermore, 
the double-strand breaks in the DNA created by ZFNs can be exploited to produce 
other genetic alterations than simple mutations and gene disruption. The addition 
of donor DNA along with the ZFNs can also allow the incorporation of novel se-
quences at the target site, such as small DNA fragments to restore a non-functional 
target gene, or a complete gene, or even a series of genes (Fig. 6.4). Thus, the ZFN 
technology can be used not only for gene inactivation but also for DNA insertions 
as well as gene repair (Urnov et al. 2010).

An additional advantage of ZFN technology is that the rate of biallelic modi-
fications to the DNA is approximately 1–2 %, compared to 0 % for homologous 
recombination (Whyte and Prather 2012). Albeit the low frequency, the ability to 
obtain homozygous transgenic animals at the first founder generation is an attrac-
tive characteristic, as it limits cost and time associated with breeding to obtain the 
same results. The ease and specificity of targeted alterations to the genome using 
ZFNs has facilitated the production of transgenic animals through SCNT. An exam-
ple includes the generation of bilallelic knockout pigs targeting the GGTA gene by 
Hauschild and colleagues in 2011 (Hauschild et al. 2011). This transgenic strain was 
created among many others as a biomedical model for xenotransplantation studies.

6.4.3.2 � Transcription Activator-Like Effector Nucleases

Some drawbacks of ZFNs are cost and the complexity of design to enable targeting 
of some gene sequences. Transcription activator-like effector nucleases (TALENs) 
are a new technology that is similar to ZFNs but are less costly to produce and 
simpler to design. Much like the ZFNs, the TALENs also comprise two domains—
the FokI endonuclease domain and a specific DNA-binding domain. The two engi-
neered nucleases differ in the origin of the DNA-binding domain. The basis of the 
TALEN DNA-binding domain is the transcription activator-like effector proteins 
discovered in the plant pathogen Xanthomonas (Mussolino et al. 2011). The domain 
is made up of conserved repeating protein sequences of about 33–35 amino acids 
long, which are arranged in 12–30 tandem arrays (Mussolino et  al. 2011). Each 
array of conserved repeating sequences varies at the 12th–13th amino acid, and 
this variability confers specificity with one of the four possible DNA nucleotides 
(Li et al. 2011). The specificity of the repeating variable diresidues enables arrays 
to be arranged and designed to recognize specific DNA sequences (Fig. 6.4). The 
ability to design TALENs for virtually any sequence of DNA is highly attractive 
and studies have indicated it is as effective as ZFNs at targeted gene modifica-
tion (Mussolino et al. 2011). Furthermore, there is evidence that TALENs have less 
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toxicity or off-target effects than ZFNs (Mussolino et al. 2011). TALEN technology 
has already been used to create genetically altered donor cells used for SCNT to 
produce low-density lipoprotein receptor gene-disrupted pigs (Carlson et al. 2012). 
These animals were created as a large animal model for human familial hypercho-
lesterolaemia.

6.4.3.3 � RNA-Guided Gene Editing

While ZFNs and TALENs are currently the most widely used gene-editing tools, 
new technologies are constantly being discovered and developed. Most recently, 
prokaryotic immune response mechanisms have been exploited to generate RNA-
guided gene-editing techniques that have been shown to be effective in mammalian 
cells (Cong et al. 2013). The technology is based on the clustered regularly inter-
spersed short palindromic repeats (CRISPR) or CRISPR-associated (Cas) system, 
which normally protects bacteria and archaea from foreign viruses and plasmids 
through RNA-guided gene silencing (Chang et al. 2013). The system is composed 
of two non-coding RNAs, the CRISPR RNA (crRNA) and the trans-activating 
CRISPR RNA (tracrRNA), along with a Cas9 nuclease. A 19–23 base pair portion 
of the crRNA provides the DNA-binding specificity of the system. The design of 
this DNA-binding domain is virtually unrestricted, except for an NGG sequence 
that must be present on the 3’ end of the target cleavage site. This NGG sequence, 
otherwise known as the protospacer adjacent motif, is needed to direct cleavage of 
the DNA by the Cas9 nuclease just to the 5’ end of the motif. The advantage this 
system provides over ZFNs or TALENs, is that only the specific crRNA needs to 
be tailored for the target sequence of choice. The remainder of the system remains 
identical. With only a small 19–23 base pair RNA sequence to design, this method 
can provide a simple and effective means at gene targeting (Chang et  al. 2013). 
It has been shown effective in zebrafish as well as mammalian cells, with similar 
or increased efficiency compared to TALENs (Cong et al. 2013). Moreover, this 
method was successfully used to generate mice with multiple gene mutations by 
injecting zygotes with the Cas9 nuclease and two different crRNA guides to direct 
DNA-specific cleavage (Wang et  al. 2013). The genetic alteration of DNA from 
larger animal species has also been of interest using this method (Sato et al. 2014; 
Niu et al. 2014). Whitworth and colleagues successfully developed transgenic pig-
lets with biallelic mutation of multiple cluster of differentiation (CD) genes using 
the CRISPR-associated system and SCNT in 2014. While further studies need to be 
accomplished to determine whether toxicity from off-target effects are a concern, 
this new technology is definitely promising for future applications in the develop-
ment of transgenic animals via SCNT.
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6.5 � The Creation of Transgenic Animals Using SCNT  
and Their Applications

Given the advantages of SCNT, and the concurrent development of exciting new 
gene-editing technologies, it is not surprising there has been substantial develop-
ment in the area of large animal transgenesis using these approaches.

6.5.1 � Transgenic Animals in Agriculture

In agriculture, transgenic animals have the ability to address many issues including 
poor production animal growth, susceptibility to disease and poor or inadequate 
nutrient composition of final products. Many transgenic animals either have been 
developed or are in development, using SCNT and gene-editing techniques. Given 
potential human health benefits related to high ω-3 fatty acid composition in the 
diet, multiple transgenic farm animals have been created to improve the content 
within food products. Examples include the production of transgenic cows and pigs 
expressing ω-3 fatty acid desaturase, the enzyme required to convert ω-6 fatty acids 
to ω-3 fatty acids, thus resulting in higher levels of ω-3 fatty acid in their milk and 
meat, respectively (Lai et al. 2006; Pan et al. 2010; Wu et al. 2012). Furthermore, 
the problem of cow’s milk allergies related to β-lactoglobulin, a protein that is not 
present in human milk, requires resolution. Transgenic cows created through RNA 
interference and SCNT have been shown to produce lower levels of β-lactoglobulin 
and higher levels of casein (Jabed et al. 2012). This cow strain not only has the 
potential to address allergenic disease but also has the added benefit of higher cal-
cium content and cheese yield due to the higher casein content of the milk obtained 
(Jabed et al. 2012)

6.5.2 � Transgenic Animals and Therapeutic Cloning

Therapeutic cloning is another potential application of SCNT and animal transgene-
sis. It involves the harvesting of pluripotent cells from the developing reconstructed 
embryo for use to treat traumatic injuries as well as degenerative or genetic dis-
eases. The major advantage of therapeutic cloning is that the pluripotent cells that 
are harvested are autologous, as they are created from somatic cells of the patient. 
This addresses major issues regarding tissue graft rejections. The potential uses for 
these pluripotent cells are enormous, including repopulation of blood cells, corneal 
injury repair, regeneration of nervous tissue, treatment of diabetes and more (Watt 
and Driskell 2010). In addition, potential curative strategies for inherited diseases 
can be developed by modifying donor somatic cells, reconstructing them into em-
bryos, and the resultant “cured” pluripotent stem cells returned to the host. Further-
more, this approach can also be utilized to confer resistance genes in farm animals 
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to make them resistant to various diseases. While therapeutic cloning has remark-
able potential to address both animal and human disease, studies in humans are 
hampered by ethical and legal concerns relating to embryo development (Watt and 
Driskell 2010). Another avenue is the use of induced pluripotent stem cells, which 
were discovered by Yamanaka and Takahashi (2006) who showed that the addition 
of factors Oct3/4, Sox2, c-Myc and Klf4 transforms adult differentiated cells into 
cells that exhibit similar properties to embryonic stem cells.

6.5.3 � Transgenic Animals and Animal Pharming

Since the discovery of passive immunization, there has been progressive develop-
ment in the production of antibodies and antitoxins for therapeutic use (Redwan 
2009). With this came the concept of harvesting these pharmaceutical products from 
laboratory and farm animals—otherwise termed animal pharming. Production of 
antibodies in farm animals was favoured given their large size and higher blood 
volume. Furthermore, the possibility of generating pharmaceutical products within 
the milk was exciting. The concept was driven by the demand for products other 
than antibodies, the need to increase harvest yield and also the need to facilitate 
product collection. This method simplifies and improves the efficiency of product 
purification by directing high-level secretion of the product into the milk (Redwan 
2009). An assortment of high-value pharmaceutical products has been engineered to 
be expressed in transgenic animals, including albumin, antithrombin, peptide hor-
mones, coagulation factors, as well as other agents to treat toxicities and bacterial 
infections (Maksimenko et al. 2013). Wall and colleagues (2005) created transgenic 
cows producing lysostaphin in their milk via this method. Lysostaphin has been 
used as an aid in treating methicillin-resistant bacterial infections by breaking down 
biofilms present in the body (Wall et al. 2005). Similarly, recombinant growth hor-
mone has been produced as a component of the milk of genetically engineered cattle 
and goats (Lee et al. 2006; Salamone et al. 2006); while albumin has been isolated 
from the milk of transgenic cows (Echelard et al. 2009). In general, gene-editing 
techniques can be used to introduce novel genes into donor cells under the control 
of a promoter associated with milk production and then use the modified cells as 
donors for SCNT to generate transgenic animals which express the novel gene of 
interest only in the milk. The potential for further development in this area is great, 
especially using SCNT and novel gene-editing techniques. These technologies par-
ticularly facilitate the production of transgenic large animals, which have the poten-
tial to create higher product yields compared to small animals or basic cell cultures.

6.5.4 � Transgenic Animals and Xenotransplantation

Xenotransplantation is a topic that has garnered much research interest over the 
years. The demand for organ donors far outweighs the supply and the use of porcine 
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organs as alternatives is a potentially viable option. The pig model for xenotrans-
plantation was selected given the similar anatomy and physiology shared with hu-
mans in multiple organ systems (Ibrahim et al. 2006). However, organ transplanta-
tions are affected by complications associated with graft–host rejection, even among 
human-to-human transplantations. There are three main rejection phases that occur 
when a non-autologous organ is transferred into a patient: the hyperacute rejection, 
acute humoral xenograft rejection and immune cell-mediated rejection. An approach 
taken to quell these rejection reactions is by developing porcine transgenic models 
that exhibit altered cell-surface markers and express various immunomodulatory 
proteins (Luo et al. 2012). The hyperacute rejection involves immediate graft cell 
destruction by the human immune system via recognition of porcine cell surface 
markers (Takahagi et  al. 2005). The primary xenoantigen, α-Gal epitope, which 
is not present on human cells, elicits complement activation and subsequently cell 
death (Takahagi et al. 2005). In 2002 and 2003, respectively, Lai and Phelps groups 
(Lai et al. 2002; Phelps et al. 2003) developed SCNT knockout pigs for GGTA, the 
enzyme needed to create the α-Gal epitope. Similarly, in 2005, a pig model exhibit-
ing the GGTA-KO phenotype, as well as expression of human decay-accelerating 
factor (DAF) and human N-acetylglucosaminyltransferase III (GnT-III) genes, was 
produced. Human DAF and hGnT-III, inhibit complement activation and reduce 
xenoantigenicity, respectively. This pig model was also produced using the SCNT 
technique (Takahagi et al. 2005).

Acute humoral xenograft rejection is initiated by non-Gal epitope antibodies, 
which activate porcine endothelial cells resulting in thrombosis and inflammation 
(Cho et al. 2011). Two groups attempted to address this rejection reaction by creat-
ing SCNT models expressing the human A20 gene and a soluble human tumour 
necrosis factor (TNF) receptor I-Fc (Oropeza et al. 2009; Cho et al. 2011). Human 
A20 protein protects against TNF-mediated apoptosis and inflammation while hu-
man TNF receptor I-Fc scavenges TNF-α and limits its pro-inflammatory actions 
(Oropeza et al. 2009; Cho et al. 2011).

The immune cell-mediated rejection (ICMR) that occurs in xenotransplantation 
is mediated by T cell host responses that are naturally inhibited by co-stimulation 
of the cytotoxic T cell lymphocyte-associated antigen 4, CTLA4, receptor, which is 
expressed on CD4 + T cells (Phelps et al. 2009). The ICMR can be downregulated 
by stimulating the CTLA4 receptor with an anti-CTLA4 immunoglobulin. This pro-
cess was exploited in transgenic pigs expressing anti-CTLA4 immunoglobulin as 
a potential solution to this phase of the xenograft rejection reaction (Phelps et al. 
2009).

Finally, aside from host–graft rejection reactions, porcine organ transplantation 
has the additional concern of viral disease transmission. While less risky compared 
to xenotransplantation using non-human primate donors, pigs harbour endogenous 
retroviruses within their genome, which can potentially be transmitted to humans. 
While there is no evidence that these porcine endogenous retroviruses (PERV) 
cause disease in humans, there is still potential, given possible genetic recombina-
tion causing viral reactivation, as well as increased patient susceptibility from im-
munosuppression to prevent graft rejection (Ramsoondar et al. 2009). To address 
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this concern, Ramsoondar and colleagues used a vector with tandem RNA interfer-
ence transgenes to create somatic cells with reduced mRNA of two primary PERV 
genes. These cells were subsequently used for SCNT to create PERV knockdown 
pig models (Ramsoondar et al. 2009).

Xenotransplantation rejection reactions are complex and require further study; 
however, the current development of transgenic models is promising. Multi-trans-
genic pigs are likely needed to provide the best success for long-term xenograft sur-
vival, and SCNT offers an ideal approach given the possibility to perform multiple 
genetic mutations and cell selection prior to the cloning procedure.

6.5.5 � Transgenic Animals as Biomedical Models

The creation of other biomedical models for research is another important applica-
tion of SCNT and large animal transgenesis. A prime example is the creation of a 
cystic fibrosis transmembrane conductance regulator (CFTR) knockout pig model 
of human cystic fibrosis in 2008 by Rogers and colleagues. This transgenic animal, 
produced by homologous recombination and SCNT, resulted in a more representa-
tive model of the pathophysiology and clinical signs seen in humans, as compared 
to that seen in the mouse CFTR knockout (Rogers et al. 2008). Porcine models are 
gaining interest given their similar anatomy, lifespan and organ physiology com-
pared to humans, making them potentially more representative of humans (Ibrahim 
et al. 2006). This has led to development of genetically modified pigs models car-
rying specific alterations that are known to cause hyperlipidaemia or atherosclero-
sis in humans, such as transgenic pigs expressing reduced levels of LDL receptor 
(Carlson et al. 2012), and apolipoprotein E (Bordignon et al. 2013), as well as over-
expressing human apolipoprotein CIII (Wei et al. 2012).

Endocrine disease such as diabetes is another target illness that researchers 
hope to gain more information about through biomedical models. In 2009, a por-
cine model of mature-onset diabetes of the young, a hereditary form of diabetes 
caused by a mutation in an autosomal dominant gene, was produced (Umeyama 
et al. 2009). This model was created by targeting the hepatocyte nuclear factor 1-α 
(HNF-1α) gene through sequential SMGT and SCNT cloning techniques (Umeya-
ma et al. 2009). Transgenic piglets exhibited elevated glucose levels, poor insulin 
secretion, glucose intolerance and stunted Langerhans islets. Most of these piglets 
did not survive past weaning, with only four piglets living up to 1–6 months of age 
(Umeyama et al. 2009). Renner and colleagues have also been developing models 
of insulin-independent diabetes (Renner et al. 2010) as well as permanent neonatal 
diabetes (Renner et al. 2013). A suitable model for type II diabetes remains to be de-
veloped and the ongoing effort into the creation of models for this particular disease 
will be indispensable due to the increasing incidence of this disorder worldwide.

The list of porcine transgenic biomedical models that have been developed so 
far is extensive. There have been advances in models for ophthalmic diseases such 
as retinitis pigmentosa and macular dystrophy, neurodegenerative disorders like 
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Alzheimer’s and Huntington’s diseases, as well as, various cancer models (Luo 
et al. 2012). It is clear that the potential for future development in this area is end-
less, given the advantages afforded by SCNT coupled with current gene-editing 
techniques.

6.6 � Concluding Remarks and Perspectives

The demand for genetically altered large animal strains is increasing because of 
numerous applications including the creation of higher-quality production animals, 
therapeutic cloning, animal pharming, the creation of organ donors for xenotrans-
plantation, and the creation of large animal models for biomedical research. These 
animal strains have the potential to improve agriculture, generate stem cell thera-
pies, as well as facilitate research into disease pathogenesis and treatment, which 
can be eventually translated to humans. Since the isolation and culture of totipotent 
stem cells from large animal species useful for creating transgenics remains to be 
accomplished, it is currently extremely difficult to apply traditional methods used to 
generate gene deletions in these species. Genetic engineering technologies used to 
alter the cell genomes continue to improve and are becoming easier to adopt. With 
the advent of ZFNs, the evolution of TALENs and the emergence of RNA-guided 
gene editing, the list of gene-editing strategies now available in our toolbox make it 
simpler to introduce highly specific modifications into the genome. SCNT offers a 
facile method for creating cloned animals from engineered cells. While additional 
refinements are needed to further improve efficiency, SCNT technology is currently 
the best method available to generate transgenic large animal clones.
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7.1 � Introduction

Apomixis is the clonal propagation of a plant through seed, avoiding the processes 
of meiosis and fertilization. In common with other natural forms of clonal reproduc-
tion, apomixis leads to the formation of uniform populations, and these can extend 
over large areas of land and persist over long periods of time (Horandl 2008). Sev-
eral comprehensive reviews have been written on apomixis detailing the variation 
observed in known natural systems of apomixis (Crane 2001; Nogler 1984a), the 
genetics of the trait (Ozias-Akins and van Dijk 2007), its evolutionary and ecologi-
cal implications (van Dijk 2003; van Dijk et al. 2009), the role of temporal and epi-
genetic factors (Koltunow and Grossniklaus 2003) and the potential that apomixis 
offers for increasing the rate of plant breeding for seed-propagated crops (Savidan 
2000a). This chapter is intended to inform the reader of the potential of apomixis 
and of progress being made in apomixis research, focusing on more recent findings 
and contemporary approaches. A general description of the trait is given to provide 
context to the latter discussion, but this is deliberately broad in scope.

7.2 � Why Study Apomixis?

Apomixis is not, in itself, a form of somatic manipulation. It is, however, a po-
tentially invaluable tool for applying advances in somatic manipulation to seed-
propagated crops. Most of the world’s key crops, as measured by traded value, land 
under cultivation, and/or nutritional importance, are propagated by seed. Examples 
include wheat, rice, soy, maize, cotton and most timber, forage, oil and fibre crops. 
The reasons for using seed are compelling. Typically, seed is small, robust, contains 
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storage reserves to support germination and establishment, and (in most cases) is 
easily produced, harvested, cleaned, transported, stored and sown. However, seed 
is usually also the product of sexual reproduction, specifically of the combined ac-
tions of meiosis and fertilization, and is therefore genetically diverse. The degree of 
this diversity varies between breeding systems. Self-fertile systems, such as wheat 
and rice, can be inbred to form uniform (true breeding) lines; however, they are 
produced at the cost of lost heterosis (hybrid vigour). On the other hand, outcrossing 
species tend to retain heterosis, but the progeny are variable, compromising com-
mercial utility. Again, a breeder can reduce variation through inbreeding but at the 
cost of lost heterosis. In the special case of F1 hybrid breeding, variation is reduced 
and heterosis is obtained, but this is achieved at a high economic cost. Cloning al-
lows the multiplication of elite forms, but it is typically expensive and restricted to 
plants of high unit value such as fruit trees. The obvious exceptions to this are plants 
that already have an efficient form of cloning which can be used for production, 
such as the tubers of potato and the runners of strawberry.

As apomixis is cloning through seed, it offers the uniformity and predictability 
of clonal reproduction along with the economic advantages of seed production. In 
agriculture, it could be used to generate new hybrid varieties quickly and to perpetu-
ate them cheaply and indefinitely through seed. As some forms of apomixis can 
occur without pollination, it could be used to avoid difficulties associated with cross 
compatibility and pollinator availability. Finally, even in vegetatively propagated 
plants like potatoes, apomixis may be useful in avoiding viral transfer, as very few 
viruses are able to transmit through true seed (Hanna 1995; Jefferson and Bicknell 
1995; Koltunow et al. 1995; Savidan 2000a, b). For potato production in temperate 
regions, this would need to be managed as part of a high health programme as it is 
only possible to reach an acceptable tuber size in a short temperate growing season 
by using tubers as the planting material.

7.3 � The Key Components of Apomixis

Apomixis is currently recorded in more than 400 taxa of flowering plants, involv-
ing 32 plant families, with a pattern of distribution that indicates it has arisen many 
times amongst the flowering plants (Carman 1997). It is generally agreed that in 
most if not all of these cases, apomixis has evolved through the modification of 
sexual reproduction. Evidence to support this conclusion comes from comparative 
studies of the structures, processes and gene expression patterns of sexual and apo-
mictic plants (see below). Before describing the processes that underlie apomixis 
therefore, we have included a brief review of the current knowledge of sexual repro-
duction, focusing on developmental elements that either have remained constant in 
apomicts or have been the key steps of change permitting the evolution of apomictic 
development.

Most importantly, the two defining events of sexual reproduction that are not 
involved in apomixis are meiosis and fertilization. Clearly these are the events that 
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give rise to the unique genotype of the sexually derived seedling and both, there-
fore, are avoided during the development of asexually derived embryos. That said, 
incomplete meiosis is a common feature of apomicts, in which the progression of 
meiosis is interrupted either in the first cycle (first division restitution) or in the sec-
ond cycle (second division restitution) of meiotic division. Similarly, fertilization 
of the egg is not seen in apomictic development, but fertilization of the central cell, 
giving rise to the endosperm, is commonly seen (see below).

Within an angiosperm flower, the megagametophyte generation is represented 
by an embryo sac, typically comprising of eight meiotically reduced nuclei and 
seven cells. The embryo sac is surrounded by the tissues of the ovule and that in turn 
is encased within an ovary. The structures of the ovary, ovule and even the embryo 
sac differ significantly between species. Four key developmental features, however, 
remain constant amongst sexual flowering plant species. These features are also 
known to be common to all forms of apomictic seed development. First, only a 
single cell within the embryo sac differentiates into an egg cell and that is the only 
cell within the embryo sac that is fully totipotent. Many forms of apomixis involve 
the embryo sac (see below) and in all of these it is the egg cell that gives rise to the 
new embryo. Similarly, only the central cell can give rise to the endosperm and this 
is true in apomicts as well. Other cells within the somatic (sporophytic) plant body 
can be totipotent, which forms the basis of the sporophytic mechanisms of apomixis 
discussed below.

Second, in sexual plants the development of the angiosperm embryo requires the 
presence of a nutritive endosperm tissue, and that tissue is the product of fertiliza-
tion. There are some exceptions to this rule. Orchids and members of the Podoste-
maceae lack an endosperm and both have evolved other mechanisms for nourishing 
the young embryo. Only two known apomicts lack an endosperm. Both are orchids 
(Teppner and Klein 1993; Huang et al. 2009). In all other apomicts, an endosperm 
is required. The endosperm tissue in apomicts may arise following fertilization 
(pseudogamy) or it may arise spontaneously without fertilization (autonomous en-
dospermy), but, as in sexual species, it is always the derivative of the central cell.

Third, in flowering plants the endosperm and embryo typically have different 
ploidy states. Most commonly, this is 2n:3n for the embryo and endosperm respec-
tively. Other ratios are known to occur in nature, particularly amongst apomicts, 
and plants are known to differ in their tolerances to different ploidy ratios (Scott 
et al. 1998, Berger 1999). In grasses, however, a 2n:3n ploidy balance appears to 
be particularly critical. Apomixis is a common trait amongst the grasses and most 
of the developmental mechanisms seen amongst apomicts in this group result in a 
2n:3n ploidy balance (Crane 2001).

Finally, in sexual plants, embryogenesis and endosperm formation take place 
within a wider developmental programme of reproduction including flowering, 
gametogenesis, seed maturation and fruit formation. These events are tightly and 
coordinately regulated. As all forms of apomixis also employ the structures of the 
flower, seed and fruit, coordinated developmental timing is a critical parameter in 
the success of these mechanisms.
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7.4 � The Mechanisms of Apomixis

The known mechanisms of apomixis are subdivided into two primary groupings 
(sporophytic and gametophytic) based on the tissue involved in the formation of the 
clonal embryo. In the case of gametophytic types, they are then further subdivided 
based on the cell type giving rise to the embryo sac. As described above, mecha-
nisms are also separately categorized with respect to whether the endosperm tissue 
arises spontaneously or as the result of fertilization.

7.4.1 � Sporophytic Apomixis

In sporophytic apomixis, the clonal embryo arises directly from a somatic cell (or 
cells) of the ovule (Fig. 7.1). Citrus and mango provide good examples of this kind 
of apomixis (Wakana and Uemoto 1987, 1988; Litz et al. 1995). In these plants, the 
sexual reproductive pathway proceeds normally with the fertilization of meiotically 
derived egg and central cells. Somatic embryo formation occurs in the surrounding 
ovule tissue, normally coinciding with the early development of the sexually de-
rived embryo. As the endosperm arises normally from the union of a 2n central cell 
nucleus and a 1n sperm nucleus, it has a 3n ploidy state. Both the sexually derived 
embryo and any clonally derived somatic embryos within the ovule have a ploidy 
of 2n, so a 2n:3n ploidy balance is achieved in this system. Within the developing 
seed of these plants, it is common for there to be more than one embryo developing 
(polyembryony), including one sexually derived embryo and one or more asexually 
derived embryos. Only one endosperm tissue is present, however, so polyembryony 
in sporophytic apomicts leads to competition for the limited reserves of the ovule 
and in particular for the reserves of the endosperm. Paradoxically, therefore, al-
though polyembryony is a reflection of the highly embryogenic state of the ovule 
tissue, it can often lead to reduced seed viability.

As sporophytic apomicts generate seedlings derived both sexually and asexually, 
it is not uncommon for seedling populations to consist of a mixture of genetically 
identical (and maternal) and genetically unique (sexually derived) individuals. This 
combination of progeny types is referred to as “facultative apomixis.” It is particu-
larly typical of sporophytic apomicts because a sexually derived embryo and en-
dosperm must form in these species, but it is also seen amongst gametophytic apo-
micts as well (see below). It is theorized that facultative apomixis may confer some 
evolutionary advantages, as it provides apomicts with an opportunity to evolve in 
response to environmental changes while still expending most of their reproductive 
effort on the perpetuation of a successful clonal lineage (van Dijk 2003). To breed-
ers of crops where sporophytic apomixis is common, however, such as mango and 
citrus, it can pose quite a challenge, as progeny testing is needed to determine which 
seedlings are clonal and which are not (López-Valenzuela et al. 1997; de Oliveira 
et al. 2002).
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Fig. 7.1   Sexual reproduction compared with three forms of apomixis in flowering plants at four 
key stages of development: the initiation of meiosis, following megaspore differentiation, the dif-
ferentiation of a mature embryo sac and early embryogenesis. For simplicity, only the pathway 
to embryo formation is depicted. Endosperm origin is not detailed but the endosperm tissue is 
depicted in light green. Sperm cells involved in the fertilization of the egg are depicted in red. Dur-
ing sporophytic apomixis and apospory, fertilization can lead to the formation of both hybrid and 
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7.4.2 � Gametophytic Apomixis

In gametophytic apomixis, the totipotent cell giving rise to the clonal embryo is the 
egg. The parent tissue of the clonal progeny is, therefore, the female gametophyte. 
The recruitment of the egg into this developmental pathway satisfies several of the 
constraints discussed above: the egg is totipotent and preadapted to undergo em-
bryogenesis, the egg occurs in the right location and at the right time during devel-
opment for it to divide in concordance with the broader programme of reproductive 
development and finally, as the egg is the sole totipotent cell within the embryo sac, 
it will give rise to a single embryo for each endosperm tissue produced. The egg, 
however, is normally the product of meiosis, which results in it being genetically 
reduced. All forms of gametophytic apomixis, therefore, include a mechanism that 
results in the formation of an embryo sac without meiotic reduction (“apomeiosis”) 
coupled with a mechanism for spontaneous embryogenesis (“parthenogenesis”). 
Interestingly, the expression of either apomeiosis or parthenogenesis alone would 
confer a selective disadvantage. If a plant mutated to express apomeiosis but still 
required fertilization to form an embryo (i.e., did not express parthenogenesis), then 
unreduced eggs would combine with sperm nuclei, resulting in plants of higher 
ploidy. Successive generations would have successively higher ploidy and the out-
come would be untenable. Conversely, if parthenogenesis arose without apomeiosis 
the opposite would happen, with meiotically derived, reduced egg cells spontane-
ously dividing to give rise to progressively lower ploidy plants. In gametophytic 
apomixis, therefore, there appears to be a “chicken and egg” paradox where the 
combination of apomeiosis and parthenogenesis establishes a tenable reproductive 
mechanism, but either expressed on its own would lead to reproductive failure. 
This may explain why almost all gametophytic apomicts are perennials and many 
employ other forms of vegetative reproduction, such as stolons, to sustain the life of 
an individual genet. In a perennial, a mutation conferring one part of gametophytic 
apomixis would not be immediately deleterious to the parent plant, providing more 
opportunity than in an annual for the other component then to arise spontaneously.

In gametophytic apomicts, meiosis is avoided by one of two different mecha-
nisms, diplospory or apospory (Fig. 7.1). In diplospory, meiotic development pro-
gresses normally with the differentiation of the archesporial cell and entry into the 
first meiotic division. At some stage during meiosis, however, the normal course of 
reductional division is halted and the product is a megaspore with the maternal ploi-
dy state. The timing of the disruption of meiosis is used to subdivide diplosporous 
apomicts further by mechanism, the details of which are well covered by several 
reviews (Nogler 1984a; Asker and Jerling 1992; Crane 2001). Once an unreduced 

asexually derived progeny. In sporophytic apomixis, only a meiotically derived egg is present and 
that is the egg that is fertilized. In apospory, although both reduced and unreduced eggs are present, 
the sperm nucleus typically just fertilizes the meiotically derived reduced egg. During develop-
ment in aposporous apomicts, however, meiotically derived structures are often lost. In this case, 
only asexually derived embryo sacs are present and only asexually derived embryos form. The 
nuclear state (n or 2n) of the cells or structures involved is noted. Where an embryo is clonal in 
origin it is depicted in blue and where it is hybrid in origin it is depicted in purple
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megaspore is formed, it undergoes gametogenesis to give rise to an unreduced em-
bryo sac, within which an unreduced egg and unreduced polar nuclei differentiate. 
The spontaneous division of the egg initiates embryogenesis without fertilization 
(parthenogenesis). The development of the endosperm in diplosporous apomicts 
may be either pseudogamous or autonomous, as described previously. Sexually de-
rived progeny can still arise in this system, and they do so when female meiosis is 
successfully achieved. Meiotically derived seedlings, however, are typically rare in 
diplosporous apomicts. For this discussion, the main feature of note in diplospory 
is that both the megaspore and the egg are directly involved in the formation of the 
clonal embryo. Only a single embryo arises in each seed, and its development is 
typically in synchrony with related events of seed and fruit development. Unlike 
sporophytic apomicts, therefore, polyembryony is uncommon in these plants.

In apospory, one or more somatic cell(s) of the ovule (or occasionally of the ova-
ry) differentiate into a structure that is similar in form and function to the megaspore. 
These cells are called “aposporous initials”. As they are somatically derived, apos-
porous initials have the maternal genotype. Once formed, aposporous initials divide 
and differentiate into an embryo sac, within which an unreduced egg and unreduced 
polar nuclei form. The egg then undergoes parthenogenesis to initiate embryogen-
esis. As with diplospory, both pseudogamous and autonomous endospermy are seen 
amongst aposporous apomicts. In aposporous apomicts, both the meiotic pathway 
and the asexual pathway occur in parallel and both can contribute to the production 
of seedlings. Typically, one pathway predominates at the other’s expense; however, 
polyembryonic seeds are common in these plants. Multiple embryos can arise either 
from the survival of both sexually and asexually derived progeny, and/or from mul-
tiple asexually derived embryos arising from multiple aposporous initials.

7.4.3 � Gametophytic Apomixis and Polyploidy

There is a highly significant association between the expression of gametophytic 
apomixis and the occurrence of polyploidy in plants naturally expressing the trait. 
Of the hundreds of taxa known to include gametophytic apomicts (Carman 1997), 
naturally occurring diploid apomicts have only been clearly identified in Boechera 
(Kantama et  al. 2007). Müntzing (1928) reported diploid apomicts in the genus 
Potentilla, but the reproductive biology of this material is now contested (Holm and 
Ghatnekar 1996). Even in Boechera, the majority of apomictic field collections are 
reported to be polyploids (Schranz et al. 2005). The reason for the close associa-
tion between gametophytic apomixis and polyploidy is unknown. Amongst sporo-
phytic apomicts diploidy is common, so it does not appear that the reproductive 
phenomenon of apomixis induces or requires polyploidy. Diploid apomicts have 
been identified as weak individuals in experimental populations of some gameto-
phytic species (Nogler 1982; Bicknell 1997; Kojima and Nagato 1997) indicating 
that polyploidy is not a prerequisite for the expression of gametophytic apomixis. 
Similarly, polyploidy has been induced in many species, yet this has very seldom 
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resulted in apomixis of any type. Instead, it has been proposed that polyploidy may 
be necessary for the transmission of the trait via gametes. If true, this would, over 
evolutionary time, lead to its near exclusive expression in polyploid races. Nogler 
(1984a) working in Ranunculus auricomus, noted that apomixis would not transmit 
via a haploid gamete, yet sexual reproduction would. He proposed that a genetic 
element involved in apomixis was associated with a recessive gamete lethal factor, 
which became exposed in haploid gametes. There is now evidence of transmis-
sion bias against apomixis in Tripsacum (Grimanelli et al., 1998a) and Pennisetum 
(Roche et al. 2001; Jessup et al. 2002), suggesting that the ability to transmit the 
trait may be an important factor limiting native gametophytic apomixis to polyploid 
genotypes.

The role of polyploidy in the expression of apomixis is of particular interest 
because it represents a potential impediment to the installation of apomixis into 
target crop species. Many of our crop species are diploids, including some that have 
been explicitly identified as potential candidates for apomixis to facilitate breed-
ing progress. Cultivated rice, in particular, is a diploid inbreeding species which is 
known to express significant hybrid vigour (Yu et al. 1997). Apomixis would have a 
profound impact on this important crop but this would ideally not require a change 
in the ploidy of the cultivated varieties.

7.4.4 � Can Apomixis be Installed into Crop Species, and What 
Form of Apomixis Would Best Meet Our Needs?

Apomixis is already known to occur in a small number of crop species. Kentucky 
blue grass ( Poa pratensis) is an important temperate turf and fodder grass that re-
produces by gametophytic apomixis (Naumova et al. 1992). Similarly, Brachiar-
ia decumbens, Panicum maximum and Tripsacum dactyloides are tropical forage 
grasses that are gametophytic apomicts (Naumova et al. 1999; Savidan 1980; Leb-
lanc et al. 1995a). As mentioned above, sporophytic apomixis is common in citrus 
and in some tropical fruits such as mango and mangosteen ( Garcinia mangostana). 
In commerce, however, these trees are typically reproduced by vegetative means 
and apomixis is not employed in the husbandry of the crop as it is in the grasses. In 
other cases, apomixis is not known in a crop species, but does occur in a closely re-
lated species. Attempts to transfer it by conventional introgression through crossing 
have been reported in maize (from T. dactyloides; Leblanc et al. 1995b; 1997), mil-
let (from Pennisetum squamulatum; Dujardin and Hanna 1983; Roche et al. 2001), 
wheat (from Elymus rectisetus; Peel et al. 1997) and beet (from Beta lomatogona; 
Cleij et al. 1976). In each case, the trait was best expressed in polyploid F1 progeny, 
and its expression fell as the percentage of the apomictic parent was reduced in sub-
sequent backcross generations. The reason for this remains unknown.

For most crops, however, an apomictic relative is unavailable, so conventional 
introgression cannot be used to introduce the trait into commercially adapted germ-
plasm. Even in cases where introgression is an option, the type of apomixis avail-
able may not be ideal for the intended purpose. Most current research, therefore, is 
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directed at understanding the mechanisms that underlie the expression of apomixis 
in model species and using this information to direct a synthetic approach to engi-
neering the trait. As apomixis appears to have arisen as a modified form of sexual 
reproduction, work is progressing on both sexual and apomictic model plants. Be-
fore reviewing our current understanding of the genetics of apomixis, it is valu-
able to consider what form of apomixis would best meet our future needs. To have 
maximum utility installed, apomixis should address the demands of plant breeders, 
seed producers, farmers and consumers alike. Seed multiplication, commercial pro-
duction and downstream processing would all benefit from asexual uniformity, so 
apomixis would need to be highly expressed during multiplication and commercial 
production. Plant breeding, however, combines phases where variation is encour-
aged, with phases in the breeding cycle where uniformity is valued. It would, there-
fore, be highly advantageous for apomixis to be available in an inducible format. 
A plant breeder would then be able to switch it off to allow sexual reproduction to 
generate variation, and then switch it on to permit the clonal multiplication of desir-
able genotypes.

As mentioned above, many of the natural forms of apomixis lead to polyem-
bryony, the formation of multiple embryos in a seed. This tends to reduce the vi-
ability of the seed and it can also increase the variability of the seedlings produced 
if some of the embryos are sexually produced while others are clonal. An ideal form 
of apomixis would only result in a single embryo in each seed. Of the known natural 
forms of apomixis, diplospory would best suit this requirement, as it involves the 
conversion of the meiotic apparatus to a structure that produces a single maternally 
derived seedling.

Finally, the formation of the endosperm is a prerequisite for seed formation in 
most flowering plants and this must also be addressed in any engineered mechanism 
of apomixis. Grasses are widely cited as potential targets for engineered apomixis, 
and the endosperm is a particularly prominent tissue in the grass seed. Critically, 
it is also a key nutritional component of cereals such as wheat, rice and maize, so 
the success of endosperm formation also dictates the food value of these crops. As 
mentioned above, the embryo/endosperm ploidy balance is a factor in the normal 
development of many seeds and it is one that is particularly critical in the grasses. 
Fortunately, apomixis occurs in many grass species, so asexual mechanisms are 
already known that enable endosperm formation and appropriate ploidy balance 
within the grass seed.

7.5 � The Genetics of Apomixis

7.5.1 � Mutations of Genes in Sexual Plants with Features  
of Apomixis

The model plant Arabidopsis thaliana has been mutagenized extensively and a 
number of mutants have been reported that appear to display aspects of apomixis. 
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Mutations reflecting apomeiosis include the dyad allele of SWITCH1. Plants homo-
zygous for the recessive allele dyad form a high proportion of unreduced egg cells 
that can participate in fertilization (Ravi et al. 2008). Male meiosis is not affected, 
so triploid progeny are often observed when these plants are allowed to self-fertil-
ize. Similarly, d’Erfurth et al. (2009) identified a gene, omission of second division 
( OSD1) that controls the entry of cells into the second meiotic division. Plants with 
osd1, a mutant form of this gene, underwent second division restitution (SDR), 
producing unreduced gametes.

Several other mutations appear to reflect parthenogenesis. The LEAFY COTY-
LEDON genes LEC1, LEC2 and FUSCA3 regulate embryogenesis, specifically the 
identity of the suspensor, cotyledons and other structures arising late in embryo 
development (Meinke et al. 1994; West et al. 1994; Lotan et al. 1998; Stone et al. 
2001). The ectopic expression of LEC1 and LEC2 in vegetative cells induces the ex-
pression of embryo-specific genes and also leads to the development of embryo-like 
structures (Lotan et al. 1998; Stone et al. 2001). The chromatin-remodelling factor 
PICKLE ( PKL) is a master regulator of LEC1, LEC2 and FUSCA3 (Ogas et  al. 
1999; Rider et al. 2003). In pkl mutants, embryo-like structures arise on the roots, 
indicating that this gene acts to repress embryogenic development throughout the 
body of the plant (Henderson et al. 2004). Polycomb group proteins participate in 
the stable repression of specific genes through chromatin remodelling. The fertiliza-
tion-independent seed (FIS) genes of Arabidopsis are members of this group which 
are involved in endosperm formation and in establishing early parent-of-origin ef-
fects (Koltunow and Grossniklaus 2003). BABY BOOM ( BBM) is an AP2 domain 
transcription factor, the ectopic expression of which induced embryo-like structures 
to form on the cotyledons and leaves of Arabidopsis (Boutilier et al. 2002). Somatic 
embryogenesis receptor kinase (SERK) was found as an upregulated transcript in 
carrot ( Daucus carota) cultures induced to form somatic embryos (Schmidt et al. 
1997). Interestingly, a similar transcript (PpSERK) was found to be differentially 
expressed between apomictic and sexual forms of the grass Poa pratensis (Albertini 
et al., 2005). Mutations that demonstrate spontaneous endosperm formation include 
the fis mutants described above, in which the endosperm over-proliferates but is 
typically poorly cellularized (Kinoshita et al. 1999; Sorensen 2001). MEDICIS is 
a member of this group (Guitton et al. 2004), the mutation of which leads to the 
formation of rudimentary embryo and endosperm-like structures in the absence of 
fertilization.

7.5.2 � Forward Genetics with Native Apomicts

Research into the genetics of apomixis of native apomicts has largely been ap-
proached through mapping or expression analysis, followed by the targeted se-
quencing of associated genomic bacterial artificial chromosomes (BACs). Apo-
micts are often cross-compatible to sexual relatives, permitting the production of 
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segregating populations, and apomixis loci are dominant and are often in simplex, 
so they are amenable to map-based cloning.

For sporophytic apomixis, Citrus is the best-studied system. García et al. (1999) 
reported the detection of six quantitative trait loci (QTL) associated with the extent 
of somatic embryo formation in a cross between Poncirus trifoliate and Citrus vol-
kameriana. Recently, Nakano et al. (2008, 2012) provided an analysis of 380 kb of 
genomic sequence from Citrus that is believed to be strongly associated with the 
trait. The region contains 70 predicted open-reading frames with a diverse range of 
putative functions.

For gametophytic apomicts, a notable development was the identification of 12 
markers tightly linked to the apospory-specific genomic region (ASGR) of Pen-
nisetum (Ozias-Akins et  al. 1998). No meiotic recombination was seen to occur 
between the markers and apospory. BACs carrying those markers were physically 
mapped to the ASGR using fluorescence in situ hybridization enabling the size of 
the region to be estimated at approximately 50 Mb. This is a very large region of 
nonrecombinant DNA, comparable to the human Y chromosome (59 Mb). Apos-
pory in other grasses also maps to single dominant loci, for example Brachiaria 
(Pessino et al. 1997), Paspalum (Martínez et al. 2001) and Tripsacum (Grimanelli 
et al. 1998b).

Given difficulties associated with mapping genes at large nonrecombinant loci, 
Catanach et al. (2006) used deletion mutagenesis to identify mutations in apomixis 
loci in the aposporous apomict Hieracium caespitosum. Two loci were clearly iden-
tified, one associated with apomeiosis (the LOA locus) and one associated with par-
thenogenesis (the LOP locus). Amplified fragment length polymorphisms (AFLP) 
markers were used to form molecular maps of these loci and to confirm that they 
act as independently inherited, dominant, simplex factors in this plant. Inheritance 
studies have been reported in two other members of the Asteraceae, the diplospo-
rous apomicts Taraxacum (van Dijk et al. 1999) and in Erigeron (Noyes and Ries-
eberg 2000). As in Hieracium, two loci appear to act independently, one controlling 
apomeiosis and the other controlling both parthenogenesis and autonomous endo-
spermy. Recent evidence in Hieracium indicates that autonomous endospermy and 
parthenogenesis can be separated, suggesting that the factors involved are tightly 
linked rather than pleiotropic in this system (Ogawa et al. 2013).

Until recently, no native apomict was sequenced, nor were there any comprehen-
sive resources such as transfer-DNA (T-DNA) mutant panels available. The current 
sequencing of Boechera holboellii is expected to assist in this effort and may have 
significant effects on the landscape of apomixis research. Apomixis in B. holboellii 
is typically diplosporous with pseudogamy, although autonomous endospermy is 
also observed (Naumova et al. 2001). Boechera is a relative of Arabidopsis, so it is 
hoped that the extensive resources associated with Arabidopsis will be transferable 
and can be used to identify factors influencing apomixis in this plant.
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7.5.3 � Genes at Loci That Control Apomixis: What Are  
the Critical Determinants?

In some apomicts, loci associated with the trait have been cloned and sequenced, 
revealing candidate regulatory sequences. Calderini et al. (2006) sequenced a BAC 
clone of approximately 129 kb linked to apomixis from Paspalum simplex. They 
found it contained two genes along with evidence of significant loss of coding ca-
pacity due to mutation and transposable element (TE) insertion. The large and nonre-
combinant ASGR of Pennisetum has both gene-rich and gene-poor regions (Conner 
et al. 2008) and potentially a vast array of candidate genes. Shotgun sequencing of 
approximately 2.7 Mb of the ASGR from Cenchrus ciliaris and Pennisetum squa-
mulatum revealed a total of 74 putative protein-coding regions (PPCRs). Of most 
interest to the authors were two distinct copies of ASGR-BABY BOOM ( BBM)-like 
genes, orthologous to the BBM genes mentioned above. The polyembryony locus in 
citrus has been fully sequenced and out of a total of 70 open-reading frames, seven 
were found with similarity to transcription factors (Nakano et al. 2012). The authors 
propose that the gene or genes that control polyembryony are likely to be transcrip-
tion factors, and of most interest was a MADS homolog, because of the role that 
MADS-box transcription factors have in development including embryogenesis.

Whilst some candidate genes for apomixis have been revealed, determining 
which of them are critical has remained elusive. Only a small part of the ASGR has 
been sequenced and the authors state that if the whole of the ASGR was sequenced, 
it would contain too many genes to be analyzed using a gene-by-gene approach 
(Conner et al. 2008). The polyembryony locus of Citrus, while significantly small-
er, still contains a significant number of candidates. Approaches towards identify-
ing critical genes include microsynteny, where DNA sequence is compared across 
related apomicts to identify highly conserved sequences, or between apomicts and 
their sexual relatives (Gualtieri et al. 2006), to identify key differences such as gene 
translocations, alterations in regulatory sequences or epigenetic features unique to 
the apomict. These approaches are available because of the likely single phyloge-
netic origins of apomixis within related species.

Reports of genes identified at apomixis loci of different species are yet to reveal 
any common candidate genes. For example, genes linked to apospory of Paspalum 
simplex (Calderini et al. 2006) and the ASGR (Gualtieri et al. 2006) show synteny 
with different regions of the rice genome, implying that different routes of evolu-
tion were taken resulting in positionally different genetic mechanisms of control. 
Similarly, overlap between apomixis-associated gene expression profiles of more 
distantly related species is yet to be reported. On the other hand, apomixis loci of 
apomicts of common lineage often do reflect common apomictic ancestors. The 
ASGR of the genera Pennisetum and Cenchrus, and the polyembryony haplotype 
among a range of Citrus species, are both notable examples.

A small number of studies have aimed to determine variations in gene expres-
sion seen in apomicts compared with their sexual counterparts. The techniques used 
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have included differential display (Leblanc et al. 1997; Rodrigues et al. 2003) and 
complementary DNA (cDNA)-AFLP (Albertini et al. 2004; Polegri et al. 2010), and 
more recently transcriptomics using next-generation sequencing. While expression 
differences between related sexuals and apomicts have been revealed, it is likely 
that most, if not all of these differences reflect events downstream from critical 
signals. Findings from these studies have yet to yield expression differences that 
clearly reflect regulatory mechanisms underlying the trait. An interesting approach 
taken by Zeng et al. (2011) found only one transcript from the ASGR that was ex-
pressed in apomictic ovules, despite a significant number of genes present in this 
region (Conner et al. 2008). This result, however, underscores an important advance 
in expression analysis, where the transcriptomes of critical tissues at critical devel-
opmental time points, are used to analyze the role of genes identified at apomixis 
loci. Further work like this, where gene expression and gene mapping converge, is 
likely to continue into the foreseeable future.

7.5.4 � Evolution of Apomixis and of Apomixis Loci

Models of the evolution of apomixis are currently subjects of considerable discus-
sion in the literature. Determining the evolutionary paths taken for plants to acquire 
apomixis is not only of academic interest but may also assist in the identification of 
regulating factors and processes of apomixis, and may even provide opportunities 
to induce apomixis in sexual species. We have already mentioned the conundrum 
faced when considering how apomixis evolved, given that the modifications of 
sexual reproduction, apomeiosis and parthenogenesis (with or without autonomous 
endospermy) need to be present together for apomixis to be a viable form of repro-
duction. In most cases, two unlinked loci have been reported, one controlling apo-
meiosis and another controlling parthenogenesis (Ozias Akins and van Dijk 2007). 
In apomictic grasses, however, there is often a single locus that carries both apo-
meiosis and parthenogenesis, which may be a more evolutionarily advanced adapta-
tion, given that both apomeiosis and parthenogenesis need to be present together. 
Also previously mentioned is how apomixis is often found in perennial plants that 
already have means of clonal reproduction (for example, through stolons), which 
may offer a greater opportunity for a plant to acquire all modifications of sexual 
reproduction separately.

While apomixis has been reported in 32 different plant families (Carman 1997), 
it is not uniformly distributed. Three families, the Poaceae, Asteraceae and to a less-
er extent, Rosaceae, contain most-known apomictic species. This bias suggests the 
existence of predisposing factor(s) that made members of these families more likely 
to evolve apomixis. The nature of any predisposing factors is unknown but a genetic 
component could be speculated. For example, certain combinations of linked genes 
may provide suitable ancestral loci for genetic modifications for apomixis that took 
place in sexual ancestors. Physiological predisposing factors could include develop-
mental plasticity such as tolerance to egg/endosperm dosage imbalances, a feature 
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of Hieracium, or to the presence of heterochronies involving the timing of gene 
expression in key events involved in reproduction (Carman 2007). This will be cov-
ered in more detail below. It should not be overlooked that the skewed distribution 
of apomixis amongst a small number of families may also reflect, to some extent, 
a familial predisposition to ecological and evolutionary success with asexuality, 
which has manifested in greater representation of apomicts seen today. This raises 
an interesting view that apomixis or rudimentary forms of apomixis may occur or 
“evolve” repeatedly, only to be maladaptive to the species and the ecological niche 
in which it resides.

At the level of genomic structure, apomixis loci tend to have very low rates of 
meiotic recombination and show “scars” of their genomic isolation with gene muta-
tion, typified by the presence of pseudogenes (Matzk et al. 2003; Calderini et al. 
2006), allele sequence divergence (see van Dijk 2009 for review) and retro-element 
accumulation (Matzk et  al. 2003; Akiyama et  al. 2004; Okada et  al. 2011). The 
ASGR has little or no recombination occurring across an estimated 50 Mb, and, as 
a likely consequence, appears diverged to the point of hemizygosity, while the rest 
of the genome is more able to recombine.

Despite the genomic isolation, the large numbers of functionally conserved pre-
dicted gene sequences at apomixis loci is striking. If apomixis utilizes or “exploits” 
genes normally used in sexual reproduction, the gene complement of apomixis loci 
might only be a small number of high-level regulators and perhaps lower-level ef-
fectors. Apomixis is almost always found in polyploids which have higher gene 
redundancy, and should therefore be more tolerant of mutation of genes that have no 
critical dosage requirements. Under these circumstances, any gene at an apomixis 
locus that is not required for the trait itself, may be prone to eventual loss-of-func-
tion mutation. However, counter to this argument, the roles of an apomixis locus 
may extend beyond the induction of apomeiosis and/or parthenogenesis; there may 
be genes that have roles in the maintenance of an apomixis locus through evolution-
ary time. Given that the success of a locus depends on that of the clones in which 
it resides, it may provide further redundancy, or even plasticity or functionality to 
ensure the fitness of the clone.

7.5.5 � Apomixis as a Product of Hybridization

There is growing support for the hypothesis that apomixis may be induced by hy-
bridization and polyploidization. Most, if not all, natural apomicts show features of 
being hybrids; in particular, they are usually polyploid and highly heterozygous. The 
potential role of hybridization in the establishment of apomixis was first postulated 
by Ernst (1918). Carman (2007) extended this hybridization model by postulating 
that apomixis is caused by the asynchronous expression of duplicated genes derived 
from each parent. Mistimed regulation of developmental checkpoints controlling 
megasporogenesis, embryo sac, embryo and endosperm formation, could lead to 
unreduced egg cell formation and spontaneous embryogenesis. Typically, when a 
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wide hybrid forms between sexual species, any resulting asynchronous gene ex-
pression is under negative selective pressure and synchronization is re-established 
within a small number of sexual generations. However, in “fledgling apomicts” 
where the synchronizing fails because of epigenetic modifications of the polyploid 
genome, apomixis can establish then stabilize. Alternatively, sexual reproduc-
tion can be reinstated through successive generations with meiotic recombination 
disturbing duplicate gene asynchronies (Carman 2007). Fledgling apomicts have 
received little research interest, probably because of low expression of apomixis. 
They may, however, be valuable tools for detecting the most fundamental altera-
tions required for apomixis to evolve, as these differences are obscured by stabiliz-
ing evolution in established apomictic species.

Evidence of asynchrony of gene expression was reported in ovules of B. holboel-
lii, in which heterochrony, gene duplication and “parent of origin” effects were seen 
in the transcriptomic profiles associated with apomeiosis. In addition, the observa-
tion that large numbers of genes commonly occur in nonrecombinant apomixis-as-
sociated loci is consistent with the hybridization model. They presumably represent 
remnant linkage blocks inherited following a wide hybridization event, in which 
several genes of diverse functions cluster around a smaller number of key regula-
tory sequences that influence the expression of trait.

7.5.6 � Epigenetic Regulation

Epigenetic regulation, including the role of transposable elements, is an expanding 
frontier of research into many biological processes, and apomixis is no exception. 
Given the conundrum that apomixis inhibits genetic change yet the expression of 
apomixis, and the life histories of apomictic species are often highly adapted, it ap-
pears that some form of genetic change is occurring at a rate that allows evolution 
to proceed. Epigenetic modifications can occur without meiosis or fertilization and 
they can lead to rapid heritable adaptations. Epigenetic modification is also particu-
larly prevalent during hybridization and polyploidization, as discussed above.

Significant research is being undertaken on the regulatory roles of non-coding 
RNA in a wide range of processes, and roles in aspects of reproduction are now well 
established. The Arabidopsis protein AGONAUTE 9 (AGO9) appears to restrict fe-
male gamete formation while repressing transposable elements. Post-meiotic ovules 
of ago9 mutants carry additional unreduced somatic cells that have the identity of 
functional megaspores, which resembles apospory (Olmedo-Monfil et al. 2010). A 
preliminary investigation into the roles of microRNA expression in apomixis has 
shown many conserved microRNAs expressed in both sexual and apomictic ovules. 
One microRNA target, the transcription factor squamosa promoter binding protein 
like SPL11, is significantly upregulated in Boechera stage 2 ovules at the time of 
megaspore mother cell (MMC) development (Amitey et al. 2011).
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7.6 � Synthetic Forms of Apomixis

Do we already know enough to attempt the synthesis of apomixis in a model sys-
tem? As noted above, Ravi et al. (2008) reported that plants homozygous for dyad 
produced a high proportion of unreduced egg cells which could be fertilized. Sim-
ilarly, d’Erfurth et  al. (2009) noted that plants homozygous for osd1 underwent 
second division restitution (SDR), producing unreduced gametes. Chromosome 
recombination and chromatid segregation, however, occur in the first meiotic divi-
sion, so the gametes formed on their osd1/osd1 plants did not share the maternal 
genotype. However, by combining osd1with mutations blocking recombination 
( Atrec8) and chromatid segregation ( Atspo11), they were able to generate a geno-
type that produced unreduced maternal gametes, effectively synthesizing a form of 
apomeiosis in Arabidopsis (d’Erfurth et al. 2009). Plants with this genotype were 
named mitosis instead of meiosis ( MiMe).

Ravi and Chan et al. (2010) constructed a chimeric sequence combining the core 
of the Arabidopsis centromeric histone protein CENH3, the amino terminal tail 
domain of histone H3.3 and the green fluorescent protein (GFP) reporter sequence. 
This was referred to as the GFP-tailswap construct. When introduced into a plant 
homozygous for cenH3, a recessive mutant allele of CENH3, none of the nuclear 
DNA from that modified plant transferred to its progeny. Due to problems with 
male fertility, this cross was conducted with the modified plant as the maternal par-
ent. Seedlings formed following crosses with wild-type male pollen parents were, 
therefore, predominantly haploid and entirely paternal in origin. This demonstrated 
uniparental transmission through the egg—an outcome analogous to parthenogen-
esis. In this case, it was the male contribution that was conducted and the female 
genome that was lost. Male parthenogenesis is known to occur very rarely in native 
systems, the most well-studied example being the formation of patrogenic progeny 
in the conifer Cupressus dupreziana (Pichot et al. 2008).

Combining these findings, Marimuthu et al. (2011) recently demonstrated that 
when Arabidopsis plants with either the dyad or the MiMe triple mutation were 
crossed to plants with the GFP-tailswap construct and cenH3 mutation, a significant 
proportion of the progeny were strictly maternal in origin. The fertility of these 
crosses was low and both parents needed to have specific mutant backgrounds, but 
this result does provide an example of how synthetic apomixis might be achieved.

7.7 � Conclusion

Apomixis offers the potential to significantly increase the rate of genetic gain achiev-
able in seed-propagated plants by allowing a breeder to produce true breeding lines 
with unique, selected, genetic combinations. The desirable genotype might include 
somatically derived mutations, transgenes and/or hybrid vigour. Research into apo-
mixis is progressing on several fronts. The developmental genetics of Arabidopsis 
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has contributed significantly and it is now clear that the regulation of apomixis is 
very similar to that of sexual reproduction. It appears in most cases to represent a 
derived form of sex, and this transition has occurred on several occasions in flower-
ing plants. Advances in sequencing, expression analysis, histological imaging and 
bioinformatics are all contributing to our understanding, most notably in native apo-
mictic systems, which are now gaining in prominence in the apomixis literature. 
Revealing the determinants of apomixis, however, remains elusive, and research in 
the future will focus on the convergence of genetic mapping, genomic sequencing 
and transcriptomics, and also on the role of epigenetic regulation. Investigating the 
evolution of apomixis is of great interest, and “fledgling apomicts”, those that show 
apomixis or aspects of apomixis following recent hybridization and/or polyploidi-
zation events, may provide new clues on the key events that characterize the tran-
sition of plants from sexuality to apomixis. Alternatively, the convergence of this 
knowledge may result in a synthetic form of the trait which may, or may not, reflect 
the native systems currently known. In closing, therefore, it now seems reasonable 
to predict that apomixis will be part of the tool kit available to future breeders and 
propagators of our crop plants and that this will have a significant impact on the 
genetic advance and practice of agriculture in the coming decades.
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8.1 � Importance of Potato

Potato ( Solanum tuberosum L.) is the world’s most important vegetable crop. It 
can be grown under a wide range of altitudes, latitudes, and climatic environments; 
from sea level to > 4000 m in altitude and from the equator to > 40° north and south 
(Harris 1992). Potato stem tubers are an indispensable dietary item for much of the 
world’s population. Global consumption of potato is increasing in developing coun-
tries, particularly China and India (FAO 2013). The annual consumption for 2008 in 
Africa, Asia/Oceania, Europe, Latin America, North America, and the world aver-
age was 15.60, 26.60, 85.90, 28.20, 53.60, and 33.00 kg capita−1 year−1, respectively 
(FAO 2013). Potato is a rich source of nutrients including carbohydrate, protein, 
vitamins, minerals, and phytonutrients (Davies 2002; Brown 2008; Camire et al. 
2009). For example, in 2007 potato provided 0.60, 1.10, 3.90, 2.50, 2.10, 1.70, and 
1.40 g capita−1 day−1 of protein supply for Africa, Asia, Europe, North America, 
Oceania, South America, and the world average, respectively (FAO 2013).



170 A. M. K. Nassar et al.

8.2 � Techniques for Potato Improvement

Potato breeders and researchers seek to improve potato qualities, including yield, 
storability and processing, nutritional features including protein concentration, and 
disease resistance towards a range of pathogens (Beukema and Zaag 1990; Mullins 
et al. 2006; Nassar et al. 2011). Potato improvement is important to cope with the 
increasing world population and food scarcity, especially in developing countries 
(Cotes et al. 2002; IYP 2008). Many potato cultivars are sterile due to incompat-
ibility after crossing or failure of seeds to complete development after fertilization 
(Walker 1955; Hawkes 1990). Cultivated potatoes are most commonly tetraploids 
with high variability in phenotype, including yield from season to season, and low 
seed viability (Gardner and Snustad 1986). About 235 species of the genus Solanum 
are tuber bearing. Only the tuberosum specie is cultivated (Hawkes 1990). This 
means a narrow genetic base is present in most cultivated potato, which is problem-
atic for potato improvement (Bradshaw and Mackay 1994).

The first report of a potato improvement programme was in the early nineteenth 
century, in the UK, by Knight (1814). Knight suggested that early-season genotypes 
with increased tuber yield could be attained (Knight 1814; Bradshaw and Mackay 
1994). Potato yield increased about sixfold per unit growing area in the USA since 
the 1920s. This was due to improved cultural practices (fertilization, irrigation, pest 
management, etc.), a shift in production to the western USA, and through the intro-
duction of improved cultivars through public breeding efforts (Lucier et al. 1990; 
Douches et al. 1996). However, improving yield, a multi-gene-controlled trait (Cas-
sells et al. 1983) with high variability (Neele et al. 1988; Jones and Cassells 1995), 
is not an easy task.

During the twentieth century, many new techniques for potato improvement 
were developed, including expansion of breeding methods though the use of wild 
species, haploids, and neotuberosum, molecular techniques such as marker-assisted 
selection (MAS), genetic engineering, and use of a wide range of tissue culture 
methods including calliclones and somatic hybridization. Exploration within wild 
species started with the production of a population of Phureja/Stenotomum adapted 
to long days (Carroll 1982). Natural seeds were used and both seedling and tuber 
populations were produced over a 2-year cycle. After several cycles, the popula-
tion became adapted to long-day conditions and yield improved; mainly through 
increased tuber size and reduced tuber numbers. Direct hybridization of members 
of this improved diploid S. phureja × S. stenotomum population with tetraploid 
S. tuberosum cultivars resulted in tetraploid hybrids superior in both marketable 
and total yield, with more tubers per plant and slightly lesser mean tuber weights 
(Carroll and De Maine 1989). Crossing of cultivated tetraploid ‘Norgleam’ × wild 
diploid specie (W5279–4) was accomplished, and resulted in the release of the now 
popular ‘Yukon Gold’ (Johnston and Rowberry 1981) and identification of other 
superior clones with lighter chip colour and generally good tuber appearance (Lauer 
et al. 1988; Darmo and Peloquin 1991). Tetraploid cultivars were also produced by 
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crossing diploid × dihaploid species of S. tuberosum followed by recurrent pheno-
typic mass selection of the tetraploid hybrids (Bradshaw and Mackay 1994).

Haploid breeding through ploidy manipulation led to enhancement of genetic di-
versity of germplasm holdings through introduction of genes of desirable traits from 
wild diploid species into cultivated tetraploid potato (Jansky et al. 1990; Carputo 
et al. 1997). Use of multiple bridge crosses permitted the transfer of the resistance 
genes (R-genes) from S. bulbocastanum to S. tuberosum (Hermsen and Ramanna 
1973). Multiple bridge crossing of S. bulbocastanum with S. acaule and S. phureja 
and then backcrossing of hybrids with S. tuberosum resulted in the release of ‘To-
luca’ (Jacobsen and Schouten 2008) and ‘Biogold’ (Visser 2009). These cultivars 
were released around 2005, described as resistant to P. infestans, and are apparently 
in use for organic farming in the Netherlands (Visser 2009).

Haploids are plants with half the chromosome number (equal to the gameto-
phytic chromosome number) of their parents (Tai 2005). They have uses in gene 
mapping, identification of major and quantitative trait loci (QTL), genetic transfor-
mation, somatic fusion, and MAS in breeding for new cultivars. Haploids were pro-
duced by androgenesis (paternal haploids) and/or gynogenesis (maternal haploids; 
Tai 2005). Maternal haploids can be produced parthenogenetically by interspecific 
hybridization of cultivated tetraploid potato cultivars (4x)  (maternal; pistillate) us-
ing S. phureja (Juz. and Bukasov) pollen (2x)  (pollinator; parent) (Peloquin et al. 
1996; reviewed by Ortiz 1998). Parthenogenesis can occur when a paternal nucleus 
fertilizes the polar nuclei but the egg cell is not fertilized. Parental haploids are 
obtained using male gametes via anther or microspore culture (Uhrig and Salamini 
1987; Calleberg and Johansson 1993; Rokka et al. 1998). De Maine (1995) exam-
ined effects of a second haploid generation on inbreeding of somatically chromo-
some-doubled (homozygous dihaploid) potato from crosses with S. phureja clones. 
The dihaploids had greater seed yield than the original haploid generation, but no 
other apparent differences occurred, including similar tuber yield. While haploids 
have use in plant improvement programmes, including potato, no reports have oc-
curred describing potato cultivar release based on this method.

Neotuberosum is a breeding technique that involves identification of new-Tu-
berosum species from Andigena-based populations. Several authors from differ-
ent countries attempted to pursue this technique, for example, in 1959 in the UK 
(Simmonds 1969), in 1963 in the USA on material supplied by Simmonds (Plaist-
ed 1987), in 1968 in Canada (Glendinning 1987), and in 1976 in the Netherlands 
(Maris 1989). Large numbers of seedlings from non-adapted Andigena accessions 
were grown in the field and selection was applied for greatest yield with acceptable 
tuber size, shape, and colour. Moreover, berries were collected to produce sexual 
generations. Selection for resistance to late blight ( Phytophthora infestans) was im-
proved by imposing severe late blight infection in the field (Bradshaw and Mackay 
1994). Field results of clones selected after crossing clones of S. andigena with S. 
tuberosum showed tuber uniformity and yield heterosis (Tarn and Tai 1983; Plaisted 
1987). Neotuberosum programmes showed that clones of S. andigena were adapted 
and produced parents suitable for incorporation into modern potato. Neotuberosum 
material has been employed in cultivar development. For example, both cultivars 
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Shelagh, highly resistant to late blight (The European Cultivated Potato Database 
2009), and Rosa, resistant to early blight (Pelletier and Fry 1989), resulted from 
crosses between S. tuberosum and neotuberosum (Bradshaw and Mackay 1994).

MAS technology is based on genetic markers related to genes expressing ben-
eficial phenotypes (Mullins et al. 2006). This enables rapid and efficient selection 
for traits of interest, allows identification of the genetic components of the same 
trait, and potentially shortens the breeding process by several years. Despite its 
potential, there have been few instances of MAS use in potato breeding. This is 
largely because of the out-breeding, tetraploid genetics of cultivated potato, and the 
fact that many traits of interest to breeders are multigenic in nature and greatly af-
fected by environment. MAS is in use for improvement of traits controlled by single 
dominant genes (Mullins et al. 2006). Molecular marker-based maps of potato have 
identified at least 19 major disease R-genes and numerous QTL for disease resis-
tance (Gebhardt and Valkonen 2001), morphological, developmental, and quality 
traits that are single gene controlled (Mullins et al. 2006). For example, Gebhardt 
and Valkonen (2001) mentioned that a single class of genes that share conserved 
nucleotide-binding site (NBS) and leucine-rich repeat (LRR) motifs mediated in-
herited disease resistance and large-effect QTL for disease resistance. Based on map 
location, several NBS–LRR-type disease R-genes were cloned and characterized 
for MAS use. Caromel et al. (2005) identified two separate QTL for potato cyst 
nematode resistance in the wild potato S. sparsipilum and inserted them into the 
potato genotype S. tuberosum Casper H3. This work apparently resulted in highly 
resistant phenotypes but has not yet lead to new cultivar release.

Genetic engineering of potato is an area of active current research, much of 
which is in the pharmaceutical arena. This chapter is limited to articles related to 
improvement of agronomic, disease resistance, and nutritional characteristics (for 
more information see: Hilder and Boulter 1999; Uzogara 2000; Punja 2001; Romer 
et  al. 2002). Most of these studies focused on resistance to different pest, virus, 
and fungal diseases (Davies 2002; Mullins et  al. 2006). Some examples include 
resistance to black scurf ( Rhizoctonia solani; Broglie et al. 1991), Colorado potato 
beetle ( Leptinotarsa decemlineata) through expression of the Bacillus thuringiensis 
(Bt) toxin gene (Adang et al. 1993; Perlak et al. 1993), late blight (Cornelissen and 
Melchers 1993; Song et al. 2003; Van der Vossen et al. 2003, 2005; Osusky et al. 
2004), potato leaf roll virus (PLRV), potato tuber moth ( Phthorimaea opercule-
lla; Davidson et al. 2002), potato virus Y (PVY; Hassairi et al. 1998), and soft rot 
( Erwinia carotovora; During et  al. 1993). Examples of transgenic potato for in-
creased nutritional characteristics include increase in total amino acid composition 
especially lysine, tyrosine, and sulphur-containing amino acids (Chakraborty et al. 
2000), selective increase in the essential amino acid methionine (Zeh et al. 2001), 
increased inulin (Hellwege et al. 2000), increased β-carotene and lutein (Ducreux 
et al. 2005), and decrease in the glycoalkaloid solanine (Lukaszewicz et al. 2004).

Commercial release of genetically modified potato cultivars was reported in 
North America by Monsanto (Davies 2002). For example, Monsanto’s NewLeaf™ 
transgenic potatoes were released for commercial use in 1998 (Davies 2002; 
Kaniewski and Thomas 2004). NewLeaf ™ was the trade name for transformed cul-
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tivars, such as Atlantic, Superior, and Russet Burbank containing the Bt cry3A and 
cry3C genes (encoding Bt endotoxin proteins) that conferred resistance to Colorado 
potato beetle. NewLeaf™ Plus was a trade name applied to cultivars that in addi-
tion to resistance to L. decemlineata and other insects also had resistance to PLRV. 
Genetically modified potatoes were increased within the certification industry in 
Canada but public opposition and concerns resulted in withdrawal of all of the New-
Leaf™ varieties from the Canadian certification programme and from the Canadian 
market in 2000 (Kaniewski and Thomas 2004).

Monsanto NewLeaf (™) transgenic potato were withdrawn from markets around 
the world in the year 2000 due to public worries and pharmaceutical regulators’ 
concerns about interference with antibiotics by initiation of multiple resistance phe-
nomena (Hickman and Roberts 2013). New release of transgenic potato developed 
by Simplot Co. under the trade name ‘Innate’ is under study by the US Food and 
Drug Administration (FDA; Dykes and Melton 2013). Simplot researchers claim 
that “Innate” potato, unlike Monsanto ‘NewLeaf’, do not contain foreign genes, 
only specific genes that have been silenced for specific traits. Meanwhile, the Ger-
man chemical company BASF is seeking approval from the European Commission 
for growing a modified starch potato ‘Amflora’ for starch industry use only (Hick-
man and Roberts 2013).

Tissue culture technologies played and will continue to play a key role in potato 
improvement because of the highly heterozygous nature of the tetraploid cultivated 
potatoes and associated tetrasomic inheritance; S. tuberosum has four homologous 
copies of each of 12 chromosomes (2n = 4x = 48; Wenzel 1994; Bhojwani and Raz-
dan 1996; Bradshow 2007a, b). Somatic hybridization of plants occurs via proto-
plast fusion. Somatic hybridization overcomes sexual incompatibility and male or 
female sterility encountered in conventional sexual crossing (Oryczyk et al. 2003; 
Guo et al. 2004). Somatic hybridization was used for a long time in potato improve-
ment programmes and somatic hybrids have been reported (Trabelsi et al. 2005). 
For example, F1 hybrid seeds were used to convert fertile potato cultivars into cy-
toplasmic male sterile seed parents (Perl et al. 1990). Cytoplasmic male sterility 
is a maternally inherited phenotype, identified by inability of a plant to produce 
functional pollen (Perl et al. 1990) and is a mitochondria-controlled trait. Cytoplas-
mic male sterility was transferred from an alloplasmic male sterile into two male 
fertile potato cultivars that were previously used as seed parents in F1 hybrid seed 
production.

Somatic hybridization and protoplast technologies were used for developing vi-
rus- and insect-resistant cultivars (Novy 2007). Hybrids were produced from the S. 
tuberosum clone PI 245939 (PVY-resistant) and a S. tuberosum dihaploid × S. ber-
thaultii cross using somatic hybridization (Novy and Helgeson 1994; Novy 2007). 
These tri-species hybrids gave poor tuber yield but vigorous plant growth so Novy 
and Helgeson backcrossed the somatic hybrids with S. tuberosum to improve yield. 
They identified three somatic hybrids with significant resistance to PVY compared 
with ‘Russet Burbank’ and two clones that were resistant to PLRV. This work may 
lead to the production of important clones for release as new specific virus-resistant 
or virus-tolerant cultivars.
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Protoplast extraction from leaf mesophyll tissues was used by Shepard et  al. 
(1980) in the production of ∼ 2500 protoclones from ‘Russet Burbank’. They identi-
fied ∼ 2.4 % of protoclones with improved agronomic as well as early ( Alternaria 
solani Sorauer) and late blight resistance traits. Thompson et al. (1986) selected po-
tato protoclones with increased resistance to PVY and PLRV. Cassells et al. (1983) 
in their comparative study of explants for calliclones, potato clones produced 
through a callus phase indirectly or directly on explant tissue, including stem pieces 
(lateral buds and stem segments), recommended the use of stem nodal cuttings and 
the involvement of advanced calliclone lines into potato improvement programmes. 
The Cassells et al. group selected ‘AC LR Russet Burbank’ among a population of 
calliclones resistant to PLRV and released it in Canada in 2002 (CFIA 2013).

Tissue culture-based technology for potato improvement depends on the iden-
tification of useful genetic variation among plants using intensive screening that 
follows in vitro regeneration techniques (Nassar et al. 2011). These variant plants 
were first called ‘somaclonal variants’ by Larkin and Scowcroft (1981). Somaclonal 
variation may reflect a combination of processes that lead to differences among 
regenerants from culture; variation between cells present in the explant (endoge-
nous variation), or variation resulting from the culture process (exogenously caused 
variation) or a combination of both processes. Endogenous and exogenous varia-
tion could come about through genetic, epigenetic, or a combination of genetic and 
epigenetic changes that occur in meristematic tissues in vitro.

8.3 � Potato Somatic Embryogenesis Technology

Somatic embryogenesis (SE) is a tissue culture technology first reported by War-
is (1957) in fineleaf waterdropwort ( Oenanthe aquatica) and Reinert (1958) and 
Steward (1958) in carrot ( Daucus carota) and has now been described in at least 
200 Gymnosperm and Angiosperm species (Tisserat et al. 1979; Evans et al. 1981; 
Tulecke 1987). It describes a developmental process involving one or more somatic 
cells that results in a morphological structure, similar to a zygotic embryo derived 
from a fertilized egg, capable of developing into a complete plant (Neumann et al. 
2009). SE was defined as the process in which a bipolar structure arises through 
a series of stages characteristic for zygotic embryo development (globular, heart, 
torpedo, and cotyledonary stages) without vascular connections to maternal tissue 
(Sharp et  al. 1980; Ammirato 1987; Terzi and Loschiavo 1990). It describes the 
developmental process of inducing somatic cells to form totipotent embryogenic 
cells that grow into a complete plantlet with shoot and root poles (Suprasanna and 
Bapat 2005).

Sharp et al. (1980) and Evans et al. (1981) distinguished direct and indirect SE. 
Direct SE is initiated from pre-embryogenically determined cells while indirect 
SE starts from cells which require redifferentiation (sometimes described as dedif-
ferentiation, or reversion to their meristematic role as parenchyma cells) before 
expressing embryogenic competence. Simply, the induction of embryogenesis in-
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volves the transformation of single parenchyma cells into densely cytoplasmic cells 
with embryogenic competence (Kohlenbach 1978). In indirect SE, callus formation 
precedes the formation of embryos. Cells capable of direct SE are physiologically 
similar to those in zygotic embryos. In those cells, the genes necessary for zygotic 
embryogenesis are active to varying degrees (Sharp et  al. 1980; Carman 1990). 
The simplicity of SE induction is a ‘memory’ of pathways either before or after 
‘competent’ cell redifferentiation (Carman 1990). Somatic embryo production tends 
to be more prolific using indirect than direct SE (Pretova and Dedicova 1992) and 
is related to a conducive environment, the amount of callus, and the proportion of 
competent cells within this callus.

The first reports of somatic embryos in potato tissues were by Lam (1975) and 
Bragd-Aas (1977). Potato was considered to be recalcitrant in the initiation of so-
matic embryos (Litz and Gary 1995) until studies by Pretova and Dedicova (1992), 
De Garcia and Martinez (1995), and many others. Pretova and Dedicova (1992) 
reported ‘SE’ in the potato ‘Desiree’ from immature zygotic embryo sections. These 
SE formed on epidermis of the hypocotyl or cotyledons of the zygotic embryos. In 
a parallel process, young seedling cells, particularly in the hypocotyl epidermis, 
were competent for embryogenic development (Sharp et al. 1980, 1982; William 
and Maheswaran 1986).

Embryoids were induced from superficial parenchyma cells on callus derived 
from tuber and leaf explants and not embedded into the callus (Lam 1975; JayaSree 
et al. 2001). The productivity of somatic embryos from nodal cuttings of 18 potato 
cultivars and 3 wild species ( S. capibaccatum, S. polyadenium, and S. trifidum) was 
low and genotype dependent (Seabrook et al. 2001). The Seabrook group empha-
sized that embryogenic callus cannot be subcultured onto fresh medium for somatic 
embryo regeneration and fresh explants must be callused to produce SE. These find-
ings contradict the observations of Nassar et al. (2011) where embryogenic callus 
was recultured onto fresh medium, with high cytokinin and gibberellins and very 
low auxin, for continuous production of SE. Although as callus growth continued, 
the relative proportion of SE tended to decrease and shoot numbers increased. Re-
generation of SE was initiated at the surface of embryogenic callus cells, supporting 
observations of early workers. In contrast, shoots (calliclones) were initiated be-
neath the callus surface. Embroids were harvested at 2 cm in height and subcultured 
onto fresh medium (Fig. 8.1; Nassar et al. 2011).

Somatic embryos at the early-torpedo stage developed into plantlets within ap-
proximately 2–4 weeks (Seabrook and Douglas 2001) and this was also observed 
by Nassar et  al. (2011). Harvest of tiny potato embryoids has been done at the 
late-torpedo and/or the cotyledonary stages and these grew into plantlets (Nickle 
and Yeung 1994; Seabrook and Douglas 2001). Harvest of complete embryoids 
(with shoot and root) occurred after 3–4 weeks of subculture (Nassar et al. 2011). 
These somatic embryos resembled the seedlings of true potato seeds (TPS) with a 
vine-like growth habit, thin stems, and small leaves (Fig. 8.1c shows callused tuber 
explants supporting a ‘forest’ of SE).
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8.4 � Types of Explants Used to Produce Somatic Embryos

Somatic embryos have been produced from various explants of field-grown po-
tato plants, including tuber discs (Lam 1975; Bragdo-Aas 1977; Nassar et  al. 
2011), immature zygotic embryos (Pretova and Dedicova 1992), and microspores 

A to E: production of somaclones via somatic 
embryogenesis and in vitro micropropagation 
(A: callus, B: close-up of heart stage somatic embryo,
C: “forest” of somatic embryos, D: plantlet, and 
E: micropropagation of somaclones), F to H: field 
planting (inset) and mid-season (F: greenhouse
adaptation, G: field planting, and H: mid-season in 
the field), I: harvest, J: tuber grading with selection 
for graded tuber weight and tuber type, K to O: after
storage, selection for various traits (K: French fry 
colour, L: reducing sugars, M: disease severity, 
N: phytonutrient content via HPLC, and 
O: maintainance of somaclones (in vitro storage)).

Fig. 8.1   Stepwise pictogram shows the use of somatic embryogenesis in a potato breeding 
programme. The annual cycle of in vitro production of somatic embryos and increase through 
micropropagation (single node cuttings) for the purpose of storage in vitro and field evaluation. 
Following harvest, the first selection for improved French fry processing quality was based on 
graded tuber weight and tuber type. Following 5 months storage, the next selection was based 
on % glucose, French fry colour, phytonutrient content, and disease resistance. Somaclones with 
superior features were transferred from in vitro storage and increased via micropropagation for 
retesting as clonal lines the following year
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(androgenesis; Dunwell and Sunderland 1973). Explants from greenhouse-grown 
potato plants were used for the production of SE including single-node stem cut-
tings (Reynolds 1986), shoot meristem tips (Powell and Uhrig 1987), microspores 
(Sopory et al. 1978; Johansson 1986), and cut leaves (JayaSree 2001). Also, em-
bryoids were produced from explants obtained from potato plants grown in vitro 
including shoot meristem tips (Fiegert et al. 2000), single-node stem cuttings (De 
Garcia and Martinez 1995; Seabrook et al. 2001; Vargas et al. 2005, 2008; Shar-
ma et  al. 2007, 2008a), internodal stem cuttings, leaves, microtubers, and roots 
(Seabrook and Douglass 2001; Sharma and Millam 2004), and microtubers (Nassar 
et al. 2011).

Relative productivity of somatic embryos of the abovementioned explants was 
different from one study to another depending on genotype and media components. 
Few SE were obtained, after long induction periods averaging 3 months, from tuber 
discs, shoot tips, microspores, immature zygotic embryos, or leaves (Lam 1975; 
Bragdo-Aas 1977; Sopory et al. 1978; Johansson 1986; Powell and Uhrig 1987; De 
Garcia and Martinez 1995; JayaSree 2001; Seabrook et al. 2001). The average num-
ber of somatic embryos produced on one stem explant varied based on genotype, 
from 2.2 (‘Yukon Gold’) to 44.5 (advanced clone; F83065; Seabrook and Douglas 
2001). An embryogenic cell suspension system was efficient in the production of 
SE from callus of nodal cuttings; approximately 600 SE were produced on 1 g cal-
lus in 50 ml of media (Vargas et al. 2005). One single nodal cutting produced an 
average from three replicates of 65 SE when callus was induced with 20 μM of 
2,4-dichlorophenoxyacetic acid (2,4-D) pulse treatment for 60 min after 8 weeks on 
embryo-induction stage medium (Sharma et al. 2007). The greatest number of SE 
(> 1000) were produced from field-grown tuber and microtuber explants of ‘Russet 
Burbank’ and callus transplanted onto fresh SE-formation medium (Nassar et al. 
2011). This improvement led to multiple harvests of SE every ∼ 3 weeks after mul-
tiple rounds (three to four times) of subculture of callused explants onto fresh SE-
formation medium.

8.5 � Growth Regulators and Induction of SE

The indirect production of SE involves sequential use of two media; the first is for 
callus induction and the second is for SE initiation and growth (Lam 1975; De Gar-
cia and Martinez 1995; JayaSree et al. 2001; Seabrook and Douglass 2001; Sharma 
and Millam 2004; Sharma et al. 2007; Nassar et al. 2011). The duration of each 
stage depends on the growth regulator content and ratio. For example, high auxin 
and high temperature were favourable for cell proliferation while high cytokinin 
and alternating low temperature promoted SE initiation (Lam 1977b). Enhanced 
SE production efficiency from different tissue explants and media component al-
terations has not been sufficiently tested. Molecular and biochemical involvement 
of plant hormones and growth regulators in the development of somatic embryo-
genic tissues has not been described clearly for potato. In addition, the role of plant 
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growth regulators in the induction of somatic cells and tissues at different stages of 
maturity into embryogenic cells or tissues is still vague and needs more study.

The Murashige and Skoog (MS) basal salt medium (Murashige and Skoog 1962) 
supplemented with various auxins and cytokinins was the most commonly used 
medium to induce calli and somatic embryos on potato tissues (Table 8.1). Auxins 
are considered the controlling factor for embryo development, as endogenous auxin 
levels are critical during induction and expression of SE potential (Cooke et  al. 
1993; Sharma et al. 2007). Addition of 2,4-D increases the exogenous level which 
impacts the endogenous auxin level and promotes cell division and development 
of a hormonal gradient required for embryogenesis (Michalczuk et al. 1992). Then 
embryogenesis is expressed depending on plant species, genotype, and physiologi-
cal condition of donor plant and explant (Sharma et al. 2007).

8.5.1 � Callus Induction Stage

During callus induction, auxins such as 2,4-D and others (naphthalene acetic acid, 
NAA; indole acetic acid, IAA; or low concentrations of cytokinins (6-benzylamino-
purine, BAP)) control embryogenesis. These auxins may be required to induce cal-
lusing but must be removed during embryo initiation due to their suppressive effect; 
auxin withdrawal is one trigger for SE (Suprasanna and Bapat 2005). Many studies 
were conducted using various potato tissues as explants. For example, callus was 
induced on tuber discs incubated in MS basal medium for 1–2 days in the dark 
and then transferred to 16-h light (108 μmol m−2s−1) at 26°C (Lam 1975). NAA at 
2 mgl−1 was used for cell proliferation and formation of friable callus 3 ½ months 
after explantation (Lam 1977a). Regeneration of plantlets from isolated single cells 
of potato tubers of ‘Superior’ and S. demissum was achieved through several culture 
steps (Lam 1977b). First, friable callus was initiated on tuber discs on MS medium 
with 2,4-D (3 ppm) at 27°C with 145.8 μmol m−2s−1. Then a cell suspension was 
prepared from that callus by agitating 1 g callus under dim light (2.7 μmol m−2s−1) at 
27°C. The cell suspension was recultured every 2–3 weeks. Seven to ten days after 
subculture, single cells were isolated and callused under dim light. Calli were trans-
ferred onto SE induction medium at 21°C and 145.8 μmol m−2s−1 for SE production 
and plantlet regeneration (Lam 1977b).

Incubation of potato tissues on a medium with 2,4-D was necessary for em-
bryogenic competence to occur; meaning that the auxin played a key role in the 
embryogenic determination programming of cells (Pretova and Dedicova 1992; 
Pretova and Obert 2006). Stem nodal segments of ‘Superior’ were callused on MS 
basal salt medium supplemented with yeast extract (0.5 mgl−1) and 2,4-D (4 mgl−1) 
for 37 days at 23 ± 1° C with 16-h photoperiod (50 µmol m−2s−1). Friable green cal-
lus was produced 12–30 days after initiation, becoming brown and compact after 
three rounds (total of about 90 days) of subculture (De Garcia and Martinez 1995). 
Leaf explants of ‘Jyothi’ incubated at 25 ± 2°C and 16 h light from cool fluorescent 
lamps (50 μmol m−2s−1) on MS medium supplemented with 2,4-D (0.9 µM) and 
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BAP (10 µM) initiated nodular embryogenic callus on the cut ends of leaf explants, 
while using NAA (1.1 µM) with BAP (10 µM) produced compact embryogenic calli 
(JayaSree et al. 2001). Nodular embryogenic callus was induced during 7–14 days 
using IAA (19  µM) and either BAP (0.15  µM) or thidiazuron (TDZ; 0.15  µM) 
on MS medium at 19°C with 100 μmol m−2s−1 from cool white fluorescent lights 
(Seabrook et al. 2001; Seabrook and Douglass 2001).

Friable callus was induced on single-node cuttings (1–1.5 cm) after 2 months on 
MS solid medium supplemented with 2,4-D at 25 ± 1°C and 50 μmol m−2s−1 (Var-
gas et al. 2005, 2008). Then embryogenic cell suspension cultures were established 
from friable callus onto MS liquid medium with yeast extract (1 gl−1), citric acid 
(50 mgl−1), ascorbic acid (50 mgl−1), kinetin (0.5 mgl−1), and 2,4-D (0.5 mgl−1) at 
25 ± 1°C after 4 weeks (Vargas et al. 2005, 2008). Callus was induced after 2 weeks 
of incubation on MS medium supplemented with 2,4-D (5 μM; Sharma and Millam 
2004; Sharma et al. 2007). Sharma et al. (2007) tried to improve or accelerate the 
somatic embryogenic process by reducing the time required for explants to callus 
using different concentrations of 2,4-D (2,4-D pulses) applied at various intervals. 
They concluded that pulse treatment of cultured explants with 20 μM of 2,4-D solu-
tion for 1 h could shorten the induction phase of somatic embryos by 2 weeks. How-
ever, while they succeeded in inducing the SE in a shorter time, they mentioned that 
the 2-week preparatory period was required for competent cells to form the somatic 
embryos (Sharma et al. 2007).

8.5.2 � Embryoid Initiation Stage

Following the callus stage, come the embryo initiation and developmental (tran-
sitional) stages. These involve the addition of cytokinin (BAP, zeatin), gibberel-
lin (GA3), and relatively low concentrations of auxin (IAA, NAA) to the medi-
um (Table 8.2). Cytokinins and GA3 have beneficial effects on embryo initiation 
and development (Brown et al. 1995) by promoting shoot growth and elongation 
(JayaSree et al. 2001). Embryoids originate from parenchyma cells on the surface 
of the callus. These develop into plantlets superficially and once these SE plantlets 
are harvested, a new group of SE began to grow, also superficially (JayaSree et al. 
2001; Nassar et al. 2011).

BAP was described as a critical hormone for shoot induction from parenchyma 
cells of potato tubers because it caused the greatest explant disc expansion and chlo-
rophyll retention (Lam 1975), promoted protein synthesis by interacting with plant 
ribosomes (Berridge and Ralph 1970), and promoted cambial activity (Loomis and 
Torrey 1964). The use of BAP (4 µM) was necessary for initiation of SE on micro-
spore explants (Sopory et al. 1978). Shoots were initiated 7 weeks after tuber disc 
explants of potato ‘Superior’ were cultured on a MS medium supplemented with 
0.4 ppm of BAP. More than three shoots on average were obtained after 4 months. 
However, shoots were abnormal and without any roots (Lam 1975). Normal plant-
lets (true SE) were formed from tuber discs incubated on MS medium with specific 
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auxin–kinetin ratio (Lam 1977a). Zeatin increased the chlorophyll in callus and was 
required for plantlet formation (Lam 1977a). Calli of single cells (10–15 mm) of 
tuber tissues of ‘Superior’ and S. demissum were transferred onto a basal medium 
with 0.2 ppm of NAA for shoot production, which was observed after 5–7 weeks 
(Lam 1977b).

SE induction and growth was enhanced by cold treatment (7 °C for 3 days) and 
addition of N, N- dimethylsuccinamic acid and l-cysteine–HCl to anther cultures 
of ‘Maria’, ‘Stina’, and ‘Elin’, respectively (Johansson 1986). After the callusing 
phase, the greatest number of SE was obtained by placing anthers on cubes of sold 
medium surrounded with growth regulator-free liquid medium for 1 week and af-
terwards on a medium containing 2,4-D (Johansson 1988). Shoot regeneration from 
SE or callus was accomplished on the K3 medium (Nagy and Maliga 1976) with 
1 % sucrose, 1 mgl−1 of zeatin, 1 mgl−1 of BAP, and 0.1 mgl−1 of IAA (Johansson 
1988). Addition of 2,4-D or zeatin after the first week of callus induction from an-
ther explants on a growth regulator free medium stimulated and enhanced embryo 
production (Johansson 1988). Addition of dicamba or 2,4-D to either MS or Mon-
nier basal medium (Monnier 1978) induced somatic embryos at greater frequencies 
than vitamin B5 with BAP and yeast extract (Pretova and Dedicova 1992). Callused 
leaf explants were transferred onto MS medium containing zeatin (4.6–22.8 µM), 
BAP (10.0 µM), and/or GA3 (14.4 µM; JayaSree et al. 2001).

Media that contained zeatin and BAP, required for plant shoot development, pro-
duced the greatest number of SE directly from meristematic centres produced on 
nodular callus tissue after 2–4 weeks. The highest frequency of SE development 
from the initial globular stage to fully developed cotyledonary stage occurred in the 
presence of zeatin (22.8 µM) and BAP (10 µM). Low concentration (4.6–9.1 µM) 
of zeatin (and no auxin) produced globular embryos while greater concentrations 
(13.7–22.8  µM) supported further development of embryos to the torpedo and 
cotyledonary stages (JayaSree et  al. 2001). Callus was subcultured three times, 
once every 30 days, on MS medium with 2,4-D (2 mgl−1) under continuous light 
of 50 µmol m−2s−1 then it differentiated, forming SE on MS medium supplement-
ed with BAP (1 mgl−1) or GA3 (0.1 mgl−1; De Garcia and Martinez 1995). After 
the callusing stage, somatic embryos of 18 tetraploid potato cultivars, diploid and 
monoploid germplasm, and three wild species were initiated and produced within 
14–28 days on MS salts with zeatin (12 µM), IAA (50 nM), and GA3 (550 nM; 
Seabrook et al. 2001; Seabrook and Douglass 2001).

8.6 � Histology of Somatic Embryos

Somatic embryos resemble zygotic embryos; these pass through the same embryo-
genic transition stages: globular, heart, torpedo, and late torpedo cotyledonary. SE 
transition stages were monitored under the scanning electron microscope and some 
secondary globular embryoids were formed in the hypocotyl area of the torpedo 
stage SE (De Garcia and Martinez 1995; JayaSree et al. 2001; Seabrook and Doug-
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lass 2001; Vargas et al. 2005). Sharma and Millam (2004) examined the histological 
stages of somatic embryos through a stereo microscope and photographed with a 
Nikon digital camera. They noticed first the globular-stage embryos accompanied 
by protoderm development (visible at early- and late-globular stages), cotyledon-
ary initials (heart-shaped stage), and torpedo-shaped embryos (late-heart-shaped) 
which were similar to potato zygotic embryos and the mature cotyledons had dif-
ferentiating apical meristems (Sharma and Millam 2004).

A histological study conducted by Vargas et al. (2005) showed that the compe-
tent callus cells that became embryogenic cells were isodiametric, with thick cell 
walls, dense cytoplasm, prominent nuclei, and many starch grains compared with 
non-embryogenic cells. Accumulation of extracellular proteins of different sizes oc-
curred for different stages of embryogenesis tested using sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE; Vargas et  al. 2005). At the first 
stage (cell clusters, free cells, and cell suspension), a 78-kDa protein was dominant. 
At the second stage (embryogenic cell determination), 7–14 kDa proteins were de-
tected. In the third stage (developmental stage), a 32-kDa protein was secreted from 
the cell. In the final stage (torpedo and mature embryos), 20–50 kD proteins were 
reported (Vargas et al. 2005).

8.7 � Molecular Aspects of SE

The biochemical and molecular events of plant SE were reviewed by Suprasanna 
and Bapat (2005). Conversion of somatic cells into embryogenic cells is character-
ized by RNA and DNA synthesis, change in cell pH, increase in oxygen uptake and 
kinase activity, migration of nuclei towards the cell wall, changes in cytoskeleton, 
conversion of adenosine triphosphate (ATP) to adenosine diphosphate (ADP), and 
inactivation of cytosolic and maturation–promotion factors (Suprasanna and Bapat 
2005). Differential gene expression was proposed as a mechanism of embryogen-
ic capability but not studied (Seabrook et al. 2001; Seabrook and Douglass 2001; 
Figueroa et al. 2002). Genes at various stages of plant SE were grouped into five 
classes with a complex system during SE stages (for more information see Kom-
amine et al. 2005; Suprasanna and Bapat 2005). Gene classes are expressed: (1) 
during the entire plant growth, (2) in the embryo induction stage (embryo specific) 
but not expressed at late stages, (3) during early embryogenesis after the induction 
stage, (4) during the expansion phase of the cotyledon and plantlet maturation, and 
(5) throughout the entire embryo initiation and production stages.

Sharma et al. (2008a) described the only study of gene expression during the 
various SE stages in potato using DNA microarray with functional classification on 
gene ontology (GO). They induced SE on single nodal segments of in vitro grown 
plantlets following two contradictory induction conditions: embryo forming (ab-
sence of 2,4-D at the SE initiation stage) and embryo inhibitory (presence of 2,4-D 
at the SE initiation stage). Circadian gene expression profiles of both contrasting 
conditions revealed 358 transcripts that showed differential gene expression pat-
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terns during the induction phase (callusing; 14 days long), 480 transcripts during the 
embryo transition phases (SE development and growth; 21 days long), and 44 tran-
scripts common to both phases. Functional classification on GO showed that most 
of the transcripts were involved in apoptosis, development, reproduction, stress, and 
signal transduction, which were associated with the SE process but no mention was 
made of the relationship to zygotic embryogenesis (Sharma et al. 2008a).

In detail, Sharma et al. (2008a) studied five samples at different stages of callus 
and SE transition developmental stages; excised explants (0 time), embryogenic 
callus (14 days), SE transition stages; (21 and 28 days), and growth of SE (35 days). 
They reported that during SE production, the mechanical injury of explant excision 
and growth hormone stress changed the normal plant cell development-signalling 
pathway (Sharma et al. 2008a). Complementary DNA (cDNA) and GO profiling 
identified 358 and 480 differentially expressed transcripts for induction (comparing 
0- and 14-day samples) and embryo transition (embryo-forming condition; multiple 
comparison between results of samples collected at 0, 14, 21, 28, and 35 days) and 
44 transcripts were common to both stages. About 27 genes were identified during 
the induction phase with about 16 others that might also contribute.

Reduction in the expression of proliferating cell nuclear antigen ( PCNA) gene 
homologue indicated that apoptosis precedes SE (Sharma et  al. 2008a). Polarity 
in explants/cells was critical for embryogenesis to proceed and auxin movement 
in tissues controlled it (Sharma et al. 2008a). Auxin influx and efflux facilitators, 
AUX1 (auxin influx carrier protein1/polar auxin transport inhibitor-resistant pro-
tein1), pinformed ( PIN), and P-glycoprotein ( PGP) control auxin polarity (Parry 
et al. 2001; Paponov et al. 2005; Geisler and Murphy 2006). Sharma et al. (2008a) 
identified upregulation in transcripts of EMB30/GNOM (an endosome regulator of 
vesicle trafficking and involved in the control of PIN localization) at the end of 
the induction phase, formation of pre-embryogenic masses, which indicates that 
most events for proper embryo development occurred during the induction phase 
(Sharma et al. 2008a). Also, the auxin influx carrier protein (a homologue of AUX1) 
and an ATP-binding cassette (ABC) transporter family protein were upregulated 
by the end of the induction phase. The ABC transporter family protein could be a 
PGP4 homologue and was assumed to be involved in auxin influx (Terasaka et al. 
2005; Santelia et al. 2005; Sharma et al. 2008a). During embryo transition phases, 
transcripts of two ABC transporter family proteins (possible homologues of PGP) 
and a polysaccharide ABC transporter permease showed significantly differential 
regulation. This suggests that while PIN-mediated auxin channelling was opera-
tive during 2,4-D-fortified induction leading to the generation of pro-embryogenic 
masses, the PGP-mediated alterations in auxin distribution were functioning for 
re-establishing PAT in the absence of exogenous auxin, leading to the transition of 
pro-embryogenic masses into somatic embryos (Sharma et al. 2008a). At the end of 
the induction phase, polarity of SE was ensured by downregulation of S-adenosyl-l-
methionine:carboxyl methyltransferase ( SAM; Sharma et al. 2008a).

During induction of embryos, SE-specific tubulin- and actin-binding protein 
genes (villin and profilin) were upregulated. At the late stages of embryo devel-
opment, genes encoding glycine- and proline-rich proteins were expressed. DNA 
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topoisomerase-I and glutamine synthetase showed enhanced expression trends 
throughout the embryo transition stages especially at the torpedo stage. Calcium-
mediated signal transduction is important during SE in potato. During the induction 
phase, calmodulin-like domain protein kinase ( CPK2) homologue expression was 
increased. CPK2 was associated with greater levels of the calmodulin (CaM)-bind-
ing family of proteins throughout embryo transition stages (21, 28, and 35 days). 
Also, upregulation of the transcripts of the calcium exchanger ( CAX1; involved in 
CaM transport) occurred during the induction phase.

Somatic embryogenesis receptor kinase ( SERK) gene family was critical to sig-
nal transduction during SE. SERK was a molecular marker for the identification of 
competent and non-competent cells for SE (Schmidt et al. 1997). SERK encodes for 
a protein having an N-terminal domain with five LRRs acting as a protein-binding 
region. The SERK protein has a proline-rich region between the extracellular LRR 
domain of SERK and the membrane-spanning region. SERK transcripts were up-
regulated during the callus phase (Sharma et al. 2008a) and did not change during 
the subsequent embryo transition stages. SERK was expressed from the induced 
embryogenic cell stage to the globular stage but not detected in non-embryogenic 
stages (Schmidt et al. 1997; Sharma et al. 2008a, b). The StSERK expression, during 
the progression of SE, was further confirmed using real-time reverse transcription 
polymerase chain reaction (RT-PCR; Sharma et al. 2008b).

Oxidative stress affects SE induction where it activates mitogen-activated pro-
tein kinase ( MAPK) cascades in plants (Kovtun et al. 2000). Transcripts of MAPK 
were upregulated during the induction and the embryo-forming phases (Sharma 
et al. 2008a). During SE, KNAT1 (homeobox protein knotted-1 like 1), a KN-1 or-
tholog, showed significant differential gene expression during the embryogenesis 
stages. Functionally, KNAT1 was expressed during the cell progression and diver-
sification process (Sharma et al. 2008a). KNAT1 expression corresponds with the 
conversion of heart-stage to torpedo-stage embryos and could potentially be used as 
a developmental marker to characterise this particular embryo transition phase. An-
other homeodomain transcription factor KNAT7 was also significantly upregulated 
throughout the embryoid stages (Sharma et al. 2008a).

Arabinogalactan proteins (AGPs), extracellular-expressed proteins, and lipid 
transfer proteins (LTPs) were highly expressed at 1 and 3  weeks of the embryo 
induction phase. LTP1 and LTP2 transcripts were highly expressed after 2 weeks of 
the embryo transition phase. Late embryogenesis abundant (LEA) protein ortholog 
showed a progressive trend in expression. Its expression peaked by the third week 
of the embryo transition phase, which suggests that the potato SE were accumu-
lating appropriate gene products for protection against a period of desiccation, as 
would be expected in zygotic embryogeny (Sharma et al. 2008a). By 28 and 35 days 
of SE development, germins/GLPs gene was induced in the embryos (Sharma et al. 
2008a).

A series of events occur during potato embryogenesis that was interpreted based 
on cDNA array data. This started with upregulation of a CCAAT-box binding tran-
scription factor (homolog of leafy cotyledon 1 ( LEC1)) during the callus phase. 
CCAAT-box and LEC1 were downregulated after 1 week into the embryo induction 
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phase and peaked after 2 and 3 weeks, corresponding with the heart-shaped embryo 
and maturation phases, respectively. FUSCA and abscisic acid insensitive 3 ( ABI3), 
transcripts of associated seed storage protein genes, were upregulated during the 
late stages of embryogenesis. These data indicate that the CCAAT-box-binding fac-
tors (a potential LEC1 ortholog in potato), ABI3, and FUSCA proteins may have a 
significant role during SE growth. Moreover, a gene encoding a germin-like protein 
homologue (germin-like protein 6; GLP6), which was classified under nutrient res-
ervoir activity significantly upregulated after 2 and 3 weeks (Sharma et al. 2008a).

It was apparent that genes with alternate functions apart from SE are also in-
volved in various stages of SE. For example, transcripts of the floral homeotic pro-
tein gene APETALA2 ( AP2) were significantly upregulated through callus induc-
tion and up to 2  weeks into the embryo-induction phase (Sharma et  al. 2008a). 
AP2 plays active roles in the formation of the floral meristem, specifying floral 
organ identity, and in the regulation of the expression of floral homeotic genes in 
Arabidopsis. Additionally, patatin-like protein transcripts were upregulated during 
the induction phase. Moreover, transcripts of defective-in-antherdehiscence1 were 
highly expressed at the end of the callus phase (Sharma et al. 2008a). This gene 
product initiates jasmonic acid biosynthesis and has a regulatory function in anther 
dehiscence, pollen maturation, and flower opening (Ishiguro et al. 2001).

Gibberellin (GA) biosynthesis pathway was induced during SE. For example, 
the transcript profile of a GA3 biosynthesis gene homolog, ent-Kaurenoic acid oxi-
dase, was induced throughout all embryo-forming stages and peaked at 35 days. 
The absence of GA3 from the medium inhibited the development of somatic embry-
os (Sharma 2006). Transcripts of gibberellin oxidase-like protein were found to be 
upregulated throughout the embryo transition stages and peaked at 35 days. There-
fore, addition of GA3 during embryogenesis is critical for efficient SE in potato 
(Sharma et al. 2008a). Another gene, xyloglucan endo-transglycosylase ( XET), was 
induced at all embryo-forming stages. XET catalyzes the cleavage of xyloglucan, 
which causes a loosening of the cell wall. No apical meristem ( NAM) was expressed 
during the transition from globular to heart stage of SE. Enhanced scarecrow ( SCR) 
expression (post-torpedo stage) possibly limits the capacity of somatic embryos to 
enter dormancy and enhances root formation (Sharma et al. 2008a).

8.8 � Use of SE

SE has versatile use in plant biotechnology. Extensive use of SE occurs in genetic 
improvement (molecular transformation) technology and in direct or indirect ad-
ventitious propagation of plants. It is also described as the best model to study 
early regulatory and morphogenetic events during plant development (Zimmerman 
1993; Suprasanna and Bapat 2005). SE are used for large-scale production of po-
tato through synthetic seed (synseed) derived from various tissue explants, which 
may also include cryopreservation, followed by regeneration of plants (Bajaj 1995; 
Smith 1995; Neumann et al. 2009). The unicellular origin of somatic embryos is 
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believed to rule out the creation of chimeras (Gioregetti 1995; Sharma and Millam 
2004). However, it is well documented that genetic variation is a common feature of 
callus growth, and indirect SE production is therefore liable to reflect the variation 
inherent in the callus it is derived from. For this reason, SE is generally considered 
unsuitable for clonal increase and maintenance of potato cultivars. This somatic 
(somaclonal) variation may be negative or positive and can be utilized to generate 
somatic lines with variant genetic traits for disease resistance and better agronomic 
or nutritional characteristics (Haberlach et al. 1985; Pretova and Dedicova 1992; De 
Garcia and Martinez 1995; JayaSree et al. 2001; Nassar et al. 2011, 2014).

Synthetic seeds have long been considered a promising alternative to conven-
tional potato tubers or cut seed tubers because this technology produces specific 
virus-free, assumed genetically identical (genetically similar) materials, that are 
relatively easy to handle and transport (Bordallo et al. 2004; Sharma et al. 2007). 
Somatic embryos were hardened for 2 weeks before being desiccated and coated for 
use as synseed (Pond and Cameron 2003). This induces quiescence in the embryos 
and provides more handling flexibility in large-scale production systems (Gary 
et al. 1991). Both TPS and synseed require a relatively long growing season and 
are not generally recommended for the short season temperate zone, although they 
have been promoted by CIP (International Potato Center 2013) for more economical 
production of potato in the tropics (Engels et al. 1993; Bradshaw 2007b; Khourgami 
et al. 2012; CIP 2013).

If SE are to be used for synseed purposes, bioreactors would be necessary for 
large-scale SE production followed by encapsulation and field planting (Fiegert 
et al. 2000; Nyende et al. 2002; Schafer-Menuhr et al. 2003). Little progress has 
been done to develop synthetic seeds for potato due to problems of somaclonal vari-
ation (non-identical somatic embryos that may vary from cultivar type), long peri-
ods required for induction and production of embryos, and difficulty synchronizing 
embryo maturity (Fiegert et al. 2000; Bordallo et al. 2004). SE have been used in the 
production of monohaploids and diploids through anther culture (androgenesis; the 
in vitro culture of whole anthers or free microspores; Wenzel 1994).

8.9 � SE and Potato Improvement (Making Use  
of Somaclonal Variation)

SE has been applied to developmental studies, crop improvement, and genetic trans-
formation of a wide range of plant species (JayaSree et al. 2001). The advantage 
of using SE in potato improvement is the occurrence of potentially useful somatic 
variation from direct or indirect regeneration routes. Somatic variation is relatively 
greater from indirect SE and shoot production via callused explants. Somaclonal 
variation among individual somatic embryos or shoots could result from structural 
changes, change in chromosome numbers, point mutations, and changes in the ex-
pression of a gene due to structural changes in the chromosome (heterochromatin 
and effects of position). Variation could also be due to activation of transposable 
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elements, chromatin loss, DNA amplification, somatic crossing over, and somatic 
reduction and structural changes in the cytoplasmic organelle DNA (Kaeppler et al. 
2000) or combinations of these phenomena. The use of certain plant growth regu-
lators, particularly over long culture intervals, increases the incidence of somatic 
variation. For example, using 2,4-D instead of NAA increased the frequency of 
abnormal plants (Shepard 1981). Several factors could affect the incidence of soma-
clonal variation, including genotype, explant source, in vitro period, and cell/tissue 
cultivation conditions (Larkin and Scowcroft 1981; Bordallo et al. 2004).

Production of haploids using embryogenesis is a tool of plant breeding (Johans-
son 1986). Monohaploid plants of S. tuberosum were produced through embryo-
genesis in microspore cultures from dihaploid donor plants (Jacobsen and Sopory 
1978). Of 14 studies of potato SE, only one evaluated somaclones in the greenhouse 
and noted ‘off-types’ (Seabrook and Douglas 2001). Somatic embryoids of potato 
were not tested in the field until the recent work of Nassar et al. (2008, 2011, 2014). 
A wide range of different sizes and structures of potato embryoids were noticed 
within callus (De Garcia and Martinez 1995; JayaSree et al. 2001) which suggests 
different origins of the embryos. In calli of ‘Bintje’ a mixture of cells with different 
chromosomal numbers (24–200) occurred (SreeRamulu et  al. 1983). Cytological 
examination of embryoids and plantlet root tips revealed monohaploids and dihap-
loids (Sopory et al. 1978).

Differences in chromosome number and mitotic abnormalities throughout callus 
formation and embryo differentiation indicated genetic variation among regenerants 
(Vargas et al. 2005). This group observed accumulation of extracellular proteins of 
various molecular weights at different stages of embryogenesis. However, cyto-
genetic analysis of plants obtained from embryogenic-cell-suspension culture of 
‘Désirée’ including callus tissue, embryogenic cells at the globular, heart, or torpedo 
stages, and root apices of 20 regenerated plants were homogeneous when tested 
using random amplified polymorphic DNA (RAPD) analysis (Vargas et al. 2008). 
In addition, very low level of amplified fragment length polymorphism (AFLP) 
marker profile variation was seen (3 out of 451 bands) among 15 somatic embryos 
of ‘Désirée’ (Sharma et al. 2007). The low level of molecular variation observed 
could possibly be because of epigenetic variation (DNA methylation changes) that 
occurs during the process of SE (Sharma et al. 2007).

Phenotypic variation and nuclear microsatellite polymorphism (nDNA) were 
studied in (di)haploids and tetraploid genotypes of S. tuberosum through andro-
genesis (Sharma et al. 2010). About 3–7 %, increase in nDNA content occurred in 
anther-derived tetraploids. The (di)haploids and their anther donors showed unique 
genotypes at the microsatellite loci POTM1-2, STM0015, and STM0019b while the 
tetraploids had the same allelic profiles with their anther donor except at STM0019a 
which was characterized by the absence of a 186-bp allele (Sharma et al. 2010). A 
specific new allele was detected for the locus STWAX-2 where the standard donor 
alleles were replaced by a 230-bp allele in both C-13 and D4 (di)haploids. The over-
expression of microsatellite variation in D4 showed triallelic profiles at the mic-
rosatellite loci POTM1-2 and STM0015 attributed to its chimeric structure, which 
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might have been formed through incomplete fusion of two different pro-embryos 
during the first steps of microspore division (Sharma et al. 2010).

There has been relatively little effort invested in improving potato using SE tech-
niques (Lam 1977a; De Garcia and Martinez 1995) until Nassar et al. (2011, 2014). 
This group developed an in vitro model system to study the periclinal chimeral 
status of ‘Russet Burbank’ using SE. The putative periclinal chimeral structure 
NB ‘Russet Burbank’ (New Brunswick clone of ‘Russet Burbank’) was studied 
over two field seasons using populations of intraclones (somatic embryos derived 
from specific tuber source tissues; periderm, cortex, and pith) produced through SE 
(Nassar et al. 2008). The tubers of intraclones derived from all histogenic layers 
were russet, which indicated that ‘Russet Burbank’ was not organized in a periclinal 
chimera arrangement for an L1 and/or L2, mutation of ‘Burbank’. This did not de-
finitively prove that the original mutation from ‘Burbank’ was not of this type, but 
showed that the current arrangement was not a periclinal chimera.

These efforts marked the start of a McGill University effort to improve NB ‘Rus-
set Burbank’ for French fry processing through field and processing evaluation of 
somatic embryo-derived plants (Fig. 8.1). Approx. 800 intraclones were regener-
ated from field-grown tubers or microtubers. Approx 2–9 % of intraclonal plants 
had similar yield and tuber type to ex vitro plantlet or field-tuber-derived plant 
controls but superior processing features (lower % glucose and better fry colour 
after 5 months storage). The single cell origin of these somatic variants suggested 
that they are more likely to be stable (Nassar et al. 2011). This seems to be the case 
as 25 advanced lines were repeatedly tested over 4 years as ex vitro plantlets and 
found to be stable in yield and in reducing sugars/fry results following 5 months 
storage (Nassar et al. 2011). Twenty-five advanced somaclones that were selected 
out of 800 on the basis of yield (mean tuber weight), tuber type, low reducing sugar 
levels, and good French fry colour after late storage (≥ 5 months) were examined for 
phytonutrient characteristics. SE technology produced enough variation for selec-
tion of nutritionally improved clones with greater antioxidant capacity and greater 
concentration of phenolic compounds; chlorogenic acid, caffeic acid derivatives, 
ferulic acid derivatives, rutin, and ascorbic acid with 2, 0.6, 0.5, 0.5, 0.4 and 0.1 % 
of improvement, respectively, out of 800 clones (Nassar et al. 2014).

Comparing the percentages of improved lines with what has been reported in 
the literature and taking into consideration the challenges of conventional potato 
breeding, somaclonal selection appeared to be a useful strategy for both processing 
and phytonutrient improvement in potato. Selection among advanced somatic lines 
for multiple traits (improved processing, better phytonutrient status) was attained. 
These results suggest that field-based somaclonal selection of NB ‘Russet Burbank’ 
has the potential to significantly improve this potato cultivar. Nassar et al. (2011, 
2014) recommended that SE technology be used to improve advanced lines within 
potato breeding programmes prior to registration.
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8.10 � Conclusions

While SE has been described for potato since the 1960s, genetic, epigenetic, and 
biochemical characterization of the process is still in its infancy. Several new tech-
niques will help elucidate SE variation, including DNA microarray, RNA tran-
scriptomic, and/or metabolomic and proteomic approaches. Further work should 
be directed toward the complete identification of gene(s) that control the initiation 
and regeneration of potato somatic embryos, relation between growth regulators in 
media and SE, and specific proteins related to embryogenesis. The work of Sharma 
et al. (2008a) illustrated some of the underlying mechanisms of somatic embryo 
stages yet embryo stages, organ formation, and embryo maturation require further 
study. We recommend incorporation of SE technology into potato breeding pro-
grammes for the improvement of advanced lines.
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9.1 � Introduction

The concept of hybrid vigor has gradually emerged since the eighteenth century 
when J.G. Koelreuter observed individual plants resulting from interspecific cross-
es in various genera, such as Nicotiana, Dianthus, Verbascum, Mirabilis, and Da-
tura (Zirckle 1952). These observations were confirmed a century later by Darwin 
(1876) in vegetables, and by Beal (1880) in maize. In 1914, Schull coined the term 
“heterosis” to define this physiological state of vigor of plants produced from cross-
es between parental lines that originate from sufficiently different genetic pools 
(Schull 1952). Relatively high heterosis has been reported as a general feature of 
F1 hybrids in Brassica species: up to 80 % higher seed production compared to the 
mid-parent value in winter oilseed rape ( Brassica napus; Lefort-Buson and Dattée 
1982), 90 % in Indian mustard ( Brassica juncea; Pradhan et al. 1993), and 60 % in 
summer turnip rape ( Brassica rapa; Falk et al. 1994).

However, it is only relatively recently that breeders have been able to take ad-
vantage of heterosis for plant breeding. In the case of plants that reproduce by seed, 
obtaining large amounts of F1 hybrid seed requires controlling cross-fertilization on 
a very large scale. The best way to do so is to grow large female stocks that will be 
pollinated by a male parent and harvest F1 seed from these stocks. Female stocks 
can be obtained mechanically in monoecious species and sometimes by chemical 
means in hermaphrodite species. However, the most efficient system involves ma-
ternally determined male sterility. Jones and Clarke described the first male-sterility 
system used for the production of hybrid varieties in onion ( Allium cepa; Jones 
and Clarke 1943). In the following decades, similar systems were developed in a 
wide range of species such as sorghum ( Sorghum bicolor), sugar beet ( Beta vul-
garis), corn ( Zea mays), sunflower ( Helianthus annuus), rice ( Oryza sativa), carrot 
( Daucus carota), etc.
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Studies on heterosis in Brassica have stimulated research on male-sterility 
systems, and they have greatly benefited from a wide range of biotechnological 
approaches such as interspecific/intergeneric crosses, in vitro culture, somatic hy-
bridization, and genetic engineering. Only a few cases of spontaneous cytoplasmic 
male sterility (CMS) have been described in Brassica species: in B. rapa (Chinese 
cabbage; Okhawa and Shiga 1981) and in B. napus (rapeseed) with the “Polima” 
( pol) system (Fu 1981) and the “Shaan 2A” ( nap) system (Li 1986 communication 
in Chinese cited in Fu and Yang 1995).

The first CMS system described in an open-pollinated radish ( Raphanus sati-
vus) cultivar (Ogura 1968) has since been reported to be widespread in wild rad-
ish populations in Japan (Yamagishi and Terachi 1994a, 1996) and in Raphanus 
raphanistrum in Asia as well as in Europe (Yamagishi and Terachi 1997; Giancola 
et al. 2007). This CMS therefore predates the divergence between the two radish 
species.

9.2 � Somatic Hybridization in Brassicaceae for the 
Manipulation of Sex

9.2.1 � Transfer of the Ogura Radish Sterility-inducing 
Cytoplasm into Brassica

In 1974, Bannerot et al. introduced cytoplasmic male-sterile radish cytoplasm into 
Brassica oleracea (cabbage) using interspecific crosses and in vitro embryo culture 
(Bannerot et al. 1974; Yamagishi and Terachi 1994a, 1996), followed by several 
backcrosses with B. oleracea as the male parent until the B. oleracea genome (nine 
chromosomes) was stabilized in the Ogura radish cytoplasm (Fig. 9.1). Unfortu-
nately, the resulting male-sterile plants with a complete Brassica genome in an 
Ogura radish cytoplasmic background showed chlorophyll deficiency, which was 
particularly expressed at low temperatures, and therefore rendered this combination 
unsuitable for commercial hybrid variety production (Fig. 9.2). Moreover, Brassica 
plants possessing this cytoplasm had underdeveloped nectaries, with reduced nec-
tar production and malformed ovaries and pods (Fig. 9.3). Therefore, their flowers 
were not attractive to honeybees, the natural pollinators needed to ensure hybrid 
seed production. Female fertility, in terms of seed set, of these initial Ogura CMS B. 
oleracea plants was therefore reduced.

Furthermore, hybridization of these Ogura CMS B. oleracea plants with a B. 
napus male parent resulted, after cytoplasm transfer, in an Ogura CMS B. napus that 
showed the same range of defects (Pelletier et al. 1983).
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9.2.2 � Somatic Hybridization for Eliminating Ogura Cytoplasm 
Defects

The defects in chloroplast biogenesis and floral morphology in Brassica plants with 
the Ogura cytoplasm were assumed to result from negative interactions between the 
Raphanus cytoplasm and the Brassica nucleus. For eliminating them, protoplasts 

Fig. 9.1   An interspecific 
cross between an Ogura 
male-sterile radish with pol-
len of Brassica sp. followed 
by a series of backcrosses 
to Brassica, resulted in a 
male-sterile Brassica with 
Ogura radish plastids and 
mitochondria

 

Fig. 9.2   Chlorophyll 
deficiency (Y) observed in 
Brassica plants with (Ogura) 
radish cytoplasm, compared 
to normal plants (G)
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from a normal B. napus line (Table 9.1) were fused with protoplasts from a CMS 
(Ogura radish cytoplasm) B. napus, and protoplasts from a normal B. oleracea line 
were fused with protoplasts from a CMS (Ogura radish cytoplasm) B. oleracea in 
two independent experiments (Pelletier et al. 1983, 1988).

In parallel, an atrazine-resistant B. rapa (previously known as B. campestris) 
biotype was discovered in Canada (Maltais and Bouchard 1978). This resistance is 
encoded by plastid DNA. Alloplasmic B. napus lines with B. rapa atrazine-resistant 
cytoplasm have been produced and have shown to be fully resistant to the herbicide 
(Beversdorf et al. 1980). Material carrying this plastid marker trait was instrumental 
in protoplast fusion experiments for selecting cybrids that had successfully received 
this particular Brassica type of chloroplasts.

9.2.3 � Experimental Procedure for Brassica Protoplast Isolation 
and Fusion

To isolate protoplasts for cybrid production, seeds of parental lines were surface-
sterilized and then germinated in vitro. Shoot tip cultures were generated and cul-
tured on the same medium (medium A, see Table 9.2) under a 16-h photoperiod, 
150 μmol.m− 2.s− 1 light intensity, and 24°C, and repeatedly subcultured at 3-4-week 
intervals. Protoplasts were then isolated from scarified leaf fragments from these 
axenic in vitro plants by overnight maceration in 0.2 % cellulase R10 and 0.1 % 

Fig. 9.3  Malformed pods 
observed in Brassica 
plants with (Ogura) radish 
cytoplasm
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Genotype Cytoplasm Nucleus Parents of 
the fusiona

Associated traits

1 B. napus B. napus – Male fertile, green leaves, normal 
flowers, atrazine susceptible

2 B. oleracea B. oleracea – Male fertile, green leaves, normal 
flowers, atrazine susceptible

3 B. rapa atrR B. napus – Male fertile, green leaves, normal 
flowers, atrazine tolerant

4 R. sativus B. oleracea – Male sterile, yellow leaves, abnormal 
flowers,c atrazine susceptible

5 Cybrid 58 B. napus 1 + 4b Male sterile, green leaves, normal 
flowers, atrazine susceptible

6 Cybrid 17 B. oleracea 2 + 4 Male sterile, green leaves, normal 
flowers, atrazine susceptible

7 Cybrid 77 B. napus 3 + 4 Male sterile, green leaves, abnormal 
flowers, atrazine tolerant

8 Cybrid 13 B. napus 1 + 7 Unstable male sterile,d green leaves, 
normal flowers, atrazine susceptible

9 Cybrid 18 B. napus 1 + 7 Unstable male fertile,d green leaves, 
normal flowers, atrazine tolerant

R. sativus: Raphanus sativus, B. napus: Brassica napus, B. oleracea: Brassica oleracea, B. rapa 
atrR: Brassica rapa atrR 
a When applicable
b Numbers refer to column 1
c Abnormal flowers means no nectar and or malformed ovaries (see Fig. 9.3)
d Cybrids 13 and 18 produced sexual progeny and somatic segregation of fully male-sterile and 
fully male-fertile plants, hence their phenotype was considered unstable

Table 9.1   Recombination of cytoplasmic-associated traits in cybrids

Table 9.2   The various media used in vitro for protoplast, tissue, and plant culture
Medium Composition
A MS medium, 10 g.l−1 glucose, 10 g.l−1 sucrose, 10 mg.l−1 gentamicin sulfate, 

8 g.l−1 agar
B Gamborg (B5) medium, 20 g.l−1 glucose, 70 g.l−1 mannitol, 1 mg.l−1 NAA, 

1 mg.l−1 BA, O.25 mg.l−1 2,4D, 10 mg.l−1 Tween 80
C Half-strength B5 medium plus 200 mg.l−1 NH4NO3, 20 g.l−1 sucrose, 40 g.l−1 

mannitol, 0.2 mg.l−1 NAA, 1 mg.l−1 BA
D Half-strength B5 macro salts, MS microelements, 20 g.l−1 sucrose, 1 mg.l−1 

2,4D, 30 mg.l−1 adenine sulfate
E MS medium, 10 g.l−1 sucrose, 20 g.l−1 mannitol, 1 mg.l−1 NAA, 1 mg.l−1 IPA, 

0.02 mg.l−1 GA3, 8 g.l−1 agarose
F MS medium, 10 g.l−1 sucrose, 0.1 mg.l−1 NAA, 0.5 mg.l−1 BA, 8 g.l−1 agarose
G Half-strength MS medium, 10 g.l−1 glucose, 0.01 mg.l−1 NAA, 8 g.l−1 agar; pH 

adjusted to 5.8 before autoclaving
MS (Murashige and Skoog 1962), B5 (Gamborg et al. 1968), NAA: naphthalene acetic acid, BA: 
benzyl aminopurine, 2,4-D: 2,4-dichlorophenoxyacetic acid, IPA: N6 -(Δ2  isopentenyl)-adenine, 
GA3: gibberellic acid
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pectolyase Y23 in culture medium B (Table 9.2). After washing in 2.5 % KCl, 0.2 % 
CaCl2.2H2O, protoplasts were fused (Fig. 9.4a) in drops of 25 % polyethylene gly-
col 6000 in 3 % CaCl2.2H2O and subsequently further diluted directly in the petri 
dish with culture medium B to a cell density of 5 × 104.ml− 1.

A succession of different media was used (shown in Table 9.2) to stimulate the 
growth of protoplast-formed colonies and bud regeneration (Fig. 9.4b c, d). Pro-
toplasts were grown in the dark for 3 days after fusion and then transferred to an 
illuminated growth chamber, then diluted on day 12 with an equal volume of me-
dium C, and then with medium D on day 20. On day 30, colonies were plated onto 
medium E and emerging buds were placed onto medium F; after shoots developed, 
they were rooted on medium G.

No nucleus or cytoplasm inactivation is needed before protoplast fusion because 
the purpose was not to obtain a new combination of nuclei and cytoplasm but to 
allow genetic recombination between the two species’ cytoplasms, as discovered 
previously in Nicotiana tabacum (Belliard et al. 1978, 1979).

9.2.4 � Selection, Characterization, and Plastid Identification  
of Cybrids

Selection was carried out on regenerated plants by screening for new combinations 
of cytoplasmic traits that resulted from fusion events, as described in Table 9.1. 
More specifically, from the combination by protoplast fusion of B. napus or B. ol-
eracea cytoplasms with Ogura R. sativus cytoplasm, cybrids were selected to have 
not only normal greening of leaves at low temperature but also well-formed male-
sterile flowers. These cybrids were promising for developing male-sterile lines for 
F1 hybrid seed production.

AQ1

Fig. 9.4   a Brassica proto-
plast fusion, b cell colony 
formation, c derived callus 
with bud regeneration, and  
d bud growth into plantlets
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Raphanus and Brassica plastid DNAs are easily distinguished by their restric-
tion patterns (Vedel et al. 1982; Yamagishi and Terachi 1997; Giancola et al. 2007) 
and the selected green, male-sterile plants contained only the B. napus, B. rapa, or 
B. oleracea chloroplast genomes (e.g., see cybrids 58, 17, 77 in Table 9.1). These 
results demonstrate that the chlorophyll deficiency in parental male-sterile Brassica 
lines was due to a detrimental interaction between Raphanus plastids and Brassica 
nuclei.

The plastid genomes of cybrids were identical to one parental genome in the 
case of B. napus/B. rapa cytoplasmic hybridization (e.g., cybrid 18 has B. rapa 
plastids and cybrid 13 has B. napus plastids; both were derived from the same fu-
sion described in Table 9.1). Harboring one or the other parental plastid at random 
is a general feature of cybrid plants, indicating that the heteroplasmic state is very 
transitory. Nevertheless, in the cases where Ogura Raphanus plastids and Brassica 
plastids were combined by fusion in a Brassica nuclear background, the plastid 
type in recovered cybrids was always that of Brassica, indicating strong selection 
pressure against Ogura Raphanus plastids, which could result from the incompat-
ible nucleo-plastid interaction observed in plant development (i.e., the dramatically 
reduced chlorophyll content).

The progeny of cybrids resulting from the combination of B. napus or B. olera-
cea cytoplasm with Ogura R. sativus cytoplasm shows complete stability of chlo-
roplastic traits, i.e., normally green leaves and male sterility in subsequent sexual 
generations, indicating that the genetic determinants of the reverse traits (i.e., chlo-
rophyll deficiency and male fertility) are lost after the cytoplasms are combined in 
protoplast fusion, and before the development of reproductive organs. Moreover, 
regarding flower morphology, abundant nectar production was recovered to some 
extent in cybrids 58 and 17 (and several others) but not in cybrid 77 (and several 
others), indicating that nectar production is not correlated with the plastid genome 
as is the case for leaf chlorophyll content.

Similar experiments on Ogura male sterility were performed by other laborato-
ries in receipt of plant material obtained by Bannerot et al. in B. napus (Menczel 
et al. 1987; Jarl and Bornman 1988; Jarl et al. 1989;), B. oleracea (Kao et al. 1992; 
Walters et al. 1992; Walters and Earle 1993), and B. juncea (Kirti et al. 1995). When 
successful, these improved Ogura cytoplasms were introduced into other species 
such as B. rapa and B. juncea (Delourme et al. 1994) and vegetable B. rapa (Heath 
et al. 1994) via sexual crosses to produce male-sterile lines.

Protoplast fusions have also been used to transfer, or modify, other sterility-in-
ducing cytoplasms into Brassica, such as the Kosena radish cytoplasm, subsequent-
ly shown to be a variant of the Ogura cytoplasm, in B. napus (Sakai and Imamura 
1990, 1992), the “Anand” B. rapa cytoplasm in B. oleracea (Cardi and Earle 1997), 
the “polima” B. napus cytoplasm in B. oleracea (Yarrow et al. 1990), Diplotaxis 
muralis cytoplasm in B. juncea (Chatterjee et al. 1988), Moricandia arvensis cyto-
plasm in B. juncea (Prakash et al. 1998), and Brassica tournefortii cytoplasm in B. 
napus (Liu et al. 1995).
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9.3 � Molecular Analyses of Cybrid Mitochondrial 
Genomes

9.3.1 � Mitochondrial Genomes of Cybrids

Restriction profiles of cybrid and parental mitochondrial DNAs have been com-
pared (Chetrit et al. 1985). As observed in tobacco, each cybrid profile is unique and 
different from those of the parents (except cybrid 77, which is apparently identical 
to the Ogura radish mitochondrial profile). In these restriction profiles, there are 
some parental restriction fragments and some new ones, a signature of molecular 
exchanges and recombination between the two parental genomes.

The fact that cybrid mitochondrial genomes are recombined is valuable in two 
ways. First, the male-sterile determinant originating from the Ogura radish can be 
segregated from undesirable traits that likely result from a detrimental interaction 
between radish mitochondria and Brassica nuclei, such as low nectar production 
and abnormal flower development. Second, it opened up the possibility of associat-
ing a specific DNA sequence with the male-sterile trait, this sequence being present 
in sterile cybrids and absent or modified in fertile ones. The molecular characteriza-
tion of genomic fragments originating from the radish mitochondrial genome that 
were linked to undesirable traits, and the identification of the male-sterility mito-
chondrial gene (see below) allowed the definition and patenting of the Ogu-INRA 
system in Brassica crops.

9.3.2 � Identification of the Ogura CMS Gene

CMS-associated genes are most often unconserved mitochondrial open reading 
frames (ORFs) created by intragenomic recombination (Hanson 1991; Braun et al. 
1992; Kubo et al. 2011). They have a chimeric structure in which parts of normal 
mitochondrial genes can be recognized (Hanson and Bentolila 2004). The Bras-
sicaceae family may be the one that has benefitted the most from efforts to iden-
tify mitochondrial male-sterility genes, because at least five different CMS systems 
have been studied at the molecular level: “Ogura” (Bonhomme et  al. 1991), pol 
(L’Homme and Brown 1993), nap (L’Homme et al. 1997), tour (Landgren et al. 
1996), and Mori (Ashutosh et al. 2008).

The mitochondrial determinant for Ogura-derived male sterility was one of the 
first CMS genes identified. It was discovered by studying Brassica cybrids ob-
tained via the protoplast fusion experiments listed in Table  9.1. The first set of 
fusion experiments gave B. napus and B. oleracea cybrid cytotypes, which were 
used in a second series of fusion experiments involving cybrids and parental lines 
(“back-fusion”; Pelletier et al. 1986). Cybrid 13, derived from such an experiment, 
provided the material for the molecular characterization of the sterility determinant. 
This cybrid was selected as male-sterile, but it repeatedly reverted to male fertility 
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with constant minor variation in mitochondrial DNA restriction profiles. It was 
therefore possible to correlate a mitochondrial DNA region with the male-sterile 
trait and a DNA sequence ( orf138) whose expression at the RNA level is strictly 
correlated with the sterile phenotype of B. napus and B. oleracea cybrids (Bon-
homme et al. 1991, 1992). Expression of this mitochondrial gene was subsequently 
associated with the sterile phenotype of the original “Ogura” radish (Krishnasamy 
and Makaroff 1993). Interestingly, orf125, a gene very similar to orf138, has been 
identified in the mitochondrial genome of the Kosena radish and assumed to be 
responsible for male sterility in this cytoplasm (Iwabuchi et al. 1999). Furthermore, 
Kosena CMS is very likely a variant form of Ogura CMS, and orf125 a sequence 
variant of orf138 (Koizuka et al. 2000; Yamagishi and Terachi, 2001).

9.3.3 � Contribution of New Recombined Genomic Arrangements 
to Our Understanding of Mitochondrial Gene Expression

orf138 is a chimeric gene. The end of its coding sequence and the 3′ flanking region 
are identical (70 nucleotides including the last 12 codons) to the 3′ untranslated re-
gion of Arabidopsis thaliana orf557 ( ccb206) that likely encodes a protein thought 
to be involved in cytochrome c biogenesis (Bellaoui et  al. 1998). The B. napus 
orf577 gene, homologous to the bacterial ccl1 gene, is very similar to A. thaliana 
orf557 and has in its 3′ untranslated region the same short and perfect homology to 
orf138 (Menassa et al. 1997; Handa et al. 1996).

The orf138 gene is co-transcribed with a gene called orfB, conserved among 
plant mitochondrial genomes, and which has been demonstrated to correspond to 
the subunit 8 of the ATP synthase complex (Gray et al. 1998; Sabar et al. 2003). The 
bi-cistronic structure of the locus is responsible for the stability of the CMS trait in 
the Ogura radish and in stable cybrids. Instability has been observed in cybrids har-
boring a second copy of the orfB gene, introduced through back-fusion to normal B. 
napus and derived from the B. napus mitochondrial genome, or in cybrids in which 
the orf138 and orfB genes are no longer associated and the orf138 gene is expressed 
as a monocistron, such as male-sterile plants derived from the unstable cybrid 18 
(Bonhomme et al. 1991, 1992; Grelon et al. 1994; Bellaoui et al. 1998).

The unstable cybrid 13 not only helped identify the sterility gene but also shed 
light on the importance of posttranscriptional events such as degradation/stabiliza-
tion of RNA in plant mitochondrial gene expression (Binder and Brennicke 2003). 
Indeed, in fertile revertants of cybrid 13 (13F plants), the orf138 gene is present but 
found upstream of the atpA gene instead of the orfB gene, due to recombination 
that deleted the Ogura radish orfB gene. As mentioned above, these plants carry 
a B. napus orfB gene, unlinked to orf138 that compensated this loss. In this new 
genomic organization, the orf138 gene is no longer expressed (no detectable level 
of mRNA or protein), although it is transcribed as efficiently as in the sterile cybrid 
13 plants because the transcript is rapidly degraded due to the lack of the stabilizing 
sequences found in the orfB 3ʹ UTR (Bonhomme et al. 1992; Bellaoui et al. 1997). 
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In contrast, male-sterile plants derived from cybrid 18, which carry a monocistron-
ic orf138 with very efficient stabilizing sequences in its 3ʹUTR, over-accumulate 
orf138 mRNA and the ORF138 protein (Grelon et al. 1994; Bellaoui et al. 1997).

The orf125 gene from Kosena radish is present in the same genomic organization 
as the orf138 gene and is co-transcribed with orfB (Iwabuchi et al. 1999). Iwabuchi 
et al. (1999) also described a monocistronic orf125 genomic organization in a sterile 
B. napus cybrid.

9.3.4 � Deciphering the Mechanism of CMS in Brassica Cybrids

The ORF138 protein is bound to the inner mitochondrial membrane and forms 
oligomers (Grelon et al. 1994; Krishnasamy and Makaroff 1994; Duroc et al. 2005). 
It is present in all plant organs. In B. napus cybrids, its accumulation appears to 
follow the abundance of normal mitochondrial proteins in the different organs of 
the plant (Bellaoui et al. 1999). This result is not very surprising given that orf138 
expression is mediated by the promoter and posttranscriptional expression signals 
that drive the expression of the orfB gene, which encodes a subunit of the ATP 
synthase complex. However, as in many other CMS systems, it raises an intriguing 
question: Why is the phenotypic consequence of ORF138 accumulation restricted 
to pollen development?

In the tapetal cells of sterile anthers, mitochondria swell and lose their internal 
membrane structure at the tetrad stage (González-Melendi et al. 2008). This leads to 
premature degeneration of the tapetum and subsequent abortion of developing pol-
len. ORF138 forms an apparently homo-oligomeric complex in the inner membrane 
of mitochondria (Duroc et al. 2005, 2009). In contrast to what has been shown for 
G-CMS in beet (Ducos et al., 2001), sunflower CMS (Sabar et al. 2003), and WA-
CMS in rice (Luo et al. 2013), ORF138 does not interfere with complexes of the 
electron transport chain (Duroc et al. 2009). Nevertheless, measurements of oxygen 
consumption on whole anthers and on mitochondria isolated from buds suggested 
that mitochondria are partially uncoupled in sterile reproductive organs, whereas no 
sign of decoupling is detected in vegetative tissues (Duroc et al. 2009).

9.4 � The Restoration of Fertility in Ogura-related Systems

9.4.1 � The Genetics of Restoration in Ogura and Ogu-INRA 
Plants

Restorer genes are generally dominant, except for the unique homozygous lethal 
restorer rfl1 of maize, which was obtained by mutagenesis (Wen et al. 2003). De-
terminism is monogenic or oligogenic according to the male-sterility-inducing cy-
toplasm. In the case of the Ogura radish system, the genetics of restoration differs 
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among crosses, suggesting that there are several redundant restoration loci in radish 
nuclear genotypes (Yamagishi and Terachi 1994b). In some cases, a single domi-
nant restorer is sufficient to completely restore fertility of radish plants with the 
Ogura cytoplasm.

A restored B. napus has been obtained after crossing an alloplasmic rapeseed 
possessing the Ogura cytoplasm with a Raphano-brassica hybrid from an interge-
neric cross, and subsequent chromosome doubling. The genetics of restoration in 
rapeseed carrying the unmodified Ogura cytoplasm is complex, involving several 
loci of which one is linked to a gene involved in petal color: white-flowered plants, 
a Raphanus-based character, were more fertile than yellow-flowered plants. Inter-
estingly, the restoration of rapeseed cybrids with a corrected phenotype involves a 
unique locus, unlinked to petal color (Pelletier et al. 1986). The obtained restorer 
rapeseed genotypes show a unique radish introgression that carries the restoration 
locus, named Rfo (Delourme and Eber 1992; Delourme et al. 1998).

Two complementary genes were found to be necessary for restoring the Kosena 
radish CMS, whereas only one of them, named Rfk1 or Rfk, is sufficient for the 
restoration of B. napus cybrids (Koizuka et al. 2000). This gene was subsequently 
found to be identical to Rfo (see below).

9.4.2 � Effect of Restorer Nuclear Background on the Expression 
of the Ogura CMS Mitochondrial Gene

In the vast majority of CMS systems, fertility restoration acts via the inhibition of 
male-sterility gene expression, most often at the RNA level, and sometimes at the 
protein level (Budar and Pelletier 2001; Budar et al. 2003). The influence of a res-
toration gene on the expression of a mitochondrial chimeric gene is sometimes the 
only evidence of the implication of this mitochondrial gene in the sterile phenotype 
(Kubo et al. 2011).

Nuclear restorers have a dramatic effect on the accumulation of the ORF138 
protein in buds and leaves in Ogura radish (Krishnasamy and Makaroff 1994). In 
Ogu-INRA B. napus, restoration is characterized by the decrease of ORF138 ac-
cumulation in anthers and its complete depletion from the tapetum (Bellaoui et al. 
1999; Uyttewaal et al. 2008). In both species, the accumulation of orf138 mRNA 
is not affected by the nuclear restorer gene indicating that the restorer acts either 
on mRNA translation efficiency or on ORF138 protein stability (Krishnasamy and 
Makaroff 1994; Bellaoui et al. 1999; Uyttewaal et al. 2008).

The orf125 gene has an expression profile in Kosena CMS plants that is similar 
to that of the orf138 gene in Ogura radish or Ogu-INRA Brassicas (Iwabuchi et al. 
1999). In addition, as in the Ogura radish CMS or the Ogu-INRA Brassica cybrids, 
the restorer nuclear background induces a strong decrease in ORF125 protein ac-
cumulation, but does not affect the accumulation of orf125 mRNA, either in Kosena 
radish or B. napus cybrids (Iwabuchi et al. 1999).
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9.4.3 � Identification of the Male-Fertility Restorer Gene

Rfo and Rfk, which are in fact the same gene, were independently identified by fine 
genetic mapping in radish (Brown et al. 2003; Desloire et al. 2003; Koizuka et al. 
2003). This restorer gene encodes a pentatricopeptide repeat (PPR) protein which 
has been further characterized in a restored B. napus cybrid (Uyttewaal et al. 2008). 
The restoring protein interacts with orf138 mRNA, and probably impairs its transla-
tion, thus preventing the deleterious effects of the ORF138 protein on tapetal cells.

9.5 � The Use of the Ogu-INRA Hybridization System  
for Seed Production in Brassica Crops

Cabbage and rapeseed cybrids with the Ogura sterility determinant and corrected 
phenotypes have been evaluated in regard to their seed production and attractive-
ness to pollinators. These studies helped select two to three recombined cytoplasms 
in each crop, which were then provided to breeders in the early 1990s.

In cabbage, only the vegetative parts of the plant are of agricultural interest; 
therefore, there was no need to introduce the restorer gene in hybrids. The first cab-
bage F1 cultivars using the Ogu-INRA system were registered in the official French 
seed catalogue in 1993. They display ~40 % of heterosis, giving yields of around 
200 tons per hectare (sauerkraut cabbage). In 1999, the French catalogue listed 65 
F1 cultivars of different cabbage types that have been obtained using the Ogu-INRA 
CMS system.

The emergence of restored rapeseed hybrids was impaired by undesirable traits 
linked to the introgression of the radish Rfo gene, such as high glucosinolates, poor 
female fertility, and poor genetic stability of the restorer rapeseed genotypes. Nev-
ertheless, cultivars containing a mixture of female hybrid plants and fertile plants 
from one of the parental lines in a ~85:15 % ratio (line–hybrid composite, LHC) led 
to the registration of the first rapeseed hybrid cultivar (Synergy) in 1994. However, 
this type of cultivar may induce losses in yield when temperatures are unfavorable 
during the pollination period, which limits pollinator visits.

Considering the opposition of European authorities to transgenic rapeseed and 
the very high cost of complying with regulations, it is not possible to use restored 
genotypes in which only the radish Rfo gene has been introduced via transformation 
in Europe, even though this would eliminate all the developmental defects. This 
is an example of regulation inconsistencies and society’s general attitude towards 
genetically modified organisms because the same gene (together with many other 
unknown genes) is already present in restored hybrid rapeseed cultivars with intro-
gressed radish genes for male-fertility restoration.

An intense breeding effort to produce restorer lines has led to an improved R113 
restorer line, followed by R2000 (Primard-Brisset et al. 2005). The first restored 
hybrid cultivar was authorized in 1999 in France. In 2002, 14 % of rapeseed crops 
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were planted with restored hybrids versus 8 % with LHC. The improvement of re-
storers has completely supplanted LHC cultivars. The introduction of a dwarf mu-
tation in one of the hybrid parents allowed the development of half-dwarf hybrid 
cultivars in the mid-2000s.

Plant material has been distributed without exclusivity to a large number of seed 
companies in the world and license fees represent only a small percentage of the 
commercial price of seed. This material is widely used in Brassica vegetables, but 
much more in rapeseed. According to our calculations, in 2009, 5.4 × 106 ha were 
planted with varieties containing the Ogu-INRA cytoplasm worldwide. Considering 
that the total rapeseed crop surface area of the main continents that use this system 
(Europe, North America, Australia) covers ~ 15 × 106 ha, we estimate that the cyto-
plasms resulting from somatic hybridization are found in approximately one third 
of the rapeseed crops grown in these countries.

9.6 � Conclusion

The main way of creating new CMS systems is to associate the nucleus of one spe-
cies with the cytoplasm of a different origin, e.g., another species. This new associa-
tion can be achieved either by crosses and backcrosses with the nuclear donor or by 
somatic cell genetics (cybrid production). The first method leads to several sources 
of CMS, which remain generally underexploited due to the multiple interactions be-
tween the cytoplasmic genes and the (foreign) nucleus with negative consequences 
on plant productivity. Cybrid production can result in improved CMS systems, due 
to plastid exchange and mitochondrial recombination.

More generally, in the absence of a method for transforming mitochondria in 
higher plants, the only possibility for manipulating the mitochondrial genome lies 
in cybrid production by protoplast fusion, which can be considered to be “cyto-
plasm breeding.” This requires expertise in plant protoplast culture, which is be-
coming regrettably increasingly rare in today’s plant biology laboratories.

Outside the family of Brassicaceae, examples of cybrid production for agricul-
tural purposes can be found in tobacco (Horlow et al. 1993), rice (Akagi et al. 1995), 
or Citrus species (Bassene et al. 2008), illustrating how cellular and molecular biol-
ogy can contribute significantly to plant breeding.
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10.1 � Introduction

There are more than 200 wild potato species named, yet only a limited number of 
them have been utilized in breeding for potato germplasm development. Many so-
lanaceous species are diploids (2n = 2x = 24), and therefore cannot readily cross with 
tetraploid (2n = 4x = 48) cultivated potato ( Solanum tuberosum L. ssp. tuberosum). 
Incompatibility is common, because many wild potato species do not hybridize with 
cultivated potato due to the differences in ploidy levels or in the endosperm balance 
numbers (EBNs; Johnston et al. 1980). The overwhelming breeding barriers caused 
by ploidy level differences and EBN variations could, however, be partly overcome 
by induction of haploid lines and through somatic hybridization (Rokka et al. 1995).

In breeding at the diploid level of potato, haploid lines induced from cultivated 
potato often show low fertility, thus, somatic hybridization is an alternative tech-
nique to combine genomes of the both haploid parental clones. Introduction of the 
analytic–synthetic breeding scheme by Wenzel et al. (1979) was the start of potato 
breeding using a combination of both anther culture and protoplast techniques to 
produce tetraploid potato hybrids to obtain maximized heterozygosity levels in the 
resulting breeding lines. Through cell fusion, all of the dominant characters of the 
haploid lines are theoretically expressed in the resulting somatic hybrids, which 
may subsequently have a capacity for development as a commercial variety.

Usually, protoplast fusion can be classified as symmetric and asymmetric. Sym-
metric fusion incorporates the whole genomes of both parents, whereas asymmetric 
fusion allows partial genome transfer from a donor to a recipient. In asymmetric 
fusion, a donor is usually subjected to irradiation or ultraviolet (UV) treatment for 
the subsequent somatic genome combination (Grosser and Gmitter 2011).
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10.1.1 � Technical Development in Protoplast Technology

The first successful protoplast fusions were induced using chemical compounds 
such as sodium nitrate (Power et al. 1970) and polyethylene glycol (PEG; Kao and 
Michayluk 1974). The first interspecific somatic hybrid plant between Solanum spe-
cies, was the “pomato or topato,” the artificially produced hybrid between tomato 
and potato (Melchers et al. 1978). These hybrids produced fibrous roots, no tubers, 
and only parthenocarpic fruits. The next applications were S. chacoense Bitt. + S. 
tuberosum (Butenko and Kuchko 1979) and S. nigrum L. + S. tuberosum (Binding 
et al. 1982) somatic hybrids. Since then, several different species have been hybrid-
ized through protoplast fusion with cultivated potato.

The first experiences in protoplast fusion between two haploid cultivated potato 
lines were not extremely promising (Wenzel et al. 1982), but the introduction of 
electrical cell fusion technique (Zimmermann and Scheurich 1981), optimizing of 
shoot regeneration protocols for potato, and development of more sophisticated 
molecular techniques for hybrid identification, enabled the production of higher 
numbers of somatic hybrids. Certain hybrid combinations are still difficult or even 
impossible to obtain, which may be caused by differences in the cytoplasmic com-
positions of the parental clones used in protoplast isolation (Lössl et al. 1999).

10.1.2 � Somatic Genome Manipulation Applications to Transfer 
Valuable Breeding Traits to Potato

Related or distantly related genera of cultivated crops possess large reservoirs of 
genes having various desirable traits such as high-quality characters, disease re-
sistance, and cytoplasmic male sterility (CMS; Liu et  al. 2005). The wild Sola-
num species are an important source of resistance for various biotic and abiotic 
stresses (Helgeson and Haberlach 1999). Such germplasm can be integrated into 
potato breeding programs. Somatic hybridization can provide new opportunities for 
producing pre-breeding materials with increased genetic variability and transferring 
desirable agronomic traits into cultivated potatoes. For potato, a broad overview for 
utilization of somatic hybridization in genetics and plant breeding was reported by 
Orczyk et al. (2003).

Recently, somatic hybridization for potato genome improvement has been wide-
ly utilized. One of the most desirable traits for potato cultivation is to obtain resis-
tance to late blight which is an economically important disease affecting potatoes 
caused by Phytophthora infestans (Mont) de Bary. For example, in breeding for 
resistance to late blight, the search for new sources of durable resistance from the 
nonhost wild Solanum species, such as non-tuberous S. nigrum, has been of interest 
(Zimnoch-Guzowska et al. 2003). The results obtained by Helgeson et al. (1998) 
indicated that effective resistance to the late blight of S. bulbocastanum Dun. can be 
transferred into potato breeding lines by somatic hybridization and that this resis-
tance can then be further transmitted into potato breeding lines by sexual crossing. 
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Since then, S. bulbocastanum has generated an enormous level of interest and has 
been widely used in several applications to transfer resistance traits to cultivated 
potato (Naess et  al. 2001; Iovene et  al. 2007). In addition, to obtain late blight 
resistance from other genetic resources, interspecific somatic hybrids between cul-
tivated potato and S. pinnatisectum Dun. (Sarkar et al. 2011) and S. tarnii Hawkes 
and Hjert. (Thieme et al. 2008) were produced. The hybrids of S. pinnatisectum + 
S. tuberosum showed high foliage resistance to late blight based on field assessment 
for two seasons (Sarkar et al. 2011). Similarly, based on another study, the somatic 
hybrids were also highly resistant to P. infestans (Polzerová et al. 2011).

A recent interesting example is Solanum × michoacanum (Bitter.) Rydb., which 
is a wild diploid potato species derived from a spontaneous cross of S. bulbocas-
tanum and S. pinnatisectum with resistance to late blight. To introgress late blight 
resistance genes from Solanum × michoacanum into S. tuberosum, protoplast fusion 
was applied (Smyda et  al. 2013). After two seasons of testing, the produced so-
matic hybrids were also resistant. The hybrids were reported to have adequate pol-
len stainability for use in crossing program and are a novel promising material for 
introgression resistance into the cultivated potato background (Smyda et al. 2013).

Somatic hybrid lines originating from fusion between S. tuberosum and S. ber-
thaultii Hawkes displayed a better tolerance to salt stress compared to cultivated 
potato (Bidani et al. 2007). To study a source of resistance to bacterial wilt caused 
by Ralstonia solanacearum (Smith) (Yabuuchi et al.) S. stenotomum Juz. and Buk. 
was used (Fock et al. 2001). All the somatic hybrids tested showed a resistance level 
as high as that of the wild species (Fock et al. 2001). Similarly, S. chacoense was 
used to explore the molecular markers associated with bacterial wilt resistance, and 
to provide information for use of these hybrids in potato breeding programs (Chen 
et al. 2013).

10.2 � Summary

One of the bottlenecks in using somatic hybrids is obtaining sufficient fertility 
levels in the produced primary hybrids and also in their progeny to create the 
desired gene introgression. The increased hybrid chromosome number and the 
incompatibility of genome recombination may cause disorders in both gamete 
and seed formation in the hybrids (Sarkar et al. 2011). In addition, the genome 
incompatibility level influences the genetic integration of the desired traits into 
the cultivated crops. One way to overcome these problems is to use successive 
backcrosses with cultivated lines and self-pollination to produce stable introgres-
sion lines (Xia 2009; Wang et al. 2013), or using repeated haploid induction and 
somatic hybridization (Rokka et al. 1995; 2005; Iovene et al. 2012). Thieme et al. 
(2010) produced progeny of hybrids by pollinating them with pollen from a cul-
tivar, via selfing or cross-pollination. The results confirmed that protoplast elec-
trofusion can be used to transfer many resistance characters from wild species 
into somatic hybrids. The obtained resistant somatic hybrids can now be used in 
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pre-breeding studies, molecular characterization, and for increasing the genetic 
diversity available for potato breeding by marker-assisted combinatorial intro-
gression into the potato gene pool (Thieme et al. 2010).

10.3 � Procedure for Protoplast Fusion of Potato 
to Produce Symmetric Somatic Hybrids

10.3.1 � Equipment and Tools

To prepare culture media, the following equipment, instruments, and tools are 
needed:

•	 Analytical balance with readability 0.1 mg
•	 Spatula set with different spoon sizes
•	 Weighing boats
•	 Manual pipettors with volume range from 10 µl to 5 ml
•	 Pipette tips with three volume ranges (sterile and nonsterile)
•	 Glass Erlenmeyer beakers with spout (different volume sizes)
•	 Glass measuring cylinders with different volume sizes
•	 Volumetric flasks with different volume sizes
•	 Glass decanter beakers with different volume sizes
•	 Schott laboratory glass bottles of different sizes
•	 Aluminum foil
•	 pH meter
•	 Magnetic stirrer
•	 Stirrer bars
•	 Magnet stir bar retriever
•	 Appropriate plant tissue culture vessels such as Microbox Combiness jars with 

lids (OS 140 Box + ODS Filter XXL) (Duchefa E 1674)
•	 Autoclave bags
•	 Autoclave
•	 Laminar flow cabinet
•	 Spray bottle for 70 % ethanol
•	 Syringes (10 ml) with luer lock connection (BD Discardit)
•	 Syringes (60 ml) with luer lock connection (BD Plastipak)
•	 Filter units for syringes (0.2 µm) (Schliecher and Schuell)
•	 Sterilized media bottles (100 ml)
•	 Sterilized media bottles (250 ml)
•	 Sterile plastic petri dishes, diameter 9 cm (Falcon)
•	 Parafilm sealing film
•	 Scissors
•	 Refrigerator (4 °C)
•	 Freezer (−18 °C)
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10.3.1.1 � To propagate the donor material for protoplast isolation, 
the following equipment, instruments, and tools are needed:

•	 Laminar flow cabinet
•	 Sterilizing lamp with burning heart
•	 Matches or gas lighter
•	 Stainless steel beaker (sterile)
•	 Spray bottle for 70 % ethanol
•	 Refrigerator
•	 Laboratory scalpel handles for blades (sterile)
•	 Scalpel blades no. 11
•	 Laboratory forceps, extra fine, length 150 mm (sterile)
•	 Laboratory forceps, extra fine, length 200 mm (sterile)
•	 Tool box for instruments (sterile)
•	 Parafilm sealing film
•	 Scissors
•	 Glass petri dishes, diameter 9 cm (sterile)
•	 Plant tissue culture vessels with media
•	 Growth chamber

10.3.1.2 � In protoplast fusion, the following equipment, instruments, 
and tools are needed:

•	 Laboratory forceps, extra fine, length 200 mm (sterile) (BD 239, Aesculap)
•	 Tweezers, extra fine tip, length 110 mm (sterile) (BD 329, Aesculap)
•	 Laboratory scalpel handles for blades (sterile) (BB 73, Aesculap)
•	 Scalpel blades no. 10 (BB 511, Aesculap)
•	 Scalpel blades no. 11 (BB 510, Aesculap)
•	 Laminar flow cabinet
•	 Sterilizing lamp with burning heart
•	 Matches or gas lighter
•	 Stainless steel beaker (sterile)
•	 Spray bottle for 70 % ethanol
•	 Glass petri dishes, diameter 9 cm (sterile)
•	 Parafilm sealing film
•	 Scissors
•	 Sterile plastic petri dishes, diameter 3, 6, and 9 cm (Falcon)
•	 Growth chamber (Sanyo or Rumed)
•	 Sterilized ddH2O in 500 ml media bottle
•	 Manual pipettors with volume range from 5 to 10 µl
•	 Pipette tips with three volume ranges (sterile)
•	 Pipette tips with cut ends for 5-ml manual pipettor (sterile)
•	 Glass low-form beakers with spout (250 ml), covered by aluminum foil (sterile)
•	 Syringes (10 ml) with luer lock connection (BD Discardit)
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•	 Filter units for syringes (0.2 µm) (Schliecher and Schuell)
•	 Glass Pasteur pipettes (sterile)
•	 Aluminum foil
•	 Refrigerator
•	 Freezer (−18 °C)
•	 Shaker (Infors, HT TR-125)
•	 Inverted microscope (Olympus CK 2)
•	 Sterilized 5-cm-diameter plastic jars with nylon mesh cover
•	 Nylon mesh (48 µm)
•	 Glass centrifuge tubes, 15 ml (sterile)
•	 Rack for 15-ml centrifuge tubes
•	 Centrifuge swing out rotor (Sorvall TC)
•	 Fuchs Rosenthal haemocytometer with cover slips
•	 Microscope (stereo, dissecting binocular) with external light supply
•	 Electrofusion apparatus (Electro Cell fusion CFA 500, Krüss Gmbh)
•	 Electrofusion setup with chamber and cover slip
•	 Masking tape
•	 Microwave oven
•	 Plant growth chamber (Sanyo)
•	 Plastic store boxes (approximately 100 × 300 × 100)

10.3.2 � Media, Solutions, and Chemicals

10.3.2.1 � Preparation of Culture Medium for Donor Plants

MS 30 Medium, Combiness Jars, 1 l (Murashige and Skoog 1962)

•	 MS macroelements (10 ×) 100 ml
•	 MS microelements (100 ×) 10 ml
•	 Fe-ethylenediaminetetraacetic acid (EDTA) 5 ml
•	 MS vitamin stock (100 ×) 10 ml
•	 Casein hydrolysate 100 mg
•	 Sucrose 30 g
•	 α-Naphthalene acetic acid (NAA) 0.05 mg (50 µl from stock 1 mg/1 ml)
•	 Agar (bacteriological type A) 8 g

Add each ingredient, except agar, into an Erlenmeyer jar, add ddH2O up to 500 ml, 
measure pH 5.6. Pour solution into a media bottle, add ddH2O up to 1 l, and add 
agar. Stir properly, autoclave solution. Sterilize Combiness jars and lids separately 
in autoclave bags. Shake medium well, divide it into Combiness Microbox jars 
(200 ml per jar) in a laminar hood, add lid.
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10.3.2.2  Preplasmolysis solution, 250 ml

0.53 M mannitol 24.138 g

Autoclave in media bottles of 100 ml in volume.

10.3.2.3 � Enzyme Solution, 100 ml (Carlberg et al. 1983)

•	 K3 macroelements (10 ×) 10.0 ml
•	 K3 microelements (10 ×) 10.0 ml
•	 Fe-ethylenediaminetetraacetic acid (EDTA) 0.5 ml
•	 Mannitol 8.198 g
•	 Cellulysin (Calbiochem) 1 g
•	 Macerase (Calbiochem) 0.1 g

Mix the solution for 1–2 h in a magnetic stirrer to increase the dissolving and en-
zyme activity, and measure pH 5.6. Divide the final stock into 10 ml aliquots in 15-
ml plastic centrifuge tubes. Store in a freezer at − 18 °C. Filter sterilize before use.

K3 Macroelements, 10 × Strength, 250 ml (Menczel et al. 1981)

•	 KNO3 6250 mg
•	 NH4NO3 625 mg
•	 (NH4)2SO4 335 mg
•	 NaH2PO4 × H2O 375 mg
•	 CaCl2 × 2H2O 2250 mg
•	 MgSO4 × 7H2O 625 mg

Dissolve each component in the given order before adding the next chemical. Dis-
solve CaCl2 × 2H2O individually in a separate flask and then add to the mixture. 
Sterilize by autoclaving and store at 4 °C.

K3 Microelements, 10 × Strength, 250 ml (Gamborg et al. 1968)

•	 MnSO4 × H2O 25 mg
•	 H3BO3 7.5 mg (7.5 ml from 1 mg/ml stock solution)
•	 ZnSO4 × 7H2O 5 mg (5 ml from 1 mg/ml stock solution)
•	 Na2MoO4 × 2H2O 0.625 mg (625 µl from 1 mg/ml stock solution)
•	 CuSO4 × 5H2O 0.1 mg (100 µl from 1 mg/ml stock solution)
•	 CoCl2 × 6H2O 0.0625 mg (63 µl from 1 mg/ml stock solution)
•	 KI 1.875 mg (1.875 ml from 1 mg/ml stock solution)

Sterilize by autoclaving and store at 4 °C.
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10.3.2.4 � Protoplast Washing Solution, 250 ml

•	 Washing solution stock (10 ×) 25.0 ml
•	 CaCl2 × 2H2O 21.5 mg
•	 Mannitol 24.0 g

Measure pH 5.6. Autoclave in three separate media bottles of 100 ml in volume for 
use.

Washing Solution Stock, 10 × Strength, 250 ml (Frearson et al. 1973; Jones et al. 
1989)

•	 KNO3 475 mg
•	 CaCl2 × 2H2O 110 mg
•	 MgSO4 × 7H2O 93 mg
•	 KH2PO4 43 mg

Autoclave in three separate media bottles of 100 ml for use. Use the wash solution 
(10 ×) stock for the preparation of both protoplast washing solution and Percoll 
solution.

10.3.2.5 � Percoll Solution (30 %, v/v), 100 ml

•	 Percoll dilution solution 70 ml
•	 Percoll (Pharmacia Fine Chemical AB) 30 ml

Combine Percoll dilution solution and Percoll. Measure pH 5.6. Filter sterilize in 
small amounts to sterile media bottles of 100 ml in volume.

Percoll Dilution Solution, 250 ml (Jones et al. 1989)

•	 Washing solution stock (10 %) 25 ml
•	 CaCl2 × 2 H2O 215 mg
•	 Mannitol 33,75 g

Add ddH2O up to 250 ml. Autoclave.

10.3.2.6 � 0.45 M Mannitol Solution, 250 ml

•	 Mannitol 20.495 g

Autoclave in media bottles of 100 ml in volume. Do not adjust pH.
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10.3.2.7 � Fusion Solution, 250 ml

•	 Mannitol 19.129 g

Autoclave in media bottles of 100 ml in volume. Do not adjust pH.

10.3.2.8 � 2 × V-KM Medium, 100 ml (Bokelmann and Roest 1983)

•	 V-KM macroelements (10 ×) 20.0 ml
•	 V-KM microelements (10 ×) 20.0 ml
•	 Fe-EDTA 1.0 ml
•	 V-KM sugar compounds (100 ×) 2.0 ml
•	 KM organic acids (100 ×) 2.0 ml
•	 V-KM vitamins (100 ×) 2.0 ml
•	 NAA (Sigma N 0640) 0.2 mg (= 200 µl from 1 mg/ml stock)
•	 BA (Duchefa B 0904) 0.08 mg (= 80 µl from 1 mg/ml stock)
•	 Coconut water (Sigma C 5915) 4.0 ml
•	 CaCl2 × 2H2O 147 mg
•	 Casein hydrolysate (Duchefa C 1301) 50 mg
•	 Glucose 16.4 g

Measure pH 5.8. Filter sterilize.

V-KM Macroelements, 10 × Strength, 250 ml

•	 KNO3 3700 mg
•	 MgSO4 × 7H2O 2460 mg
•	 KH2PO4 170 mg

Autoclave and store at 4 °C.

V-KM Microelements, 10 × Strength, 250 ml

•	 H3BO3 7.5 mg (= 7.5 ml from 1 mg/ml stock)
•	 MnSO4 × 4H2O 34 mg
•	 ZnSO4 × 7H2O 5 mg (5 ml from 1 mg/ml stock)
•	 Na2MoO4 × 2H2O 0.625 mg (625 µl from 1 mg/ml stock)
•	 CuSO4 × 5H2O 0.0625 mg (63 µl from 1 mg/ml stock)
•	 CoCl2 × 6H2O 0.0625 mg (63 µl from 1 mg/ml stock)
•	 KI 1.875 mg (1.875 ml from1 mg/ml stock)

Autoclave and store at 4 °C.

AQ2
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V-KM Sugar Compounds, 100 × Strength, 100 ml

•	 Sucrose 2500 mg
•	 Mannitol 2500 mg
•	 Sorbitol 2500 mg
•	 Ribose 2500 mg
•	 Xylose 2500 mg
•	 Mannose 2500 mg
•	 Rhamnose 2500 mg
•	 Fructose 2500 mg
•	 Cellobiose 2500 mg

Divide the final stock into 1  ml aliquots into Eppendorf tubes, and store it in a 
freezer at −18 °C.

Kao and Michayluk (KM) Organic Acids, 100 × Strength, 100 ml

•	 Sodium pyruvate 200 mg
•	 Fumaric acid 400 mg
•	 Citric acid 400 mg
•	 Malic acid 400 mg

Divide the final stock into 1  ml aliquots into Eppendorf tubes, and store it in a 
freezer at −18 °C.

V-KM Vitamins, 100 × Strength, 100 ml

•	 D-Ca-panthotenate 10 mg
•	 Choline chloride 10 mg
•	 Ascorbic acid 20 mg
•	 Pyridoxine HCl 10 mg
•	 Thiamine HCl 10 mg
•	 p-Aminobenzoic acid 0.2 mg
•	 Folic acid 4 mg
•	 Biotin 0.1 mg
•	 Vitamin A 0.1 mg
•	 Vitamin D3 0.1 mg
•	 Vitamin B12 0.2 mg
•	 Nicotinamide 10 mg
•	 Myo-inositol 1000 mg

Divide the final stock into 1  ml aliquots into Eppendorf tubes, and store it in a 
freezer at −18°C.
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10.3.2.9 � Agarose Solution, 0.8 %, 100 ml

•	 Agaroosi, Type VII (Sigma A 6560) 800 mg

Add 100 ml of ddH2O. Store in a media bottle. Autoclave. Before use, melt it in a 
microwave oven. And cool it down to 37 °C before use.

10.3.2.10 � 1 × V-KM Medium, 100 ml (Bokelmann and Roest 1983)

•	 V-KM macroelements (10 ×) 10.0 ml
•	 V-KM microelements (10 ×) 10.0 ml
•	 Fe-EDTA 0.5 ml
•	 V-KM sugar compounds (100 ×) 1.0 ml
•	 KM organic acids (100 ×) 1.0 ml
•	 V-KM vitamins (100 ×) 1.0 ml
•	 NAA (Sigma N 0640) 0.1 mg (= 100 µl from 1 mg/ml stock)
•	 6-benzyl amino purine (BA) (Duchefa B 0904) 0.04 mg (= 40 µl from 1 mg/ml 

stock)
•	 Coconut water (Sigma C 5915) 1 ml
•	 CaCl2 × 2H2O 73.5 mg
•	 Casein hydrolysate (Duchefa C 1301) 25 mg
•	 Glucose 8.2 g

Measure pH 5.8. Filter sterilize.

10.3.2.11 � Cg Medium, 1 l (Creissen and Karp 1985)

•	 Cg macroelements (10 ×) 100 ml
•	 Cg microelements (10 ×) 100 ml
•	 Fe-EDTA 2.5 ml
•	 Cg organic compounds (100 ×) 10 ml
•	 Sucrose 2.5 g
•	 Mannitol 54.6 g
•	 MES (Sigma M 3023) 0.976 g
•	 NAA (Sigma N 0640) 0.1 mg (= 100 µl from 1 mg/ml stock)
•	 BA (Duchefa B 0904) 0.5 mg (= 500 µl from 1 mg/ml stock)
•	 Agar Noble (Difco) 7.0 g
•	 Glutamine 0.1 g

Measure pH 5.6. Autoclave. Add glutamine through filter sterilization to a cooled 
medium and then mix properly, then plate on 9-cm sterile petri dishes, 30 ml per 
plate.
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Cg Macroelements, 10 × Strength, 1 l

•	 KNO3 19.00 g
•	 NH4Cl 1.07 g
•	 KH2PO4 1.70 g
•	 CaCl2 × 2H2O 4.40 g
•	 MgSO4 × 7H2O 3.70 g

Dissolve each component in the given order before adding the next chemical. Dis-
solve CaCl2 × 2H2O individually in a separate flask and then add to the mixture. 
Sterilize by autoclaving and store at 4 °C.

Cg Microelements, 10 × Strength, 1 l

•	 H3BO3 31 mg
•	 MnCl2 × 4H2O 99 mg
•	 ZnSO4 × 7H2O 46 mg
•	 KI 4.20 mg
•	 Na2MoO4 × 2H2O 1.30 mg
•	 CuSO4 × 5H2O 0.13 mg
•	 CoSO4 × 7H2O 0.15 mg

Dissolve each component in the given order before adding the next chemical. Steril-
ize by autoclaving and store at 4 °C.

Cg Organic Compounds, 100 × Strength, 100 ml

•	 Thiamine HCl 5.0 mg
•	 Glycine 20.0 mg
•	 Nicotinic acid 50.0 mg
•	 Pyridoxine HCl 5.0 mg
•	 Folic acid 5.0 mg
•	 Biotin 0.5 mg
•	 Adenine hemisulfate 400 mg
•	 Myo-inositol 1000 mg

Store as 10 ml aliquots at − 18 °C.

10.3.2.12 � Medium D, 1 l (Shepard 1980)

•	 Medium D macroelements (10 ×) 100 ml
•	 Cg microelements (10 ×) 100 ml
•	 Fe-EDTA 2.5 ml
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•	 Medium D organic compounds (100 ×)10 ml
•	 Mannitol 36.436 g
•	 Sucrose 2.5 g
•	 MES (Sigma M 3023) 0.98 g
•	 Adenine hemisulfate (Sigma A 2545) 80 mg
•	 Indole-3-acetic acid (IAA) (Duchefa I 0901) 0.1 mg (= 100 µl from 1 mg/ml 

stock)
•	 Agar Noble (Difco) 10 g
•	 Zeatine (Duchefa Z 1917) 1 mg (= 1 ml from 1 mg/ml stock)

Measure pH 5.6. Add zeatine through filter sterilization to a cooled medium and 
then mix properly. Plate on 9-cm sterile petri dishes, 30 ml per plate.

Medium D Macroelements, 10 × Strength, 1 l

•	 KNO3 19.00 g
•	 NH4Cl 2.675 g
•	 KH2PO4 1.70 g
•	 CaCl2 × 2H2O 4.40 g
•	 MgSO4 × 7H2O 3.70 g

Autoclave and store at 4 °C.

Medium D Organic Compounds, 100 × Strength, 100 ml

•	 Myo-inositol 1 g
•	 Thiamine HCl 5 mg
•	 Glycine 20 mg
•	 Nicotinic acid 50 mg
•	 Folic acid 5 mg
•	 Biotin 0.5 mg
•	 Caseinhydrolysate 1 g

Store as 10 ml aliquots at − 18 °C.

10.3.2.13 � Medium SP, 1 l (Creissen and Karp 1985; Shepard 1980)

•	 Medium D macroelements (10 ×) 100 ml
•	 Cg microelements (10 ×) 100 ml
•	 Fe-EDTA 2.5 ml
•	 Medium D organic compounds (100 ×)10 ml
•	 Mannitol 36.436 g
•	 Sucrose 2.5 g
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•	 MES (Sigma M 3023) 0.98 g
•	 Adeninehemisulfate (Sigma A2545) 80 mg
•	 BA (Duchefa B 0904) 0.25 mg (= 250 µl from 1 mg/ml stock)
•	 Agar Noble (Difco) 10 g
•	 GA3 (Duchefa G 0907) 1 mg (= 1 ml from 1 mg/ml stock)

Measure pH 5.6. Add GA3 through filter sterilization to a cooled medium and then 
mix properly. Plate on 9-cm sterile petri dishes, 30 ml per plate.

10.3.3 � Methods

10.3.3.1 � Donor Plant Material Culture

The potato genotypes selected for protoplast fusion are aseptically grown on MS30 
medium (Murashige and Skoog 1962) containing 30 g/l of sucrose in the growth 
chambers for 4–6 weeks at 20 °C, light intensity of 25–50 µmol m−2 s−1 in a pho-
toperiod of 16 h per day. The stock plants are propagated through single-node cut-
tings with one axillary bud using in vitro cultivation in Combiness Microboxes with 
green extra-large filter on the lid.

10.3.3.2 � Protoplast Isolation

Material Pretreatment

Leaf material of 4–6-week-old plants is transferred using sterile forceps onto plas-
tic 9-cm-diameter petri dish containing 10–20 ml of sterile ddH2O. Do not allow 
leaves to dry in the laminar hood. One petri dish covered by leaves is enough for 
one protoplast isolation. From the remaining plants, new cultures can be done for 
future protoplast isolation. The leaf material is cut into small sections. After slicing, 
ddH2O is removed using a 5-ml pipette with cut tip end. Replace by 10–20 ml of 
preplasmolysis solution. The dissected leaves are incubated in the preplasmolysis 
solution for 1 h.

Enzyme Treatment

Defrost the enzyme solution (10 ml) by incubating the tubes in cold water. After 
pretreatment of sliced leaves in the preplasmolysis solution, the liquid is removed 
by sterile Pasteur pipette, and the leaf segments are treated by 10–15 ml of enzyme 
solution sterilized by infiltration. The fusion parents are pretreated separately. The 
petri dishes with leaf samples are covered by aluminum foil and transferred to a 
shaker with 30 rpm for 16–18 h at 24 °C for protoplast isolation.
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Protoplast Purification

On the following day, observe the protoplast yield as a result of enzyme diges-
tion and the quality of protoplasts by inverted microscope. As a result of success-
ful enzyme digestion, the protoplast suspensions of both fusion parents are filtered 
through 48 µm nylon sieve. The filtrate is centrifuged at 80 × g for 5 min in four 
centrifuge tubes with a volume of 15 ml using swing-out rotor. After centrifugation, 
pour the enzyme solution off from the tubes. The remaining protoplast pellets in 
each four tube are each resuspended by a gentle shaking or using a pipette in 1.5 ml 
of protoplast washing solution to remove the pellets.

Add 2.5  ml of 30 % (v/v) Percoll solution into eight centrifuge tubes (four 
tubes per genotype). Add 750 µl of resuspended protoplast solution as a layer us-
ing a Pasteur pipette on top of the Percoll solution. If the layer is relatively thin 
and the protoplast concentration is not extremely high, the viable protoplasts can 
be more effectively separated from dead protoplasts using centrifugation. The 
protoplasts are purified by centrifugation at 120–160 × g, 5 min. After centrifuga-
tion, the layer of viable protoplasts on the surface of the Percoll solution can be 
collected by a Pasteur pipette. The protoplasts of the same genotype are combined 
into one centrifuge tube. Do not mix the different genotypes at this stage. Add 
10 ml of Protoplast washing solution, mix the sample gently, and centrifuge by 
100 × g, 10 min. After centrifugation, the protoplast pellet is resuspended by 10 ml 
of 0.45 M mannitol solution and centrifuged by 80 × g, 5 min. Repeat the final 
wash by 0.45 M mannitol.

Protoplast Density

After the final wash, resuspend the pellet by 1 ml of 0.42 M mannitol (fusion solu-
tion). Take a small sample in a laminar and count the density by Fuchs–Rosenthal 
haemocytometer according to the instructions by manufacturer. Count the densi-
ty using microscope. Dilute the protoplast samples with fusion solution to obtain 
2.5 × 105 protoplasts per milliliter. Mix the protoplasts of the both partners by a 
transfer into a sterile beaker, in a ratio of 1:1.

10.3.3.3 � Protoplast Fusion

Before protoplast fusion, surface sterilize the electrofusion chamber with its elec-
trodes by 70 % ethanol for 15–30 min. Transfer the electrofusion set using sterile 
forceps onto a petri dish in a laminar chamber and allow it to dry for another 
30 min.

Transfer an inverted microscope into the laminar and surface-sterilize the desk. 
Transfer the lamellar electrofusion chamber to the microscope desk for observa-
tion. Connect the chamber to the elecrofusion apparatus. A volume of 500 µl of 
protoplast mixture in a density of 2.5 × 105 protoplasts per ml is transferred into 
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the chamber. The protoplasts are aligned at 125 V cm−1 in an alternating current 
(AC) field for 70 s and fused using 1750–2500 V cm−1 direct current (DC) pulses 
(1 × 10 µs or 2 × 10 µs) using an electrofusion apparatus. Following fusion, the pro-
toplasts (500 µl) are pipetted into 3.5-cm-diameter petri dish, and add 500 µl of 
2 × V-KM liquid culture medium. Immediately add 500  µl of 0.8 % low-gelling 
temperature agarose solution from incubation chamber set 37 °C. Mix the solution 
gently and let agarose to solidify. Repeat the same procedure by another protoplast 
sample. Seal the plates with Parafilm.

10.3.3.4 � Protoplast Culture

Allow the fused protoplasts to make a cell wall and their first cell divisions at 24 °C 
in the dark for 1 week. Observe the cultures by an inverted microscope after a week, 
and then resuspend the cultures with 3 ml per plate normal strength V-KM liquid 
medium using pipette tips with cut ends to create a homogenized solution. Let the 
culture grow for another 2 days. Then transfer the cultures to a dim light. Increase 
the light intensity slowly during the following 2 weeks to obtain the final light in-
tensity of 25–50 µmol m−2 s−1. After 3–5 weeks, the cultures will show microcolo-
nies. If the density of microcolonies is high, add more V-KM solution during the 
first weeks of protoplast culture.

After a total of 4 weeks, the microcolonies are transferred with a 5-ml pipette tip 
onto Cg medium plated on 9-cm-diameter petri dishes. If the microcolony density 
is very high, divide the cultures onto several plates with Cg medium. Incubate the 
cultures at light intensity of 25–50 µmol m−2 s−1, 16 h per day, 22 °C. The colonies 
will turn green within 1 month of culture, and they can be separately transferred us-
ing tweezers onto medium D. The calli are transferred to fresh medium D monthly 
for shoot regeneration. The first primordia will be developed after 3–8 months of 
culture and they are ready for transferring onto medium SP for shoot elongation. 
When the regenerated shoots are in length of 1–2 cm, they can be transferred to 
MS30 medium for maintenance.

The presented protocol in this chapter describes all the necessary working solu-
tions in their appropriate volumes for practices of potato protoplast fusion. The 
procedure can be directly applied for production of sufficient numbers of symmetric 
intraspecific somatic hybrids between haploid potato lines derived from commer-
cially grown cultivars (Rokka et  al. 1996) or production of interspecific solana-
ceous species somatic hybrids (Rokka et al. 1994, 2005). The protocol has already 
been applied for species with a diverse genetic spectrum, and thereby it allows a 
wider utilization of the genetic resources comprising of the solanaceous species for 
genome manipulation of cultivated potato. In addition, somatic hybrids obtained 
through this procedure could be used as a source for production of novel phyto-
chemicals (Väänänen et al. 2005), which may have high nutritious or pharmaceuti-
cal values in the future.
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11.1 � Introduction

Plant viruses are among the most important plant pathogens. Viral infections can 
cause a variety of disease symptoms in plants, such as stunting, mosaic patterns, 
yellowing, leaf rolling, ring spot, necrosis, wilting, and cause developmental abnor-
malities that can impact on crop quality and yield (Hull 2002). Until now, there have 
been no therapeutical measures available to counteract plant virus diseases in the 
field; the main control strategy is based on preventative measures. Sanitary cultural 
practices and insecticidal sprays can reduce infection by blocking viral transmission, 
but planting resistant varieties is the most economical and effective method of virus 
control. Conventional breeding for specific virus resistant varieties is a long-term 
process. The high rate of mutation of the viral genome can cause loss of resistance 
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under field conditions (Lecoq et al. 2004). Genetic engineering for transgenic an-
tiviral plants has become an effective approach for preventing plant virus disease.

In a pioneering study, Sanford and Johnston found that transgenic plants 
expressing virus genes are resistant to that virus and introduced the concept of 
pathogen-derived resistance (PDR) (Sanford and Johnston 1985). Using PDR, two 
strategies were rapidly developed to engineer virus-resistant plants: protein-medi-
ated and RNA-mediated resistance (Prins et al. 2008). While the principles of pro-
tein-mediated resistance are still unclear, RNA-mediated virus resistance (RMVR) 
(Waterhouse et al. 1999) is related to RNA silencing and is the most powerful tool 
for engineering resistance to plant viruses.

RNA silencing in plants is equivalent to gene quelling in fungi (Cogoni et al. 
1994) and RNA interference (RNAi) in animals (Fire et al. 1998) and is a defence 
mechanism against invading nucleic acid (Plasterk 2002). RNA silencing is a nucle-
otide sequence specific mRNA degradation process at the posttranscriptional level, 
and was therefore also named posttranscriptional gene silencing (PTGS) in plants 
(Eamens et al. 2008). The small RNAs (sRNAs), including small interfering RNA 
(siRNA) and micro RNA (miRNA), play major roles in plant RNA silencing. The 
generation of sRNA is from cleavage of double stranded RNA (dsRNA) or hairpin 
RNA (hpRNA) by Dicer-like ribonucleases. The major approaches in RNA silenc-
ing include sense/antisense virus gene(s), hpRNA, and artificial miRNA precursors. 
The effectiveness of RMVRs varies in the field because of physiological and envi-
ronmental factors. Public apprehension regarding the perceived safety of transgenic 
crops limits the application of this technology (Fuchs and Gonsalves 2008).

This chapter summarizes the use of RNA silencing for plant virus resistance 
including discovery and mechanisms of RNA silencing and different methods to 
induce RNA silencing. The factors of effecting RNA silencing and the approaches 
to overcome the constraints are also discussed in this chapter.

11.2 � Discovery and Mechanism of RNA Silencing

RNA silencing was first discovered in transgenic plants. In 1990, transgenic petunia 
( Petunia hybrida) plants overexpressing a chalcone synthase gene (CHS) had flow-
ers with dramatic variation in pigmentation, including violet, violet–white sectors, 
or white compared with the control (violet) (Napoli et al. 1990). In some plant lines, 
both the transgenic and endogenous CHS genes were silenced to different degrees; a 
phenomenon referred to as ‘co-suppression’ (Napoli et al. 1990; Van Der Krol et al. 
1990). In nuclear run-on experiments, it was found that the reduction in steady-state 
CHS mRNA was not the result of a transcriptional inactivation event (Van Blok-
land et al. 1994). These results suggest that CHS co-suppression is a typical PTGS. 
Similar observations using isolated nuclei were being made in transgenic plants 
with resistance to Tobacco etch virus (TEV) from expression of an untranslatable 
sequence coat protein (CP) mRNA of TEV (Lindbo and Dougherty 1992; Dough-
erty et al. 1994).
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The first studies expressed single strand RNA (transcripts of the transgenes) to 
trigger RNA silencing. However, it was soon found that dsRNA was more effec-
tive in inducing RNA silencing; as shown in nematodes (Fire et al. 1998), plants 
(Waterhouse et al. 1998), protozoa (Ngô et al. 1998), and insects (Kennerdell and 
Carthew 1998). Further studies showed that the siRNA generated from cleaving 
the dsRNA that triggered virus RNA degradation (Hamilton and Baulcombe 1999). 
Interestingly, the RNA silencing to a certain degree exists naturally in plants as an 
antiviral defence even without genetic transformation (Plasterk 2002). In transgenic 
plants expressing a viral sequence, some sRNA pre-exists before virus infection 
and can therefore block virus infection through sRNA-induced RNA silencing of 
viruses homologous to the sRNA. dsRNA or hpRNA is processed by Dicer-like 
(DCL) proteins into 21–24-nucleotide (nt) siRNA, a type of sRNA, which needs 
ATP participation (Nykänen et al. 2001). Then, sRNAs are combined with members 
of the Argonaute (AGO) family to form an RNA-induced silencing complex (RISC) 
(Fig. 11.1). In RISC, sRNAs guide direct RNA degradation, translational repression, 
or DNA methylation of homologous target genes (Wang et al. 2012). There are three 
basic RNA silencing pathways in plants: namely the siRNA pathway, the miRNA 
pathway, and the RNA-directed DNA methylation (RdDM) pathway. The RdDM 

Fig. 11.1   RNA silencing mechanisms of sense/antisense, inverted repeats, and artificial miRNA 
( amiRNA) transgenes to confer plant viral resistance. The transcripts of sense or antisense trans-
gene can be converted to double strand RNA ( dsRNA) by plant-encoding RNA-dependent RNA 
polymerase (RDRP). The invert repeat transgene transcripts can form hairpin RNA ( hpRNA), and 
amiRNA transgene generate microRNA ( miRNA). The dsRNA and hpRNA can be processed by 
Dicer-like proteins (DCL) into 21–24 nt small interfering RNA ( siRNA). The siRNA and miRNA 
are combined to members of the Argonaute ( AGO) family to form RNA-induced silencing com-
plex ( RISC) that can degrade viral RNA. Alternatively, siRNA is used as primer for RDRP to 
transcribe target RNAs to generate additional dsRNAs and produce more siRNAs
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pathway is used against DNA viruses, such as geminiviruses (Pooggin et al. 2003; 
Arago and Faria 2009). This chapter will focus on the siRNA and miRNA pathways 
which have been widely employed in plant antiviral genetic engineering, likely be-
cause the most devastating viruses in the major crops are RNA-type viruses.

11.3 � Strategies of RNA Silencing in Plant Antiviral 
Genetic Engineering

11.3.1 � Sense or Antisense Viral Sequence-Mediated 
Resistance

Transgenic plants expressing the Tobacco mosaic virus (TMV) CP gene showed 
resistance to TMV (Abel et al. 1986). This type of resistance, defined as protein-
mediated resistance (PDR), led the way for the production of transgenic plants with 
resistance to virus using most types of viral genes, such as replicase (Golemboski 
et al. 1990), replication-associated protein (Hong and Stanley 1995), or movement 
protein (Lapidot et al. 1993; Malyshenko et al. 1993). Initially, it was believed that 
the viral proteins expressed from the transgenes conferred resistance in the plant, 
but subsequently it was found that expressed noncoding viral sense or antisense 
viral sequences also conferred resistance in plants (Waterhouse et al. 1998). There-
fore, the resistance was derived not only from viral proteins but also from viral 
RNA itself. Similar studies have also shown that RMVR, which induced a form 
of PTGS, was the main mechanism in plant antiviral defence (Baulcombe 1996; 
Stam et  al. 1997). In these early studies, the expressed viral proteins seemingly 
have no function in virus resistance. However, other studies of CP-mediated TMV 
resistance showed that the state of aggregation of CPs (Asurmendi et al. 2007) and 
the interference to accumulation of virus replication complexes by the mutated 
CP (Bendahmane et al. 2007) also affect plant virus resistance. Thus, despite the 
uncertain mechanisms of protein-mediated resistance, transgene resistance may be 
conferred due to the coexistence of both protein- and RNA-mediated resistance, 
although RNA-mediated resistance is likely the main mechanism.

In noncoding viral-sequence-mediated resistance, the length of viral sequence 
appeared to be important for triggering RMVR. For example, transgenic tobacco 
expressing > 235  bp of the Tomato spotted wilt virus (TSWV) nucleocapsid (N) 
gene sequence showed TSWV resistance; whereas smaller N gene segments were 
ineffective (Pang et  al. 1997). Expressing the 3′ end of potato Y virus-N strain 
(PVYN) the CP gene in plants also indicated that the shortest effective length of 
the CP gene fragment which conferred resistance to tobacco could be somewhere 
between 202  bp and 417  bp from the 3′ end of the CP gene (Zhu et  al. 2004). 
Furthermore, the expression level of transgenes could also affect the RMVR. The 
addition of flanking matrix attachment regions (MARs), gene expression enhanc-
ers, increased the efficiency and stability of RNA-mediated resistance to TSWV 
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(Levin et al. 2005) or PVY (Chi et al. 2005) in transgenic tobacco. In most studies, 
5 %–20 % of the transgenic plants were resistant to the viruses, and the remaining 
plants were either susceptible or showed delayed symptom development. Further 
research is required to more efficiently trigger RNA silencing in RMVR.

11.3.2 � Virus-Derived hpRNA-Mediated Resistance

RMVR is a process which is highly correlated with the accumulation of siRNAs. 
The instability of plant resistance using sense or antisense viral sequence transgene 
methods may be due to the low accumulation of siRNA. In transgenic plants con-
taining sense or antisense viral sequences, plant hosts recognize and amplify the 
exogenous aberrant transgenic sequences, by plant-encoding RNA-dependent RNA 
polymerase (RDRP) into dsRNA, which serves as the substrate to trigger RNA si-
lencing (Dalmay et al. 2000). Further exploiting the mechanism of RNA silencing 
proved that the inverted repeat transgene was transcribed into hpRNA, which then 
was further processed to produce siRNA that triggered RNA silencing (Fig. 11.1). 
The inverted repeat transgene approach is now widely used to achieve plant resis-
tance to viruses.

The hpRNA consists of an inverted repeat of a fragment of the gene sequence 
(called ‘stem’) separated by a spacer (called ‘loop’). Although the sequence of loop 
is not involved in RNA silencing, the source of loop sequence or stem–loop pro-
portion have an effect on the resistance efficiency. In the PVY-resistance study, the 
percentage of PVY-resistant plants obtained by targeting the protease gene of PVY 
with different constructs was 58 % for the hpRNA with an unrelated loop and 96 % 
with a spliceable intron (Smith et al. 2000). Similar results occurred in Cucumber 
mosaic virus (CMV)-resistant transgenic plants (Chen et al. 2004). The stem–loop 
length ratio also affects plant virus resistance. When the proportion of stem–loop ra-
tio was 4:1, 2:1, 1:1, about 60 % of transgenic plants exhibited resistance to PVYN. 
However, with the length of loop increased, the ratio of resistant plants lessened and 
when the proportion of stem–loop ratio was 1:8, only 9.52 % of plants were resistant 
(Hirai et al. 2007; Li et al. 2008). Based on these results, a 4:1 stem–loop ratio is 
most appropriate to hpRNA formation, likely because it improves the stability of 
hpRNA, reduces the probability of ribozyme attack, and induces efficient gene si-
lencing. For an effective antiviral transgenic construct, the 4:1–1:1 stem–loop ratios 
and a plant intron as the loop are recommended.

The sequence of double stranded stem plays a pivotal role in determining RNA 
silencing specificity; whereas, stem length affects the degree of resistance. For tar-
geting the CMV RNA2 gene, the hpRNA stem using the full length of RNA2 and 
the hpRNA stem using a shorter fragment of RNA2 yielded 75 and 30 % resistant 
plants, respectively (Chen et  al. 2004). The PVY CP targeting hpRNA with 200 
or 50 bp fragments as the stem obtained 82 % or 69 % resistant plants, respective-
ly (Zhu et al. 2006; Li et al. 2007). The use of a long viral complementary DNA 
(cDNA) fragment as the hpRNA stem may offer a stronger gene silencing, but usu-
ally results in more off-target effect or virus recombination. The 50 bp as hpRNA 
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stem is sufficient for obtaining resistance making it the ideal choice for the target 
sequence. Targeting different viral genes causes different degrees of resistance. In 
one study, eight different genes of PVY were targeted and the percentage of resis-
tant plants obtained ranged from 33 % to 64 % (Chen et al. 2010). Not all invert re-
peat constructs targeting different genes of the Rice stripe virus (RSV) were equally 
effective in preventing RSV infection (Shimizu et al. 2011). It is essential to target 
the viral gene that plays an important role in viral proliferation. Furthermore, the 
targeting region of the virus has a more significant effect on the efficiency of RNA 
silencing. Targeting different regions of the same PVY CP gene can also produce 
different degrees of virus resistance. For example, targeting the middle and 3′ end 
was more effective than the 5′ end for RNA silencing (Li et al. 2007; Jiang et al. 
2011b). Other studies also showed that siRNAs are preferentially generated from 
the 3′ end region of the transgene (Elbashir et al. 2001; Harborth et al. 2001; Holen 
et al. 2002). The analysis of secondary structures of target sequences illustrated a 
positive correlation between the local free energy of the secondary structure (se-
quences with less secondary structure usually have higher free energy) and the RNA 
silencing effectiveness (Jiang et al. 2011b). So, not only the structure of hpRNA 
itself but also the targeting regions affect plant resistance to viruses.

Plant viral resistance from hpRNA transgenes is effective but still far from com-
plete resistance. Some transgenic plants show susceptibility or only delayed infec-
tion. Insertion at different loci can result in distinct cytoplasmic and nuclear RNAi 
activity. In a comparison between two insertion loci, a transgene-produced hpRNAC-

MV transcript was processed into substantial amounts of siRNAsCMV and the trans-
genic plants were virus resistant when the hpRNA gene was inserted into one locus, 
but the plants with hpRNACMV at a second locus were susceptible to virus and failed 
to produce detectable siRNAsCMV even though the gene was transcribed (Dalakouras 
et al. 2011). The results also showed a correlation between the siRNA accumulation 
and hpRNA-mediated resistance. However, a recent report showed that accumula-
tion of transgene-derived siRNAs is not sufficient for RNAi-mediated resistance by 
transforming Mexican lime plants ( Citrus aurantifolia) with the 3′-terminal 549 nt of 
the Citrus tristeza virus (CTV) genome in intron-hairpin format. Analysis of intron-
hairpin lines with single copy transgene insertion, showed that CTV resistance was 
correlated with low accumulation of the transgene-derived transcript rather than with 
high accumulation of transgene-derived siRNAs (LÓpez et al. 2010). A similar phe-
nomenon occurred in RSV-resistant transgenic rice based on RNA silencing (Shimizu 
et al. 2011). These results suggested that only a fraction of the transgene-derived siR-
NAs are indeed functional for RNA silencing, with the other fraction being quickly 
degraded, like most virus-derived siRNAs in infected plants (Qu and Morris 2005).

Viruses counter the cellular antiviral mechanism by encoding diverse viral sup-
pressors of RNA silencing (Díaz-Pendón and Ding 2008; Shi et al. 2008; Song et al. 
2011). When these silencing suppressor genes were targeted by hpRNA such as in 
CTV (Fagoaga et al. 2006; Soler et al. 2012) and CMV (Chen et al. 2004), the plants 
became resistant to the viruses. However, these viral suppressor studies did not use 
multiple non-suppressor regions as control. In a study of hpRNA targeting on eight 
genes of PVY, including a silencing suppressor (HC-Pro), all induced tobacco plant 
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resistance to PVY, but HC-Pro hpRNA induced the lowest percentage (33.4 %) of 
resistant plants (Chen et al. 2010). However, since only one suppressor region was 
tested in that study, more suppressor genes should be tested statistically to con-
firm whether targeting other viral suppressor genes also induces lower resistance to 
viruses. To interpret the results of these previous studies, we hypothesize that virus 
silencing can be induced as long as the engineered RNA targets a critical region of 
the virus genome to interfere with genome replication although different proteins 
such as the silencing suppressors or CPs may also increase plant viral resistance 
through protein/enzyme level interaction(s). For confirmation, further RNA hpRNA 
research is required to statistically test this theory using several RNA silencing sup-
pressors and several non-suppressor regions on the same construct background.

11.3.3 � Artificial miRNA-Mediated Resistance

miRNAs generated from long miRNA precursors (pre-miRNA) can mediate RNA 
silencing similar to the effects of siRNA. Typically, pre-miRNAs are hairpin-shaped 
structures with bubbles on the stem because of sequence mismatches. This charac-
teristic structure is processed by Dicer-like enzymes to produce the mature miRNA, 
a 21–24-nt single RNA that can be loaded into RISC. The miRNA–RISC mediates 
complementarity-dependent repression or degradation of target mRNA (Meister 
et  al. 2004; Brodersen et  al. 2008). It is possible to replace the sequence of the 
21-nt mature miRNAs within the natural miRNA precursor, without disturbing its 
biogenesis and maturation, as long as the secondary structure of the pre-miRNA is 
maintained. The miRNA generated from this approach is called artificial microRNA 
or amiRNA. This has raised interest in creating amiRNA as a tool to silence genes 
of interest or virus. Compared with the long hpRNA- mediated resistance approach, 
amiRNAs have several advantages: First, a short amiRNA fragment may have few-
er off-target effects. Second, the amiRNA uses the endogenous pre-miRNA gene as 
a template, which is more stable than non-endogenous ones to express in plant cells; 
Third, the high specificity in targeting is preferred for biosafety even through long 
hpRNA from virus sequence increases the probability of recombining with a second 
virus to achieve new functionalities.

The approach of amiRNA-mediated virus resistance was first achieved in 
Arabidopsis thaliana by targeting a viral silencing repressor gene sequence (Niu 
et al. 2006). The pre-miR159 was used to express two amiRNAs159 (amiR-p69159 
or amiR-HC-Pro159) for targeting the sequence of two viral silencing repressors, 
P69 of the Turnip yellow mosaic virus (TYMV) or HC-Pro of the turnip mosaic 
virus (TuMV). Transgenic plants expressing these two amiRNAs exhibited spe-
cific resistance to TYMV or TuMV, respectively. In Nicotiana tabacum, amiRNA 
(based on an A. thaliana miR171 precursor) was designed to target 2b of CMV 
and also conferred virus resistance. In this study, it was confirmed that expression 
of miRNA was more effective than expression of short hairpin sRNA in inhibiting 
virus function (Qu et al. 2007). Subsequently, the amiRNA approach was reported 
to confer high resistance against two different strains of CMV (Shandong and Q 
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strains) (Duan et al. 2008). Recently, PVY or Potato virus X (PVX) resistance was 
obtained in N. tabacum expressing amiRNAs targeting HC-Pro of PVY or TGBp1/
p25 of PVX (Ai et al. 2011).

A series of elements such as the different miRNA backbones, the targeting viral 
sequence of the 21-nt amiRNA, and the 21-nt amiRNA sequence itself affected 
amiRNA-mediated resistance efficiency. The miRNA precursor backbones that are 
highly expressed in organisms are the best for amiRNA function. By comparison of 
the three different amiRNA-mediated resistances, the different resistance levels of 
transgenic plants were positively correlated with the expression levels of amiRNAs 
(Ai et al. 2011). Concerning the study of targeting viral sequence, targeting 2a and 
2b RNAs of CMV induced a higher antiviral ability than only targeting 2b (Qu et al. 
2007; Zhang et al. 2011a). In addition, the amiRNA form had a different region on 
the 3′untranslated region (UTR) of CMV or the CP gene of PVY and both showed 
different resistance to CMV or PVY (Duan et  al. 2008; Jiang et  al. 2011a). The 
analysis suggested that the accessibility of the target site was a determinant of the 
efficacy of amiRNA (Duan et al. 2008) and the targeting sequences of loose struc-
ture (i.e., with no strong secondary structure) (Jiang et al. 2011a) were beneficial 
to the improvement of the virus resistance level. Two studies using PVX chimera 
with miRNA target sites (Simón-Mateo and García 2006) and amiRNA targeting 
TuMV (Lin et al. 2009) confirmed that only the 5′ region of miRNAs is critical for 
the initial target RNA binding in plants. Three different groups were defined accord-
ing to the sensitivity of resistance breakdown to position mutations: critical (posi-
tions 3–6, 9, and 12), moderately critical (positions 2, 10, 11, 13, 15, and 18), and 
noncritical (the remaining), and the amiRNA-mediated specific resistance could be 
overcome by up to two mutations on the critical positions within the 21-nt sequence 
(Lin et al. 2009). So, to achieve highly efficient amiRNA-mediated resistance, ap-
propriate miRNA backbones, less structural flanking region, and functionally con-
served regions must all be considered.

11.4 � Factors Affecting RNA Silencing-Mediated 
Resistance

Although RNA silencing as an antiviral strategy has been used in many crops 
(Dietzgen and Mitter 2006), high resistance in the greenhouse often broke down 
under field conditions. It is a common phenomenon for plants to be invaded by a 
complex of diverse pathogen sources in the field. In addition, due to the high simi-
larity between targeting sequence and transgene, viruses that escape mutation may 
regenerate to counter resistance obtained by RNA silencing. Environmental condi-
tions, such as low temperature, can decrease RNA silencing-based transgenic resis-
tance to virus. Furthermore, public concerns about biosafety of transgenic plants 
severely limit the application of transgenic resistance strategy. These factors and 
solutions are discussed in the following section.
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11.4.1 � Multiple Viruses

In the field, plants are frequently subjected to multiple virus infections, resulting 
in intensified symptoms expression and virus accumulation, a phenomenon known 
as synergism. So, multiple virus resistance strategy based on RNA silencing has 
been developed to combat multiple virus infections. The hpRNA-mediated resis-
tance approach involved constructing a single chimeric hpRNA comprised of 4 N 
gene segments (150 nt) of Tospoviruses from TSWV, Groundnut ringspot virus 
(GRSV), Tomato chlorotic spot virus (TCSV), and Watermelon silver mottle virus 
(WSMoV) that displayed a broad-spectrum resistance against tospoviruses (Buch-
er et al. 2006). Similarly, a single chimeric hpRNA fused with CP gene segments 
from PVY, TMV, and CMV also conferred resistance to these three viruses (Zhu 
et al. 2009). Short hairpin RNA (shRNA) that targeted highly similar regions for 
PNYN and TEV-SD1 conferred resistance against both viruses (Zhang et al. 2013). 
Furthermore, co-expression of two amiRNA precursors on the same construct to 
generate a dimeric amiRNA could be used to produce two amiRNAs and provide 
resistance to two different viruses (Niu et al. 2006). Another study has also reported 
that transgenic N. tabacum expressing amiRNAs targeting HC-Pro and p25 from A. 
thaliana pre-miR159a showed highly specific resistance against PVY and PVX (Ai 
et al. 2011). Therefore, chimeric hpRNA, shRNA, and multimeric amiRNA strate-
gies are all extremely useful to address the issue of multiple virus infections under 
field condition.

11.4.2 � Virus Escape from Targeting

Viruses have a great capacity to generate biological variation by mutation, which 
causes viral sequence diversity among different isolates derived from the same 
virus. The sequence similarity between the transgene sequence and the targeting 
virus sequence is critical in RNA silencing-mediated resistance. Virus may escape 
from RNA silencing by mutation. Two engineering strategies can be adopted to pre-
vent resistance loss due to virus mutation. One is to choose highly conserved virus 
sequences from a virus as the effective fragment target; the other is to construct 
the chimeric genes using parts of different genes of one virus with the objective to 
target different genes of the same virus simultaneously. For the first strategy, trans-
genic tobacco plants containing a hpRNA construct of the PVY replicase sequence 
were challenged with a variety of virus strains (Xu et al. 2009; Gaba et al. 2010). 
The transgenic tobacco line was resistant to PVY strains with about 90 % sequence 
homology to the introduced transgenes. The latter strategy has applications for ani-
mal viruses, especially on rapidly mutating animal viruses, such as Human immu-
nodeficiency virus (HIV) (Song et al. 2003) or hepatitis B virus (HBV) (Bian et al. 
2012). In plants, transgenic plants expressing a CP/SP chimeric gene of RSV were 
more resistant to two RSV isolates than the transgenic plant expressing a single CP 
or SP gene (Ma et al. 2011).



246 J. Ma et al.

When the same TuMV was allowed to evolve by serial passages on virus par-
tially resistant transgenic plants, the virus developed resistance to the amiRNA-
induced silencing approximately seven times faster than viruses evolving in the 
wild plant. Virus-sensitive A. thaliana, and the resistance-breaking mutations were 
usually on the central positions of the target (e.g. positions 11 and 12) (Lafforgue 
et al. 2011). A subsequent ultradeep sequencing study of the TuMV-evolved lin-
eages showed that some substantial nucleotide diversity was generated at every 
site of the amiRNA-target sequence along the evolution phase and the variant that 
eventually broke resistance was sampled among the many coexisting ones. The fre-
quency of mutant alleles potentially breaking resistance was significantly greater in 
virus lineages replicating in the partially resistant transgenic lines than in wild-type 
A. thaliana (Martínez et  al. 2012). Like hpRNA-mediated resistance, two strate-
gies can also be used in amiRNA-mediated resistance. While the study of the latter 
one found the expression of multiple amiRNAs targeting conserved motifs in viral 
genomes has also been shown to overcome virus escape mutation for both nega-
tive- and positive-sense plant RNA viruses (Fahim et al. 2012; Kung et al. 2012). 
Recently, similar frequencies of virus mutations escaping from silencing were de-
tected from viruses in transgenic plants expressing two amiRNAs complementary 
to independent targets (both are moderately conserved) and from transgenic plants 
expressing amiRNAs complementary to highly conserved RNA motifs of the viral 
genome (Lafforgue et al. 2013). Further research is required to compare transgenic 
plants expressing amiRNAs targeting one or two highly conserved viral genome 
sequences.

11.4.3 � Temperature

Temperature can strongly affect plant–virus interactions. Under high temperatures, 
symptoms are frequently attenuated and virus titres in infected plants are decreased. 
In contrast, outbreaks of virus diseases are frequently associated with low tempera-
tures. Meanwhile, low temperature can also affect siRNA-mediated resistance. A 
study of RNA silencing induced by viruses or transgenes demonstrated that siRNA 
accumulation could be inhibited at low temperatures (15 °C) and enhanced with 
rising temperatures (Szittya et al. 2003). However, inhibition of RNA silencing or 
decrease of siRNA concentration in low temperature has not always been observed. 
Transgene antisense-induced RNA silencing was not inhibited in potato plants at 
low temperature (Sós-Hegedus et al. 2005). Moreover, transgenic tobacco plants 
transformed separately with inverted repeat constructs targeting the sequences of 
TMV movement protein gene and the CMV replication protein gene, exhibited at 
both 15 and 24 °C similar high levels of resistance to TMV or CMV (Hu et al. 2011). 
On the other hand, the accumulation of miRNA is believed to be independent of 
changing temperatures and the transgenic lines expressing virus-derived amiRNA 
retain their resistance (Szittya et al. 2003; Niu et al. 2006).
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11.4.4 � Biosafety

Although transgenic plants mediated by RNA silencing exhibit efficient resistance 
to diverse viruses, potential safety issues are raised with the release of antiviral 
transgenic plants. Since transgenic papaya ( Carica papaya) with resistance to the 
Papaya ringspot virus (PRSV) has proven to be a great success in the past few 
years, there have been many different crops protected against a whole range of 
viruses through the antiviral pathways of RNA silencing (Tepfer 2002; Fuchs and 
Gonsalves 2008). Perceived risks such as heteroencapsidation, recombination, gene 
flow, effect on nontarget organisms, and synergism may be avoided by the amiRNA 
strategy because only short sequences of virus were delivered into plant cells. How-
ever, risk assessment still needs to be conducted for the release of transgenic crops. 
In order to overcome this problem, a transient RNA silencing system was developed 
in plants by directly delivering hpRNA molecules into plant tissues without genetic 
transformation of the plants.

This nontransgenic strategy was first applied by directly delivering dsRNA to leaf 
cells either by mechanical inoculation or via an Agrobacterium-mediated transient ex-
pression assay (Tenllado and Díaz-Ruíz 2001). Meanwhile, another study found that 
a bacterial strain lacking the dsRNA-specific endonuclease RNase III could be cul-
tured to produce high levels of specific dsRNAs, and those dsRNAs could effectively 
trigger strong and gene-specific gene silencing when fed to Caenorhabditis elegans 
(Timmons et al. 2001). Subsequently, this method was designed for bacterial systems 
to biosynthesize dsRNA in vivo, and crude extracts were inoculated into plants via 
spraying onto plant surfaces (Tenllado et al. 2003). More studies on nontransgenic 
approaches were conducted, including producing dsRNA using different dsRNA pro-
karyotic expression systems (Yin et al. 2009), resistant efficiency mediated by dsRNA 
derived from different viral function genes (Sun et al. 2010b), and different regions of 
the same gene (Sun et al. 2010a). The nontransgenic dsRNA approach, as confirmed 
in both a dicot plant (tobacco) and a monocot plant (maize), provided the possibility 
to protect a variety of crops from a diverse group of plant viruses (Gan et al. 2010). 
However, in contrast to the heritable resistance mediated by transgene RNA silenc-
ing, the transient approach did not confer long-term protection (Tenllado et al. 2003). 
Therefore, continuous spraying is required for the maintenance of protection.

11.5 � Concluding Remarks and Future Directions

Current understanding of RNA silencing pathways (summarized in Fig. 11.1) have 
already provided new platforms for developing strategic molecular tools for plant 
antiviral defence. The hpRNA and amiRNA systems, developments based on our 
knowledge of two basic sRNA pathways in plants (siRNA and miRNA), have 
already proven to be effective tools for genetic engineering of RNA virus resistance. 
Based on the character of viral genomes, proper structural design of hpRNA or 
amiRNA plays a key role for obtaining highly efficient and inheritable resistance.
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RNA silencing-mediated resistance to DNA viruses in plants has been rarely 
studied. In hpRNA- mediated resistance to geminiviruses, which have single-
stranded circular DNA genomes, the resistance mechanism was related to RdDM 
and siRNA pathways of RNA silencing (Zhang et al. 2011b). However, more details 
about DNA virus resistance still needs to be uncovered to obtain high resistance 
efficiency to DNA viruses.

Transgenic plants with high resistance or immunity to RNA viruses or gemi-
nivirus have been obtained in several plants species, but most of the successful 
examples were obtained in greenhouses. Multiple field factors such as synergism, 
virus escape from targeting, and low temperature, may cause the loss of resistance 
in nature. Highly conserved sequences and chimeric constructs are both effective 
in countering multiple viruses or virus escape. The recent evolution experiment 
showed that viruses commonly mutate in central nucleotides of the amiRNA target. 
But similar research is not done on the siRNA target in plants. Finding the relevance 
between different siRNA target positions and resistance effectiveness is important 
for siRNA-mediated resistance to viruses.

Moreover, the antiviral strategy of spraying hpRNA onto plant surfaces avoids 
the public concern about transgenic crops and expands the application of RNA si-
lencing mechanisms. Designing chimeric hpRNA to target multiple viruses is the 
next testing step. Many factors like spray titre and spray time also need to be tested 
in the field before application. It is important to determine how to overcome fac-
tors affecting RNA silencing-mediated resistance in the field and to improve the 
biosafety of antiviral spray activities.
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12.1 � Introduction

Targeted genome modification (TGM) has been widely used to investigate gene 
function and expand biotechnology applications in yeast (Scherer and Davis 1979), 
fruit fly (Bibikova et  al. 2002), mice (Capecchi 2005), human cell lines (Urnov 
et  al. 2005), plants, and many other organisms (Remy et  al. 2010; Urnov et  al. 
2010). Reliable and efficient methods for obtaining site-specific modifications in 
plants are long sought-after goals for basic plant research and crop improvement 
(Pennisi 2010). Although first demonstrated in the late 1980s, TGM in plants was 
far from routine because of its extremely low efficiency (ranging from 10–3 to 10–6; 
Paszkowski et al. 1988; Halfter et al. 1992; Tzfira and White 2005). The critical step 
in TGM is the introduction of DNA double-strand breaks (DSBs) at given genomic 
sites. The DSBs can be repaired by either nonhomologous end-joining (NHEJ) or 
homologous recombination (HR) pathways. NHEJ is often imprecise and can in-
troduce mutations at target sites resulting in the loss of gene function. In contrast, 
HR uses a homologous DNA template which is provided by the investigator to 
invoke the cell’s own repair machinery and can be employed to create site-specific 
sequence modifications or targeted insertions (Moynahan and Jasin 2010). Through 
NHEJ or HR, sequence-specific nucleases can be used to perform TGMs including 
mutations, insertions, replacements, and chromosome rearrangements (Fig. 12.1). 
Three powerful techniques, including zinc-finger nucleases (ZFNs), transcrip-
tion activator-like nucleases (TALENs) and RNA-guided endonucleases (RGENs) 
genome engineering based on the type II prokaryotic clustered regularly inter-
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Fig. 12.1   The three customizable sequence-specific molecular scissors. a Zinc-finger nucleases 
(ZFNs). b Transcription activator-like effector nucleases (TALENs). c Clustered regularly inter-
spaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9). Both ZFNs and 
TALENs possess a FOKI nuclease domain for DNA cleavage, whereas the CRISPR/Cas system 
recruits a Cas nuclease for DNA cleavage. A zinc-finger module contacts three nucleotides of the 
target sequence on average, a TAL effector module binds one nucleotide, and an sgRNA inter-
acts with one nucleotide of the DNA target site. TAL effector transcription activator-like effector, 
sgRNA single-guide RNA
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spaced short palindromic repeat (CRISPR)/CRISPR-associated (Cas) system, have 
been developed for targeted DNA sequence modification of many organisms. For 
more than a decade, ZFNs have been widely used. These are engineered sequence-
specific nucleases, i.e., chimeric proteins consisting of a customizable, zinc-finger 
based, DNA-binding domain (DBD) fused to the nonspecific cleavage domain of a 
FokI restriction endonuclease. ZFNs have been used to modify endogenous genes 
in a wide range of organisms, cell types, and plant species including Arabidopsis 
(Lloyd et al. 2005; de Pater et al. 2009; Osakabe et al. 2010; Zhang et al. 2010), 
tobacco (Cai et al. 2009; Townsend et al. 2009; Marton et al. 2010), maize (Shukla 
et al. 2009), petunia (Marton et al. 2010), and soybean (Curtin et al. 2011). Major 
constraints on ZFN application include the limited number of available target sites, 
more context-dependence effects between the repeat units, low targeting efficiency 
and specificity, and frequent off-target effects caused partly by nonspecific DNA 
binding (DeFrancesco 2012). TALENs have emerged as alternatives to ZFNs for 
gene targeting, and have been shown to have great potential for precise genome 
manipulation (Christian et al. 2010). Like ZFNs, TALENs consist of an engineered-
specific transcription activator-like effector (TALE) DBD and FokI cleavage do-
main. The customizable TALE DBD, composed of several nearly identical tandem 
repeat arrays, can target any given sequence according to a simple repeat variable 
diresidue (RVD)-nucleotide recognition code (Bogdanove et al. 2010; Bogdanove 
and Voytas 2011). Within the past 3 years, TALEN-mediated genome modification 
has been widely adopted in yeast (Li et  al. 2011), nematode (Wood 2011), fruit 
fly (Liu et al. 2012), rat (Tesson et al. 2011; Tong et al. 2012), human somatic and 
pluripotent cells (Hockemeyer et al. 2011; Miller et al. 2011), silkworm (Watanabe 
et al. 2012), livestock (Carlson et al. 2012), plants (Mahfouz et al. 2011; Li et al. 
2012b; Shan et al. 2013; Zhang et al. 2013), Xenopus embryos (Lei 2012), zebra 
fish (Huang et al. 2011; Sander et al. 2011; Bedell 2012; Cade et al. 2012; Dahlem 
et al. 2012; Moore 2012), and many other organisms, and is recognized as a major 
breakthrough in the core technology of genome engineering (Varshney et al. 2011; 
Schierling et al. 2012). More recently, researchers from several groups have suc-
cessfully employed RNA-guided genome engineering based on the type II prokary-
otic CRISPR/Cas system (RGENs). In this system, only one customized guide RNA 
(gRNA) is required to target a specific sequence and the same Cas9 endonuclease to 
cleave the foreign DNA. This research on RNA-guided editing represents another 
breakthrough for genome engineering (Jinek et  al. 2012; Cho et  al. 2013; Cong 
et al. 2013; Hwang et al. 2013; Jiang et al. 2013; Mali et al. 2013). Genome editing 
with engineered nucleases was named the 2011 “Method of the Year” (Varshney 
et al. 2011), and 1 year later genome engineering using TALENs and CRISPR/Cas 
systems was crowned the 2012 “Breakthrough of the Year” by Science (Schierling 
et al. 2012). In this chapter, we discuss these different approaches for genome engi-
neering used, in use, or for future use, for plant gene targeting.
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12.2 � Gene Targeting in Plants Using Zink-Finger 
Nucleases

ZFNs were the first custom-designed nucleases engineered to cut at specific DNA 
sequences in gene targeting in the late 1990s (Bibikova et al. 2003). ZFNs combine 
a DNA-recognition domain composed of three or four Cys2His2 zinc finger (ZF) 
modules with the nonspecific cleavage domain (N) of the FokI restriction endonu-
clease. Each ZF usually recognizes a 3-bp-long sequence, and binds DNA by insert-
ing the a-helix into the major groove of the double helix. A ZF array (ZFA) normally 
consists of three or four fingers and can be engineered to bind diverse target DNA 
sequences within a genome of interest. The cleavage domain functions typically as 
a dimer, and the two ZFAs are designed to bind within a distance of 5–7 nucleo-
tides from each other, producing an enzyme which is capable of targeting a unique 
DNA sequence, so that they can interact and induce the targeted DSB (Fig. 12.2a). 
Several zinc-finger engineering methods have been used to create novel ZFNs. 
Some groups have made ZFNs using “modular assembly,” a method for engineer-
ing multi-finger arrays, which treats individual fingers as independent units. The 
success rate of modular assembly for making three- or four-finger assays has been 
reported to be low due to its failure to account for the context-dependent activity of 
zinc-finger domains in an array. Later, the oligomerized pool engineering (OPEN) 
method was efficiently used to make ZFNs in plants for targeted genome editing 
(Zhang et  al. 2010). OPEN strategy uses a collection of zinc-finger pools, each 
consisting of a small number of different fingers designed to bind to a particular 
3-bp unit, and an in vivo-based selection method. The labor and expertise required 
to screen combinatorial libraries have limited its broad adoption. An easier and ef-
fective alternative for making ZFNs, called context-dependent assembly (CoDA), 
uses archives of preselected two-finger units that function well together, obtained 
from OPEN (Sander et al. 2010). The arrays using the CoDA method can be rapidly 
assembled by simple cloning strategies, or DNA encoding the fingers can be syn-
thesized commercially. Although CoDA accounts for context dependence between 
adjacent fingers, CoDA has some limitations compared to the other methods. For 
example, modular assembly is less effective than CoDA, but it can potentially be 
used to target sites that CoDA currently cannot target. With the current archive of 
CoDA units, a potential ZFN target site can be found approximately once in every 
500 bp of random sequence (Sander et al. 2010). As more pools of finger variants 
for screening libraries in OPEN and two-finger units for assembly in ZF arrays in 
CoDA become available, CoDA will foster broader adoption of ZFN technology in 
genome-wide alterations. ZFN-mediated targeting has been successfully employed 
to modify many genes in plants (Table 12.1). However, the use of ZFNs is still 
constrained for most molecular laboratories due to the difficulty of production, high 
costs, and modest efficacy in many applications.
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12.3 � Gene Targeting in Plants Using Transcription 
Activator-Like Nucleases

TALENs are the most recent reagent of choice for efficiently modifying eukaryotic 
genomes in a targeted fashion (Baker 2012). Like ZFNs, TALENs are composed 
of an engineered array of DBDs fused with a nonspecific FokI nuclease domain 
(Christian et  al. 2010). TALEs are major virulence factors secreted by the plant 
pathogenic bacterial genus Xanthomonas, which causes disease in plants such as 
rice and cotton (Boch and Bonas 2010; Bogdanove et al. 2010). TALEs are injected 

 

Fig. 12.2   Genome modification with TALENs. a Genome modification with one pair of TALENs. 
Double-strand breaks (DSBs) induced by one pair of TALENs will activate DNA repair mecha-
nisms by either nonhomologous end joining (NHEJ) or homologous recombination (HR). Through 
NHEJ, DSBs lead to frame-shift mutations with small insertions or deletions (indels) and result 
in gene disruption ( left panel); HR, stimulated by the homologous DNA template, leads to gene 
replacement ( middle panel) or gene insertion ( right panel). b Genome modification with two pairs 
of TALENs. The introduction of two pairs of TALENs targeted at two sites on the same chromo-
some can cause large deletions or inversions ( left panel). The introduction of two nuclease-induced 
DSBs on different chromosomes can lead to translocations or multiple gene disruptions ( right 
panel)
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Plant species Target gene Modification 
type

ZFNs/
TALENs

Mutations Reference

Arabidopsis Artificial 
sites

NHEJ ZFN Mutagenesis (Lloyd et al. 2005)

Tobacco mGUS:NPTII NHEJ, HR ZFN Mutagenesis, 
Insertion

(Wright et al. 
2005)

Tobacco mPAT HR ZFN Insertion (Cai et al., 2009)
Tobacco CHR50 HR ZFN Insertion (Cai et al. 2009)
Arabidopsis Artificial 

sites
NHEJ ZFN Mutagenesis (de Pater et al. 

2009)
Maize IPK1 HR ZFN Insertion (Shukla et al. 

2009)
Tobacco SuRA, SuRB HR ZFN Insertion (Townsend et al. 

2009)
Arabidopsis mGUS NHEJ ZFN Mutagenesis (Tovkach et al. 

2009)
Tobacco mGUS NHEJ ZFN Mutagenesis (Tovkach et al. 

2009)
Tobacco mGUS NHEJ ZFN Mutagenesis (Marton et al. 

2010)
petunia mGUS NHEJ ZFN Mutagenesis (Marton et al. 

2010)
Arabidopsis ADH1 NHEJ ZFN Mutagenesis (Zhang et al. 2010)
Arabidopsis TT4 NHEJ ZFN Mutagenesis (Zhang et al. 2010)
Arabidopsis ABI4 NHEJ ZFN Mutagenesis (Osakabe et al. 

2010)
Soybean DCL NHEJ ZFN Mutagenesis (Curtin et al. 2011)
Soybean DCL4b NHEJ ZFN Mutagenesis (Curtin et al. 2011)
Soybean RDR NHEJ ZFN Mutagenesis (Curtin et al. 2011)
Soybean HEN NHEJ ZFN Mutagenesis (Curtin et al. 2011)
Arabidopsis ADH1 NHEJ TALENs Mutagenesis (Cermak et al. 

2011)
Tobacco EBE of Hax3 NHEJ TALENs Mutagenesis (Mahfouz et al. 

2011)
Rice EBE of 

AvrXa7 and 
PthXo3

NHEJ TALENs Mutagenesis (Li et al. 2012b)

Tobacco SuRA, SuRB NHEJ, HR TALENs Mutagenesis, 
insertion and 
replacement

(Zhang et al. 2013)

Rice OsDEP1 NHEJ TALENs Mutagen-
esis, large 
deletion, 
inversion

(Shan et al. 2013)

Table 12.1   Examples of targeted gene modification using ZFNs or TALENs in plants
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into host cells through the type III secretion system and interfere with cellular ac-
tivities by activating the transcription of specific target genes (Bogdanove et  al. 
2010). They have specific structural features, including secretion and translocation 
signals in the N-terminal region, nuclear localization signals (NLS) and an acidic 
transcription–activation domain (AD) in the C-terminal region and a central DBD 
with 33~35 nearly identical long amino acid repeats, followed by the last module 
which contains only 20 amino acids (referred to as “half repeat”; Fig. 12.2a). The 
repeat variable diresidue (RVD) at positions 12 and 13 of each repeat dictates the 
specificity of repeat binding to a nucleotide in the DNA target (Fig. 12.2a). The 
two hypervariable residues in the RVD loops have different biochemical roles. The 
second amino acid of the RVD (position 13) mediates specific recognition of the 
sense-strand DNA base, whereas the first amino acid (position 12) does not directly 
contact the DNA but instead helps to stabilize the repeat structure (Deng et al. 2012; 
Mak et al. 2012). This RVD–nucleotide preference was first identified as the DNA 
sequence recognition code of TALEs in 2009 by two independent groups (Boch 
et al. 2009; Moscou and Bogdanove 2009). According to this code, the HD repeat 
specifies cytosine (C), NG specifies thymine (T), NI specifies adenine (A), NN 
specifies guanine (G) or adenine (A), N* specifies cytosine (C), IG specifies thy-
mine (T), and NS specifies adenine (A), cytosine (C), guanine (G), or thymine (T) 
(Fig. 12.2a). Although many natural RVDs have been discovered, four of them, HD, 
NN, NI, and NG, account for 75 % of the total (Moscou and Bogdanove 2009). The 
DNA-binding specificity of a TAL effector is determined by its repeat number and 
the sequence of the RVD: The repeat number determines the length of the target 
sequence, while the RVD corresponds directly to the nucleotide in the target site. 
Moreover, recognition sites are always preceded by a T before the first repeat in the 
array, and this is the only critical rule for TALE targeting (Boch et al. 2009).

AQ5

Plant species Target gene Modification 
type

ZFNs/
TALENs

Mutations Reference

Rice OsBADH2 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Rice OsCKX2 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Rice OsSD1 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdABA1 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdCKX2 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdSMC6 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdSPL NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdSBP NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdCOI1 NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdRHT NHEJ TALENs Mutagenesis (Shan et al. 2013)
Brachypodium BdHTA1 NHEJ TALENs Mutagenesis (Shan et al. 2013)
TALENs transcription activator-like nucleases, NHEJ nonhomologous end joining, ZFN zinc-
finger nucleases, HR homologous recombination

Table 12.1  (continued)
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The long and highly repetitive nature of the DBDs of TALEs makes it a major 
challenge to construct engineered TALENs by ordinary polymerase chain reaction 
(PCR) and traditional cloning techniques. Although custom-engineered TALEs 
have become available commercially through Cellectis Bioresearch and Life Tech-
nologies, they are too expensive to adopt routinely like DNA sequencing. In the 
past 3 years, with more understanding of the features of TALENs, a variety of rapid 
TALEN assembly methods have been invented by a number of molecular genetics 
laboratories. Among them, the Golden Gate assembly method that uses ligation-
based strategies is the most popular. Golden Gate assembly has the advantage of be-
ing simple, fast, and inexpensive, and has been widely used (Cermak et al. 2011; Li 
et al. 2011; Morbitzer et al. 2011; Sander et al. 2011; Weber et al. 2011). It employs 
type IIS restriction enzymes to create multiple sticky ends. Cloning is carried out by 
digestion and ligation in the same reaction mixture, and researchers can easily ligate 
up to ten TALE repeats in one reaction. For example, a custom TALEN with 15–31 
repeats can be efficiently designed and made by two-step ligation using the Golden 
Gate assembly protocol invented by the Voytas laboratory (Cermak et al. 2011). The 
Golden Gate assembly method depends on sequencing to identify the correct clone, 
and it usually requires 3–5 days to accomplish assembly. Up to now, most TALENs 
targeting plant genes have been constructed by the Golden Gate method (summa-
rized in Table 12.1). Researchers can obtain reagent kits for the above platforms 
from the nonprofit plasmid distribution service Addgene (http://www.addgene.org/
talen/). Conveniently, sources of TALENs including target design and prediction, 
assembly methods, reference collections, protocols, and materials, and even news-
groups for discussion, are easily found on websites such as TALEN-NT (Doyle 
et al. 2012), idTALE (Li et al. 2012a), and EENdb (Xiao et al. 2013). Thus, very 
straightforward working methods for generating TALENs are being developed.

Although TALEN technology benefits from the discovery of the DNA recogni-
tion code which TALEs have adopted to regulate effector gene expression in plants, 
the achievements of genome modification in plants are lagging behind those in 
other organisms such as zebra fish (Huang et al. 2011; Sander et al. 2011; Cade et al. 
2012; Moore 2012). Up to now, TALEN-mediated genome modification has been 
adopted in four plant species—Arabidopsis (Christian et  al. 2010; Cermak et  al. 
2011; Li et al. 2012a), tobacco (Mahfouz et al. 2011; Li et al. 2012a; Zhang et al. 
2013), rice (Li et al. 2012b; Shan et al. 2013), and Brachypodium (Shan et al. 2013). 
Most of the resulting mutations reported in plants until now are NHEJ-dependent 
genome mutations. The initial research was carried out by Christian et al. in Voytas’ 
laboratory, 1 year after the recognition code was deciphered. These workers assem-
bled pairs of TALENs targeting the Arabidopsis gene ADH1 and proved that they 
were active in a yeast assay (Christian et al. 2010). One year later, Cermak et al. 
described a method and reagents for efficiently assembling TALEN constructs with 
custom repeat arrays. The same Arabidopsis gene ADH1 was successfully TALEN 
targeted in Arabidopsis protoplasts using this method (Cermak et al. 2011). In the 
same year, Zhu’s group generated a de novo Hax3 TALE-based hybrid nuclease 
(dHax3N) by fusing a modified dHax3 DBD sequence to a FokI C terminal cleav-
age domain (Mahfouz et al. 2011). When transiently expressed in tobacco leaves, 

http://www.addgene.org/talen/
http://www.addgene.org/talen/
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the modified Hax3N created DSBs in its artificial target sequence in vivo. Further-
more, Li et  al. (2012a) assembled dTALEN heterodimers binding to the coding 
sequence (CDS) of AtPDS3 and demonstrated their cleavage activity in vitro. The 
high point of the application of TALEN technology to crop improvement so far has 
been the production of disease-resistant rice by high-efficiency TALE-based gene 
editing (Li et al. 2012b). Bacterial blight is a devastating disease responsible for 
large losses of rice yields, and the main cause of the virulence was the TALE se-
creted by Xanthomonas oryzae pv. oryzae (Xoo), which transcriptionally activates 
specific rice disease-susceptibility ( S) genes. Li et al. (2012b) used TALENs to edit 
a specific S gene, the sucrose-efflux transporter gene ( Os11N3, also named OsS-
WEET14), by disrupting the effector-binding element (EBE) in its promoter region 
without changing its expression. TALENs targeted at an essential sequence cover-
ing the natural EBEs of AvrXa7 and PthXo3 were designed and transformed into 
rice cells. Several independent mutant lines with disrupted EBE sequences were 
obtained, and the progeny of some of them displayed resistance specific to AvrXa7 
and PthXo3, and morphologically normal phenotypes.

Targeted gene insertions and replacements have been accomplished by the Voy-
tas laboratory using highly efficient TALE scaffolds optimized by employing tobac-
co protoplasts and TALENs targeting the acetolactate synthase ( ALS) gene (Zhang 
et  al. 2013). The high frequencies of targeted mutations (30 %) and gene inser-
tions (14 %) hold promise of permitting genome modification by protoplast trans-
formation without the need for selection or enrichment regimes. In addition, when 
TALENs were co-transformed with donor DNA carrying a 6-bp variant of surA 
or surB, targeted gene replacements (4 %) in calli were achieved. The protoplast 
single-strand annealing (SSA) assay has been shown to provide a reliable means of 
assessing TALEN activity at endogenous chromosomal target sites. The Voytas’s 
laboratory has provided plant biologists with an efficient plant genome engineer-
ing system using TALENs, including the Golden Gate assembly method (Cermak 
et al. 2011), optimal scaffolds of increased effectiveness (Zhang et al. 2013), and 
a nuclease activity validation method using protoplasts (Zhang et al. 2013). Their 
work thus offers hope of being able to perform plant genome engineering in general 
molecular biology laboratories.

Large-scale highly efficient TGM by TALENs in rice and Brachypodium has 
been achieved in our laboratory (Shan et al. 2013). We obtained targeted gene knock-
outs of four rice genes and eight Brachypodium genes, with mutation rates reach-
ing > 30 % as measured both by restriction enzyme digestion assays and sequencing. 
Our reagents and cloning processes are seamlessly integrated into a published Gold-
en Gate TALEN engineering platform, which has been used by more than 800 labo-
ratories worldwide (Pennisi 2012). Instead of some laborious plant transformation 
procedure, a rapid, accurate, and reliable protoplast transient assay, based on PCR/
restriction enzyme screening, was used to quickly screen active nuclease activities 
independently at each endogenous target site in rice and Brachypodium. The active 
TALENs were subsequently transformed into embryonic cells of rice or Brachypo-
dium using the Agrobacterium transformation method. We identified a total of 127 
mutant sequences in both rice and Brachypodium, and each was characterized as 
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a small deletion, insertion, or nucleotide substitution. Most mutations were small 
deletions ranging from 1 to 20 bp, and all of the mutations occurred in the spacer 
region between the TALEN-binding sites. These high frequencies allowed us to iso-
late large genomic deletions (i.e., 1.3 kb) by simultaneous expression of two pairs 
of TALENs. This was the first report that demonstrated the production of genomic 
deletions of large, predetermined endogenous DNA segments in a targeted fashion 
in plants. In addition, preliminary experiments show that TALENs can induce in-
sertion and deletion (indel) mutations that disrupt genes in Arabidopsis, petunia, 
cotton, maize, and wheat (unpublished data). It will not be surprising if, in the near 
future, TALEN technology is extended to potato, soybean, sorghum, oilseed rapes, 
and other plant species or crops of commercial value.

12.4 � Gene Targeting Using RNA-Guided Endonucleases

Although genome-editing technologies such as ZFNs and TALENs have proved 
their abilities to enable genome modifications, there remains a need for new tech-
nologies that are robust, affordable, and easy to engineer. Recent advances in the 
study of the type II prokaryotic CRISPR adaptive immune system provide an alter-
native genome-editing strategy. CRISPR is a compound of bacterial and archaeal 
immunity. Three types (I, II, and III) of CRISPR systems with different features 
have been identified. The type II CRISPR systems, widespread in bacteria, use a 
single endonuclease, Cas9, which has attracted much attention due to its potential 
use in genomic engineering (Barrangou et al. 2007; Garneau et al. 2010; Deltcheva 
et al. 2011; Fig. 12.2b). This enzyme functions as part of a defense system against 
foreign DNA, in which it has two active sites that each cleave one strand of a double-
stranded DNA molecule. The Cas9 endonuclease forms a complex with two RNAs 
called CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA), which form 
a targeted RGEN and guide Cas9 to recognize and cleave target DNA. The site-
specific double-stranded DNA breaks are then repaired by either NHEJ or HR. The 
specificity of RGENs can be customized by replacing a short synthetic RNA mol-
ecule without changing the protein component. Several groups have now reported 
the application of RGENs as a simple and programmable tool to sequence-specific 
genome editing of bacteria, human cells, and whole zebra fish. Four of the groups 
showed that RNA-guided Cas9 can mediate genomic cleavage in human cells (Cho 
et al. 2013; Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013). They reported that 
RNA-guided genome targeting in human cells is relatively simple to execute and 
the mutagenesis frequencies are similar to those obtained previously with ZFNs 
or TALENs. Moreover, Cho et al., Cong et al., and Mali et al. also demonstrated 
that the simultaneous introduction of multiple gRNAs into human cells can achieve 
multiplex gene editing of multiple target loci. Two other independent studies using 
this in vivo zebra fish system have been provided by Hwang at al. and Chang et al., 
who report the generation of somatic mutations in many loci by the Cas9/gRNA 
nuclease complex with efficiencies similar to that of ZFNs and TALENs (Chang 
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et al. 2013; Hwang et al. 2013). Working in bacteria, Jiang et al. successfully use a 
dual-RNA:Cas9-directed system alone or together with an editing template to elimi-
nate cleavage or introduce the desired mutations (Jiang et al. 2013).

In contrast to genome editing with ZFNs or TALENs, the target specificity of the 
RGENs is programmed with a small RNA, without any need for enzyme engineer-
ing. The design process is much simpler, as target site selection is determined solely 
by base complementarity to the guide DNA, and the Cas9 protein does not require 
reengineering for each new target site. Moreover, the high target specificity is deter-
mined by a 20-bp RNA–DNA interaction, which is encoded by a short sequence of 
approximately 100 bp. gRNA is therefore much easier and simpler to engineer than 
ZFNs or TALENs. Lastly, the short length of the gRNA sequence makes it easier 
to deliver into cells than the longer and highly repetitive ZFN/TALEN encoding 
vectors. The ease of the CRISPR/Cas system to modify genomic sequences greatly 
exceeds that of comparable ZFNs and TALENs, while offering similar or greater 
efficiencies. These reports described significant advances that hold real promise for 
application of CRISPR/Cas systems to other organisms, such as plants, for which 
plasmids can be introduced. It is expected that these CRISPR/Cas-directed genome-
editing technologies will be broadly useful in the basic and applied plant sciences.

12.5 � Conclusions and Perspectives

Gene-editing nucleases (i.e., ZFNs and TALENs) and the RGENs-mediated TGM 
are rapidly becoming powerful tools for genome engineering. In particular, in the 
past three years, there has been an explosion in the number and diversity of ap-
plications of these technologies (Joung and Sander 2012; Marx 2012; Mussolino 
and Cathomen 2012; Pennisi 2012). Different types of mutations, such as deletions, 
insertions, single-nucleotide substitution, and replacement, can be generated. Tradi-
tional transgene methods typically transform and integrate foreign genes into host 
cells at random. The biological effects may therefore be related to the integration 
sites rather than the transgenes themselves, so it is hard to define gene function 
unambiguously. Targeted gene insertion by ZFNs, TALENs, or RGENs is a good 
HR-dependent approach to integrate genes of interest into genomes at given sites 
and avoid random insertions. Using these targeted gene insertion technologies, re-
searchers can select sites that are conducive to high levels of gene expression, and 
integrate different genes at the same locus under the control of identical regulatory 
elements to detect subtle differences in gene function. Furthermore, it could be used 
to insert multiple genes at the same chromosomal locus to stack genes. This makes 
it easier to combine all of the genes of interest at the same locus and then trans-
fer them into other germplasm by crossing, to accelerate plant molecular breed-
ing (Curtin et al. 2012; Tzfira et al. 2012). Targeted tagging is another example of 
targeted gene insertion. It specifically refers to inserting a tag or a reporter gene to 
label an endogenous gene. Zhang et al. used TALENs to generate an amyotrophic 
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lateral sclerosis–green fluorescent protein (ALS–GFP) fusion protein expressed in 
tobacco protoplasts (Hockemeyer et al. 2011; Zhang et al. 2013).

In terms of targeted gene replacements, the precise modification is normally 
obtained by an HR-dependent DNA repair pathway, in which ZFNs, TALENs, 
or RGENs and donor DNA templates containing sequences homologous to those 
flanking the break site are delivered to cells simultaneously. In this way, DSBs 
induced by the TALENs can be immediately repaired using the donor DNA tem-
plate and generate a specific change at a specific genomic location. Targeted gene 
replacements mediated by ZFNs, TALENs, or RGENs have been successfully used 
to modify predetermined sequences in yeast (Li et  al. 2011), zebra fish (Bedell 
2012), and rice (Zhang et al. 2013). Lastly, the development of large chromosomal 
rearrangement or simultaneous editing of several sites enables powerful applica-
tions across basic science, biotechnology, and medicine.

12.6 � A Protocol for TALEN Construction

This protocol describes methods of TALEN Golden Gate assembly and combine 
vector construction (Cermak et al. 2011; Zhang et al. 2013).

12.6.1 � Materials

12.6.1.1 � Molecular Biology Reagents

1.	 TALEN plasmid library for assembly: Available from Addgene (http://www.
addgene.org/TALeffector/goldengateV2/). In this protocol, a total of 57 plasmids 
are needed to be prepared, which include 40 module plasmids encoding RVDs 
(pHD1–10, pNN1–10, pNG1–10 and pNI1–10), four last repeat plasmid encod-
ing half RVDs (pLR-HD, NN, NG and NI), ten array vectors (pFUS-A, pFUS-
B1–9), two backbone vectors (pZHY500 and pZHY501), and one TALEN 
combine vector pZHY013 (Zhang et al. 2013).

2.	 T4 DNA ligase, restriction endonuclease BsaI and Esp3I (NEB), and other fast 
digested restriction enzymes including AflII, XbaI, BamHI, StuI, AatII, NheI, 
and BglII (Thermol).

3.	 Plasmid-Safe™ ATP-dependent DNase (Epicentre).
4.	 Axygen™ plasmid Miniprep kit and Axygen™ DNA gel extraction kit (Axygen).
5.	 Chemically competent cells of DH5α (TransGene).
6.	 Taq DNA polymerase (TransGene).
7.	 Other chemicals (Sigma).

http://www.addgene.org/TALeffector/goldengateV2/
http://www.addgene.org/TALeffector/goldengateV2/
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12.6.1.2 � Bacterial Media, Antibiotics and Additives

1.	 Antibiotic stock solutions (1000×): 100 mg/mL ampicillin, 50 mg/mL spectino-
mycin in double distilled water (ddH2O) and 10  mg/mL tetracycline in 70 % 
ethanol. Aliquot, store at −20 °C.

2.	 X-Gal and Isopropyl β-d-1-thiogalactopyranoside (IPTG) stocks: 20  mg/mL 
X-Gal in dimethyl sulfoxide (DMSO), 100 mM IPTG in ddH2O. Aliquot, store 
at −20 °C in dark.

3.	 Lysogeny broth (LB) liquid medium: Dissolve 10 g tryptone, 5 g yeast extract, 
10 g NaCl in 1 L ddH2O. Autoclave to sterilize, allow media to cool to ~50 °C. 
Then add appreciated antibiotics and store at 4 °C.

4.	 LB solid medium: Same as LB Liquid medium, with addition of 15 g agar before 
autoclave. LB medium with IPTG/X-Gal: Spread 40  μL of 0.1  M IPTG and 
40 μL 20 mg/mL X-gal on the surface of plate before use.
a.	 LB/S plates, containing Spectinomycin (50 μg/mL)
b.	 LB/AIX plates, containing Ampicillin (100 μg/mL), IPTG, and X-gal.
c.	 LB/SIX plates, containing Spectinomycin (50 μg/mL), IPTG, and X-gal.

12.6.1.3 � Primer Sequences

Primers pCR8_F1, pCR8_R1, TAL_F1, and TAL_R2 are used in this protocol 
(Table 12.2).

12.6.1.4 � Equipment and Consumables

1.	 PCR thermocycler (BioRAD).
2.	 Environmentally controlled incubator (37 °C) for growing Escherichia coli 

(Eppendorf).
3.	 Environmentally controlled shaker (37 °C) for culturing E.coli (Eppendorf).
4.	 Nanodrop 2000 spectrophotometer for measuring plasmid concentration 

(Thermol).
5.	 Centrifuge for E. coli culture and plasmid purification (Eppendorf).

Table 12.2   Primers used in this protocol
Name Sequence Usage
pCR8_F1 5ʹ-ttgatgcctggcagttccct-3ʹ Colony PCR and sequencing 

primers for first cyclepCR8_R1 5ʹ-cgaaccgaacaggcttatgt-3ʹ
TAL_F1 5ʹ-ttggcgtcggcaaacagtgg-3ʹ Colony PCR and sequencing 

primers for second cycleTAL_R2 5ʹ-ggcgacgaggtggtcgttgg-3ʹ
TAL transcription activator like, PCR polymerase chain reaction
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6.	 Heating water bath (42 °C; Changfeng).
7.	 Heating block (Eppendorf).
8.	 Standard equipment and regents for agrose gel electrophoresis (BioRAD).
9.	 A 0.2-mL thin-walled PCR tubes, 8-strip PCR tube, and 96 well PCR plate 

(Haimeng).

12.6.2 � Methods

12.6.2.1 � Preparation for Assembly

1.	 Set up plasmid library for TALEN constructs; each plasmid is diluted to 150 μg/
μL before using.

2.	 Design considerations: There are numerous web-based software available for 
TALEN design and target finding. We use TAL effector nucleotide targeter 
(TALE-NT) 2.0 (https://tale-nt.cac.cornell.edu/), supplied by The Bogdanove 
laboratory, to design arrays of TALE to target our gene sequences.

3.	 Select candidate TALE-binding sites and design TALEN pairs, usually 2–3 
sites per gene is enough to obtain expected mutation in one gene, and a specific 
restriction enzyme site in the spacer sequence is recommended for the TALEN 
activity assay.

4.	 Fill your TALEN RVD sequence (usually RVD number should vary from 15 to 
20 and spacer length should be kept to 13–18 bp) in the Microsoft Excel spread-
sheet of the Golden Gate TAL assembly form supplied by Addgene. Print the 
form before the experiment.

12.6.2.2 � Day-1 of First Cycle Assembly

1.	 Choose your RVDs from the library according to your assembly form, pick 
plasmids for the first half of the RVDs 1–10 + destination vector pFUS_A; 
pick plasmids for the latter half of the RVDs 11 up to N–1 + destination vector 
pFUS_B#N-1. For example, if you prepare to assemble a TALEN of 18 RVDs, 
the first 10 RVDs should be ligated with pFUS_A, the left eight RVDs, except 
for the last half RVD, should be ligated with pFUS_B7.

2.	 Set up Golden Gate reaction separately in 0.2 mL PCR tubes:

1 μL each module vector (RVDs)
1 μL pFUS_A or pFUS_B (N-1)
1 μL BsaI
1 μL T4 DNA ligase
2 μL 10X T4 DNA ligase buffer
? μL ddH2O up to volume 20 μL
20 μL reaction volume

https://tale-nt.cac.cornell.edu/
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3.	 Incubate at the following temperatures using a PCR thermal cycler:

Step 1: 37 °C, 5 min
Step 2: 16 °C,10 min (go back to step1 for nine more cycles)
Step 3: 50 °C, 5 min
Step 4: 80 °C, 5 min

4.	 Plasmid-Safe ATP-dependent DNase treatment to destroy all unligated double-
stranded DNA (dsDNA) fragments: Once reaction above is finished, add 1 μL 
10 mM ATP and 1 μL DNase into each tube and incubate at 37 °C for 1 h, then 
keep at 70 °C for 30 min to inactivate DNase.

5.	 Transform into competent cell with 10 μL reaction mixture, spread on LB/SIX 
plates and incubate in 37 °C incubator overnight.

12.6.2.3 � Day 2 of First Cycle Assembly

1.	 Pick 1–3 white colonies from each plate and check by colony PCR using primers 
of PCR8_F1 and PCR8_R1.

2.	 Perform PCR with the following program:

Step 1: 95 °C, 5 min
Step 2: 95 °C, 30 s
Step 3: 55 °C, 30 s
Step 4: 72 °C, 2 min (go back to step 2 for 34 more cycles)
Step 5: 72 °C, 5 min

3.	 Conduct agarose gel electrophoresis: A band of the expected size should be 
obtained, accompanied by smear and a “ladder” of bands starting at ~200 bp and 
every 100 bp up to ~500 bp.

4.	 Select right clones, start overnight culture on a 37 °C shaker.

12.6.2.4 � Day 3 of Second Cycle Assembly

1.	 Miniprep plasmids and dilute to 150 ng/μL.
2.	 Use restriction enzymes AflII and XbaI to perform restriction digestion, right 

plasmid will send to sequencing with primer of pCR8_F1 or pCR8_R1.
3.	 Set up Golden Gate reaction for second cycle reaction:

1 μL 150 ng of pFUS-A with first ten repeats cloned
1 μL 150 ng of pFUSB (N-1) with 11-(N-1) repeats cloned
1 μL 150 ng of respective pLR vector
1 μL 150 ng of backbone vector (pZHY500 or pZHY501)
1 μL Esp3I
1 μL T4 Ligase



K. Chen and C. Gao268

2 μL 10X T4 DNA ligase buffer
12 μL H2O up to 20 μL
20 μL reaction volume

4.	 Incubate at the following temperatures using a PCR thermal cycler:

Step 1: 37 °C, 5 min
Step 2: 16 °C,15 min
Step 3: 37 °C,15 min
Step 4: 80 °C, 5 min

5.	 Transform into competent cell with 10 μL reaction mixture, spread on LB/AIX 
plates and incubate in 37 °C incubator overnight.

12.6.2.5 � Day 4 of Second Cycle Assembly

1.	 Pick 1–3 white colonies from each plate and check by colony PCR using primers 
TAL_F1 andTAL_R2.

2.	 Perform PCR with the following program:

Step 1: 95 °C, 5 min
Step 2: 95 °C, 30 s
Step 3: 55 °C, 30 s
Step 4: 72 °C, 3 min (go back to step 2 for 35 cycles)
Step 5: 72 °C, 5 min

3.	 Conduct agarose gel electrophoresis: a faint band around 2–3 KB, accompanied 
by a smear and a “ladder” of bands as in cycle 1.

4.	 Select right clones, start overnight culture on a 37 °C shaker.

12.6.2.6 � Day 5 of Second-Cycle Assembly

Miniprep plasmids and perform restriction enzyme digestion with StuI and AatII, 
right clones will be sent for sequencing with primers of TAL_F1 or TAL_R2.

12.6.2.7 � Clone TALEN Pairs into pZHY013 Sequentially

Clone left TALEN arrays into pZHY013 at XbaI/BamHI site at first, then clone 
right TALEN arrays into pZHY013 at NheI/BglII sites. These plasmids can be used 
as Gateway entry vectors to transferred TALEN pair into destination vectors with 
different usage.
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13.1 � Introduction

In the era of high-throughput genomics and new-generation sequencing, mitochon-
drial genetics might seem accessory, given the small number of genes that it accounts 
for. This is clearly not the case. The functional efficiency of mitochondria, and their 
cross talk with the other cellular compartments are essential for cell homeostasis 
and require appropriate contribution of the organelle genetic system. Mitochon-
drial DNA (mtDNA) organization and expression show strong differences among 
eukaryotic organisms, but are always complex and original. Genetic manipulation 
of mitochondria is thus appealing for a whole range of fundamental investigations. 
Moreover, mtDNA mutations in humans cause severe neurodegenerative diseases 
that are currently incurable and await the development of gene therapy strategies 
(e.g., Greaves et al. 2012). The number of pathogenic mutations identified already 
ranges over 300 (http://www.mitomap.org), referring to missense mutations in 
protein-coding genes, point mutations in transfer RNA (tRNA) or ribosomal RNA 
(rRNA) genes and duplications or deletions. In plants, mitochondrial genome rear-
rangements are the basis of cytoplasmic male sterility (CMS), a key genetic tool for 
the production of hybrids in breeding protocols (Frei et al. 2004; Chase 2007). Plant 
biotechnology based on organelle transgenesis also presents major advantages: (i) 
the product of the transgene is compartmentalized, opening the possibility to express 
proteins otherwise toxic for the cell and (ii) due to the maternal inheritance of mito-
chondria in most species, the transgene will not be spread through the pollen. Given 
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the importance of all these issues, the manipulation of mitochondrial genetics has 
been a long-standing goal but, up to now, regular transformation of these organelles 
has only been achieved in a couple of unicellular organisms through conventional 
biolistics (e.g., Bonnefoy et al. 2007; Zhou et al. 2010). The topic thus continuously 
challenged the inventiveness of the investigators, giving rise to a wide range of 
strategies progressing towards mitochondrial transformation or circumventing the 
problem through allotopic expression of proteins or RNAs. These strategies and 
their applications are the subject of the present chapter.

13.2 � Transformation of the Mitochondrial Genome

13.2.1 � Delivery of Nucleic Acids into Isolated Mitochondria

A number of approaches have been established to model and exploit mitochon-
drial transfection with isolated organelles from various organisms (Fig. 13.1). These 
studies provided important information on the mechanisms of DNA integration and 
expression, as well as on RNA editing and splicing.

13.2.1.1 � Electroporation

One of the first described approaches to transfer DNA into isolated mitochondria 
was electroporation. Relatively large DNA molecules were thus introduced into 
mouse organelles (Collombet et al. 1997; Yoon and Koob 2003). Gene constructs 
were also successfully electroporated into isolated trypanosomatid mitochondria 
and expressed in organello (Estevez et al. 1999). In plants, Farré and Araya (2001) 
developed such a procedure for isolated wheat mitochondria and investigated the 
molecular and biochemical mechanisms occurring during transcription, splicing, 
and RNA editing. Using a cognate cox2 chimeric gene construct, cis-recognition el-
ements required for RNA editing in plant mitochondria were determined (Farré et al. 
2001; Choury et al. 2004). It was also confirmed that editing and splicing of cox2 
transcripts are not linked in mitochondria (Farré and Araya 2002). Electroporation-
mediated transfer of DNA into isolated mitochondria and in organello transcription 
were further used in additional plant species to investigate the sequences involved 
in transcription initiation and posttranscriptional modifications, or to map transcript 
ends (Staudinger and Kempken 2003; Choury et al. 2005; Staudinger et al. 2005; 
Bolle and Kempken 2006; Choury and Araya 2006; Bolle et al. 2007; Kempken 
et al. 2007). In vitro-transcribed RNA was also electroporated into isolated plant 
mitochondria. The introduced transcripts were properly spliced and edited, imply-
ing that RNA processing is not coupled with transcription (Hinrichsen et al. 2009). 
Methods related to this approach are detailed in Kempken et al. 2007.
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13.2.1.2 � Bacterial Conjugation

An original approach to introduce DNA into the mitochondria was described as 
bacteria-to-mitochondria conjugation (Yoon and Koob 2005). Conjugation is driven 
entirely by the donor cell and only involves its molecular machinery (Waters 1999). 
Thus, conjugative-competent Escherichia coli cells could transfer a DNA construct 

Fig. 13.1   Strategies to incor-
porate DNA into isolated 
mitochondria. DNA can be 
a introduced by electropora-
tion, b amplified in bacteria 
as a mobilizable plasmid and 
transferred by conjugation, 
c fused to a mitochondrial-
targeting sequence and trans-
located through the protein 
import pathway, d taken up 
thanks to the natural com-
petence of mitochondria, or 
e driven by an RNA-binding 
protein carrying a mitochon-
drial-targeting sequence. 
VDAC voltage-dependent 
anion channel, TOM translo-
case of the outer membrane, 
TIM translocase of the inner 
membrane
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containing an origin of transfer ( oriT) into the matrix of purified mouse mitochon-
dria. The introduced construct was actively transcribed in the organelles (Yoon and 
Koob 2005). The authors also developed a method for cloning and replicating the 
entire mammalian mtDNA in E. coli (Yoon et al. 2009), with the longer-term aim 
to introduce the bacteria into the cytoplasm of mammalian cells as a recombinant 
enteroinvasive E. coli and to look for intracellular conjugative transfer of the cloned 
mtDNA into mitochondria (Yoon and Koob 2012).

13.2.1.3 � Exploiting the Protein Import Machinery

Several strategies aimed to exploit the mechanisms that ensure the translocation of 
the nuclear-encoded mitochondrial proteins into the organelles, i.e., the translocase 
of the outer membrane (TOM) and translocase of the inner membrane (TIM) multi-
protein import channel complexes (e.g., Dudek et al. 2012 for a recent review). A 
single-stranded or double-stranded oligonucleotide covalently linked to the C-ter-
minus of a mitochondrial precursor protein could be introduced into isolated yeast 
( Saccharomyces cerevisiae) mitochondria (Vestweber and Schatz 1989). Similarly, 
double-stranded, palindromic DNA molecules of 17 or 322 bp attached to an N-
terminal mitochondrial-targeting peptide were successfully transferred into isolated 
rat ( Rattus norvegicus) liver mitochondria (Seibel et al. 1995). The artificial pep-
tide–DNA conjugates can be recognized by the mitochondrial processing peptidas-
es, leading to the cleavage of the targeting peptide and avoiding an interference of 
the latter with the functionality of the DNA in the organelles (Seibel et al. 1999).

13.2.1.4 � Mitochondrial Natural Competence

Beyond methods of assisted mitochondrial transfection, a natural mechanism of 
DNA import was demonstrated for plant, mammalian, and yeast mitochondria 
(Koulintchenko et al. 2003, 2006; Weber-Lotfi et al. 2009). It was shown that isolat-
ed mitochondria have the property of taking up naked, linear, double-stranded DNA 
through an active mechanism. How the DNA crosses the mitochondrial double 
membrane is not clear yet. Translocation through the outer membrane likely occurs 
though the voltage-dependent anion channel (VDAC; Koulintchenko et al. 2003, 
2006; Weber-Lotfi et al. 2009). DNA import appears to be a sequence-independent 
process in the case of DNA constructs up to a few kb (Koulintchenko et al. 2003). 
With increasing size (> 6–7 kb), the import substrates are translocated in a sequence-
dependent manner, at least for plant mitochondria (Ibrahim et al. 2011). Thus, the 
uptake of an 11.6 kb Brassica napus linear mitochondrial plasmid comprising its 
terminal-inverted repeats was much more efficient than that of the plasmid deprived 
of these terminal sequences. DNA imported through this natural mechanism can 
be transcribed in organello when carrying an appropriate mitochondrial promoter, 
and the transcripts can be accurately processed (Koulintchenko et al. 2003, 2006). 
The exogenous DNA can also be repaired upon uptake into plant or mammalian 
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mitochondria (Boesch et al. 2009, 2010). Moreover, an imported construct, com-
prising a marker gene flanked by sequences homologous to the mtDNA, integrated 
into the resident genome in plant mitochondria through homologous recombination 
(Mileshina et al. 2011).

13.2.1.5 � Carrier Protein-Driven RNA Import

Finally, a further strategy for the introduction of nucleic acids into mitochondria 
was described by Sieber et al. (2011) who used an RNA-binding protein as a vehicle 
to import RNAs up to 800 nt in size into isolated mitochondria. It was shown that 
the mammalian dihydrofolate reductase (DHFR), fused to a mitochondrial-targeting 
sequence (MTS), is able to bind RNAs in a nonspecific manner. Following bind-
ing, RNAs are carried into isolated plant, mammalian, or yeast mitochondria. Upon 
import, a tRNA precursor was correctly processed, leading to a mature tRNA. Simi-
larly, after DHFR-driven uptake, the unedited version of the potato mitochondrial 
atp9 messenger RNA (mRNA) was partially edited in organello (Sieber et al. 2011).

13.2.2 � DNA Targeting into Mitochondria in Whole Cells: Cell 
Biology Strategies

The development of methodologies to transfect mitochondria in vivo has now pro-
gressed beyond unicellular organisms. No strategy is definitely established in the 
field, but in several cases success has been claimed (Fig. 13.2).

13.2.2.1 � Biolistics

Based on the methods developed for nuclear transformation, early attempts to ge-
netically transform mitochondria in vivo were through the “biolistics” (from “bio-
logical ballistics”) approach, i.e., by bombardment of the cells with DNA-coated 
particles. S. cerevisiae was the first organism in which genetic transformation of the 
organelles was successfully achieved and used to generate defined alterations in the 
mtDNA (Fox et al. 1988; Johnston et al. 1988). DNA sequences delivered into yeast 
mitochondria are subsequently incorporated into the mtDNA by the homologous re-
combination mechanisms present in the organelles. Mitochondrial transformation in 
the unicellular green alga Chlamydomonas reinhardtii mediated by microprojectile 
bombardment was subsequently obtained (Randolph-Anderson et al. 1993), but the 
follow-up of these seminal experiments came only more recently (Remacle et al. 
2006). Although foreign DNA has been successfully introduced into mitochondria 
in S. cerevisiae and C. reinhardtii by biolistics, this approach has failed so far in 
animals and higher plants. Various other strategies have thus been explored.
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13.2.2.2 � Uptake of Intact Mitochondria

In early experiments, Clark and Shay (1982) co-incubated mammalian cells with 
purified mitochondria carrying a mitochondrial mutation able to provide chlor-
amphenicol resistance. Presumably incorporated by endocytosis, the exogenous 

Fig. 13.2   Cell biology strategies to transfer DNA into mitochondria in whole cells. a Cells can 
be bombarded with DNA-coated tungsten or gold particles; isolated mitochondria carrying the 
DNA of interest can be introduced into recipient cells b by co-incubation or c by microinjection; d 
enucleated cells with mitochondria carrying the DNA of interest can be fused with recipient cells 
to form cybrids
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organelles transferred the resistance to the cells (Clark and Shay 1982; Ber et al. 
1984). This concept too was only recently reactivated when Katrangi et al. (2007) 
showed that isolated mitochondria can be engulfed by mammalian cells during 
co-incubation. Uptake of isolated murine organelles restored respiration in human 
A549 lung carcinoma cells devoid of mtDNA (Katrangi et al. 2007).

13.2.2.3 � Microinjection of Intact Mitochondria

It was further shown that isolated mitochondria can be introduced into recipient 
cells by microinjection. After initial assays by King and Attardi (1988, 1989), mito-
chondria isolated from Mus spretus liver samples were microinjected into fertilized 
ova obtained from superovulated Mus musculus domesticus females. The presence 
of the foreign mitochondria was readily detected after in vitro culture to the blas-
tocyst stage (Pinkert et al. 1997; Pinkert and Trounce 2002). However, the level 
of foreign mitochondria considerably decreased during later developmental stages.

13.2.2.4 � Cybrid Generation

Another cell biology-based method to transfer mtDNA into cells was pioneered 
by King and Attardi (1989) and put forward by Kagawa and Hayashi (1997) as a 
possible strategy for gene therapy. The original approach relies on the fusion of 
mammalian cells carrying DNA-deprived mitochondria ( rho0 cells) with enucle-
ated cells (i.e., cytoplasts), to generate mtDNA-repopulated so-called cybrids. It 
was subsequently extended to cytoplasts from patients with mutant mtDNA (King 
et al. 1992). The correction of a mitochondrial deficiency was demonstrated in a 
cell model by transfer of “healthy” mitochondria through cytoplast fusion in vitro 
(Kagawa et al. 2001). A similar approach allowed to generate mouse embryos car-
rying two mtDNA genotypes. Lines of heteroplasmic mice were subsequently de-
rived from such embryos, and segregation of the mtDNA could be analyzed (Jenuth 
et al. 1996). A recent study (Yang and Koob 2012) combined microinjection and 
cytoplast fusion. Isolated mitochondria were first microinjected into rodent oocytes 
or into single-cell embryos. These are more convenient due to their large size. A 
“mitocytoplast” fraction was then pulled from the microinjected cells and fused to 
recipient cells, resulting in delivery of the organelles of interest and restoration of 
mitochondrial function (Yang and Koob 2012).

13.2.3 � DNA Targeting into Mitochondria in Whole Cells: 
Specialized Nanocarriers

In a context where biolistics failed in most organisms, and cell biology approaches 
seemed too complex to apply to gene therapy, a variety of alternative strategies 
emerged that were aimed at developing vehicles able to carry DNA into the cells 
and towards mitochondria (Fig. 13.3).
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Fig. 13.3   Nanocarrier-based strategies to transfer DNA into mitochondria in whole cells. DNA 
can be a bound to noncationic liposomes, b incorporated into MITO-Porter vesicles that will fuse 
successively with the endosomal membranes and the mitochondrial membranes, c conjugated with 
a phenyl-phosphonium derivative, d complexed with dequalinium vesicles, or e loaded on mito-
chondriotropic liposomes. Whether DNA can be delivered through MITO-Porters remains to be 
established
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13.2.3.1 � Noncationic Liposomes

Cudd et al. showed that conventional noncationic liposomes seem to associate with 
liver mitochondria (Cudd et al. 1984; Cudd and Nicolau 1985, 1986). When, for ex-
ample, liposomes containing uranyl acetate were intravenously injected into mice, 
they were not only present in cytoplasmic vacuoles but also associated with mito-
chondria and possibly delivered their aqueous content into the organelles (Cudd and 
Nicolau 1986). Also, Inoki et al. (2000) could show co-localization of proteolipo-
somes containing a mitochondrial membrane fraction with endogenous mitochon-
dria in fertilized mouse eggs.

13.2.3.2 � MITO-Porters

Subsequent modifications of proteoliposomes led to the design of carriers called 
MITO-Porters, liposome-based vesicles composed of fusogenic lipids and carry-
ing octaarginine (R8) moieties at the surface (Yamada et al. 2008). A dual-function 
(DF) MITO-Porter version was recently described that possesses mitochondrion-
fusogenic inner and endosome-fusogenic outer envelopes and has the ability to pass 
through endosomal and mitochondrial membranes via stepwise membrane fusion 
(Yamada and Harashima 2012a). MITO-Porters reportedly delivered the nucleic 
acid stain propidium iodide (Yasuzaki et al. 2010) and proteins such as green fluo-
rescent protein (GFP; Yamada et al. 2008) and DNase I (Yamada et al. 2011; Yama-
da and Harashima 2012a) into the mitochondrial matrix. DNA delivery is expected 
to be possible, but has not been established yet. In an ultimate design, MITO-Porters 
were combined with a mitochondrial-targeting peptide, which enhanced specificity 
(Yamada and Harashima 2012b).

13.2.3.3 � Amphiphile Carriers

Electron transport along the respiratory chain of the mitochondrial inner membrane 
creates a transmembrane, negative inside potential (Mitchell 1961). Consequently, 
positively charged molecules are attracted by mitochondria, but cannot enter the 
organelle matrix because the inner mitochondrial membrane is impermeable to 
polar molecules. However, certain amphiphile compounds are able to cross both 
mitochondrial membranes and accumulate in the mitochondrial matrix in response 
to the negative membrane potential. This led to the idea of using such amphiphilic 
compounds as carriers for the delivery of DNA into mitochondria. Among the first 
described mitochondriotropic cationic amphiphiles were phosphonium salts, such 
as methyltriphenylphosphonium, which were shown by Liberman et al. (1969) to 
be rapidly taken up by mitochondria in living cells. In an attempt to inhibit the 
replication of mtDNA carrying a pathogenic mutation, a lipophilic phosphonium 
cation was conjugated to an 11-mer peptide nucleic acid (PNA). PNAs are synthetic 
DNA analogues with the deoxyribose phosphate backbone replaced by aminoethyl 
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glycine units connected to conventional bases by a methyl carbonyl linker (Hyrup 
and Nielsen 1996). They bind selectively and with high affinity to complementary 
DNA (cDNA) or RNA sequences. The phosphonium–PNA conjugate was imported 
into both isolated mitochondria and mitochondria in human cells (Muratovska et al. 
2001). However, although the conjugate could efficiently interfere with DNA repli-
cation in vitro, in cells it was unable to significantly influence the copy number of 
mutated mtDNA.

13.2.3.4 � DQAsomes and Mitochondriotropic Liposomes

Different mitochondriotropics were described to be able to drive bound DNA into 
mammalian cells (Horobin et  al. 2007). These include dequalinium, a dicationic 
compound resembling “bola” form electrolytes, as it is an asymmetrical molecule 
with two charge centers separated by a relatively large distance. Dequalinium forms 
spherical aggregates termed “DQAsomes”, with diameters varying between 70 and 
700 nm. Such vesicles effectively bind DNA, forming stable DQAsome/DNA com-
plexes (Weissig et al. 1998). It was shown that DQAsome/DNA complexes do not 
release any DNA in the presence of liposomes resembling the cytosolic membranes. 
At the same time, up to 75 % of the DNA is displaced from its DQAsomal car-
rier upon contact of the complexes with liposomes resembling both mitochondrial 
membranes (Weissig et al. 2000) or intact mouse liver mitochondria (Weissig et al. 
2001). Finally, DQAsome/DNA complexes proved able to enter mammalian cells 
by endocytosis and to escape from endosomes without losing their DNA load. They 
subsequently transport the DNA to the mitochondria, where at least part of it is re-
leased from the carrier. The released DNA remains strongly associated with the or-
ganelles (D’Souza et al. 2003), raising the hypothesis that it can be taken up through 
the import mechanism characterized with isolated mitochondria (2.1.4). In agree-
ment with such a view, further studies brought evidence for DQAsome-mediated 
delivery of a DNA construct containing a recoded GFP gene into the mitochondria 
in mammalian cell lines (Lyrawati et  al. 2011). Nevertheless, the efficiency was 
low, and dequalinium showed strong toxicity for mammalian cells (Lyrawati et al. 
2011). As an alternative, mitochondriotropic liposomes composed of phospholip-
ids, DNA-binding lipids, and surface-exposed amphiphilic cations were developed 
(Boddapati et al. 2005; Weissig et al. 2006; D’Souza et al. 2007). Like DQAsomes, 
such liposomes are able to enter mammalian cells and carry DNA towards mito-
chondria, where it remains associated. Improved formulations included a mito-
chondrial fraction or mitochondrial lipids (Wagle et al. 2011). Mitochondriotropic 
liposomes proved less toxic, especially when containing a mitochondrial fraction 
(Wagle et al. 2011), but molecular data confirming full incorporation of the DNA 
into the organelles are lacking.
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13.2.4 � DNA Targeting into Mitochondria in Whole Cells: 
Carriers Exploiting the Protein or RNA Import Pathways

13.2.4.1 � Further Conjugates

Carrier systems based on the mitochondrial protein import pathway have also been 
assayed in vivo (Fig. 13.4). A three-component assembly was designed in which a 
mitochondrial-targeting peptide was conjugated to a fragment of PNA, the latter 
carrying a cDNA oligonucleotide of interest (Flierl et al. 2003). Such complexes 
were reported to be imported into isolated mammalian mitochondria and into the 
mitochondria of permeabilized cultured mammalian cells. In a similar design, the 
mitochondrial-targeting peptide was conjugated to a polyethylenimine moiety that 
carried the DNA (Lee et al. 2007; Fig. 13.4). The resulting complex appeared to co-
localize with mitochondria in living cells.

13.2.4.2 � Protofection

Protofection was originally mentioned in a review (Khan and Bennett 2004). To car-
ry DNA into mammalian mitochondria in vivo, the proposed strategy challenged the 
protein import pathway and was based on the combination of a protein transduction 
domain (PTD; Suzuki 2012) with an MTS, both fused to the TFAM mitochondrial 
transcription factor (Iyer et al. 2009; Thomas et al. 2011), yielding a carrier called 
mitochondrial-targeting domain (MTD)–TFAM. In such a system (Fig. 13.4), the 
PTD ensures transduction into the cells, the MTS promotes mitochondrial targeting 
and import, whereas TFAM carries the DNA. With this strategy, the mitochondria-
deficient phenotype of Parkinson’s disease cybrids was reportedly rescued upon co-
localization of MTD–TFAM carrying human mtDNA with mitochondria (Keeney 
et al. 2009). Also, partial restoration of organelle function in human cells carrying 
mitochondrial mutations was achieved by targeting healthy donor mtDNA loaded 
on MTD–TFAM (Iyer et al. 2012a). However, the MTD–TFAM protein alone pro-
moted a similar boosting of mitochondrial functions in cell cultures and mice (Iyer 
et al. 2009; Keeney et al. 2009; Thomas et al. 2011). Conversely, with the aim of 
developing stem cell-based model systems, the MTD–TFAM carrier was used to 
provide mitochondria with mutated mtDNA copies in human neural progenitor cells 
(Iyer et al. 2012b). Like a number of other approaches, this strategy suffers from a 
lack of direct molecular evidence confirming the delivery of the DNA to the inside 
of the organelles.

13.2.4.3 � Viral Carrier

Still building on the protein import pathway, but with a completely different ap-
proach, Yu et al. (2012a) developed a viral carrier system by redirecting virions of 
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Fig. 13.4   Strategies to transfer DNA into mitochondria in whole cells, based on the protein or 
RNA import pathway. DNA can be a annealed to a PNA moiety conjugated to a mitochondrial-
targeting sequence ( MTS), b complexed with polyethylenimine ( PEI) conjugated to a mitochon-
drial-targeting sequence, c loaded on the TFAM factor fused to a mitochondrial-targeting sequence 
and a transduction domain ( TD), d incorporated into adeno-associated virus particles carrying 
mitochondrial-targeting sequences, or e loaded into the L. tropica RNA import complex ( RIC). 
TFAM transcription factor A, mitochondrial, PNA peptide nucleic acid, tRNA transfer RNA, mRNA 
messenger RNA, ssDNA single-stranded DNA
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the adeno-associated virus (AAV) to mitochondria (Fig. 13.4). The AAV is a single-
stranded DNA parvovirus. Its genome encodes nonstructural replication (REP) pro-
teins and the viral protein (VP)1, VP2, and VP3 capsid proteins. The VP2 protein 
can tolerate large extra peptide sequences at the N-terminus, so that an MTS could 
be added, generating an organelle-targeted AAV. The wild-type ND4 cDNA under 
the control of the mitochondrial heavy-strand promoter was subsequently linked to 
an AAV genome backbone and packaged into the organelle-targeted capsid. Deliv-
ery of such virions into cybrid cell lines carrying an homoplasmic-mutated ND4 
mitochondrial gene was reported to result in organelle localization, wild-type ND4 
protein synthesis, and rescue of defective respiration (Yu et al. 2012a). Similarly, 
the strategy appeared to rescue visual dysfunction caused by mutant ND4 in mouse 
model systems and the adeno-associated virus cassette was proposed as a general 
platform for mitochondrial gene targeting (Yu et al. 2012a). In these assays, mito-
chondria were not purified and analyzed, but a number of direct and indirect obser-
vations supported that delivery of the exogenous DNA to the inside of the organ-
elles had taken place. In reciprocal experiments aiming to develop an animal model 
system for Leber hereditairy optic neuropathy (LHON), mitochondrial targeting of 
a mutant ND4 gene through the adeno-associated virus strategy induced loss of 
visual function and optic atrophy in mice (Yu et al. 2012b).

13.2.4.4 � RNA Import Complex

Mitochondrial tRNA import was implied in the 1970s through studies in the ciliated 
protozoan Tetrahymena pyriformis (Chiu et al. 1974; Suyama 1986). It was later 
confirmed that in many organisms, mitochondria do not encode all tRNAs needed 
for protein synthesis. The missing tRNAs are imported from the cytosol (reviewed 
for instance in Schneider and Maréchal-Drouard 2000; Salinas et al. 2008; Schnei-
der 2011). The number and identity of the imported tRNAs, as well as the uptake 
mechanisms, are variable, depending on the organism. In Trypanosoma and Leish-
mania, the mtDNA does not code for any tRNA, and these are all imported from the 
cytosol (Simpson et al. 1989; Hancock and Hajduk 1990). Studies in Leishmania 
tropica have put forward a particular mechanism for mitochondrial tRNA import, 
independent from the import of proteins. It would involve a specific complex in the 
inner membrane, the RNA import complex or “RIC,” that would include several re-
spiratory components (Bhattacharyya et al. 2003; Chatterjee et al. 2006; Mukherjee 
et al. 2007). Mahata et al. (2006) incorporated isolated RIC into human cells by ca-
veolin-1-dependent endocytosis. It was implied that the complex incorporates into 
the inner membrane of mitochondria and enables the import of cytosolic tRNAs. 
The latter included tRNALys, which suggested that the strategy would be suitable to 
rescue the myoclonic epilepsy with ragged-red fibers (MERRF) syndrome due to 
a mutation in the mitochondrial tRNALys gene. Further studies described organelle 
import of short antisense RNAs (Mukherjee et al. 2008) or long polycistronic-cod-
ing RNAs (Jash and Adhya 2011; Mahato et al. 2011) loaded onto RIC (or a derived 
sub-complex) and incorporated into human cells (Fig. 13.4), resulting in decreased 
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respiration or mitochondrial functional rescue, respectively. Finally, application of 
the strategy to distribute RNAs into the mitochondria of different tissues in an ani-
mal model system was claimed (Jash et al. 2012). However, it should be noted that 
these results as a whole are highly controversial in the field (e.g. Schneider 2011). 
An editorial expression of concern (Schekman 2010) has been published about one 
of the manuscripts (Goswami et al. 2006). The RIC complex seems oddly specific 
to L. tropica, as no other laboratory working in the field could gather any evidence 
for its existence, even in species as close as Leishmania tarentolae. Some of the 
putative RIC components were shown to be dispensable for mitochondrial tRNA 
import (Paris et al. 2009; Cristodero et al. 2010). Also, that exogenous RIC would 
reach the organelles, cross the outer membrane as a huge complex, and functionally 
incorporate into the inner membrane raises many questions and would need robust 
molecular evidence.

13.2.5 � Maintenance of Exogenous DNA in Mitochondria

After transfection, the exogenous DNA should be maintained in the organelles, ei-
ther by integration into the mitochondrial genome or through independent replica-
tion. Homologous recombination is established in plant mitochondria and marker 
gene integration has been obtained with isolated organelles (Mileshina et al. 2011). 
The challenge is more open for mammalian mitochondria, as for these the mecha-
nism of mtDNA replication is still discussed (see references in Ruhanen et al. 2011) 
and mtDNA recombination remains controversial (Elson and Lightowlers 2006; 
Fan et al. 2012). Approaches aiming at mitochondrial transformation have thus to 
be adapted to the size, structure, and genetics of the mtDNA, which vary widely 
according to the species.

13.2.5.1 � Integration into the Main Mitochondrial Genome

In C. reinhardtii, the mitochondrial genome is a small linear DNA molecule 15.8 kb 
in length that encodes only eight proteins, two rRNAs, and three tRNAs. Telomer-
like sequences at the ends are believed to be important for replication (Vahrenholz 
et al. 1993). Several respiratory-deficient mutants were described (Remacle et al. 
2001), where one of the telomeres and some gene coding sequences were lost ( cob 
gene, mutants dum1–4, 11, 14, and 16, or nad4 and nad5 genes, mutant dum24). 
These mutants could be successfully transformed with linear or circular constructs 
that reconstituted the complete genome by homologous recombination (Yamasaki 
et al. 2005; Remacle et al. 2006; Fig. 13.5). These experiments also showed that, in 
C. reinhardtii mitochondria, DNA exchange can occur within homologous regions 
as short as 60 bp (Remacle et al. 2006). In yeast, transformation of mitochondria 
via recombination was also possible, by exploiting the occurrence of rho− muta-
tions that correspond to the deletion of large portions of the mtDNA (Dujon 1981; 
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Fig. 13.5   Strategies to maintain exogenous DNA in mitochondria. In a C. reinhardtii and b S. 
cerevisiae, mutant mtDNA with a deletion was complemented by homologous recombination 
with exogenous DNA bringing the missing information; c a marker gene was integrated into the 
mtDNA following homologous recombination with exogenous DNA imported into isolated plant 
mitochondria; d exogenous DNA might be maintainable by independent replication in mammalian 
mitochondria if containing the appropriate origins, but two replication models are conflicting: 
Strand-asynchronous replication from distant heavy-strand (OH) and light-strand (OL) origins and 
strand-synchronous replication from dispersed bidirectional origins; e independently replicating 
natural mitochondrial linear plasmids might serve as a basis to generate customized replicons for 
plant organelles. TIR terminal-inverted repeat, mtDNA Mitochondrial DNA, tRNA transfer RNA, 
DNA/RNA pol DNA/RNA polymerase, HR homologous recombination
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Fig. 13.5). In rho− strains, the mtDNA replicates independently from protein syn-
thesis and shows no clear requirement for a specific replication origin sequence. 
Due to this property, mitochondria of yeast can be transformed with bacterial plas-
mid DNAs that subsequently propagate as rho− molecules (Fox et al. 1988). The 
obtained rho− strains are then used to mate with a rho+ strain to produce a strain of 
interest. In this case, homologous regions of 50 bp are sufficient to obtain recom-
binant mitochondrial genomes. In other examples, linear donor DNA with as little 
as 260 bp of homologous sequence flanking each side of a deletion mutation could 
efficiently recombine with rho+ recipient mtDNA to yield the desired new strain 
(Bonnefoy and Fox 2000; Bonnefoy et al. 2001). In higher plants, up to now, there 
is no functional protocol for stable mitochondrial transformation. The genomes are 
large and complex. They contain many large and small repeated sequences that can 
lead to alternative mtDNA configurations by homologous recombination. Possible 
approaches will rely on this very active recombination system, responsible for the 
plasticity of the plant mtDNA (Kühn and Gualberto 2012). Several genes regulate 
plant mtDNA recombination. Under nonselective conditions, they can repress unde-
sired recombination involving small repeated sequences that lead to aberrant mt ge-
nomes (Zaegel et al. 2006; Shedge et al. 2007; Miller-Messmer et al. 2012). On the 
other hand, several of these factors, and additional ones, are required for recombina-
tion-mediated repair of DNA breaks induced by genotoxic stress (Parent et al. 2011; 
Janicka et al. 2012; Miller-Messmer et al. 2012). It was shown that a marker gene 
flanked by sequences homologous to the mtDNA can be integrated into the main 
mitochondrial genome in organello, upon introduction of the construct into isolated 
higher-plant mitochondria (Mileshina et  al. 2011; Fig.  13.5). For recombination, 
flanking sequences of at least 500 bp were necessary. It is possible that an increase 
in integration efficiency can be achieved in mutants deficient in recombination sur-
veillance genes, or in plants treated with organellar-specific genotoxins. However, 
for in vivo transformation, an efficient selection protocol of the transformants still 
needs to be developed.

13.2.5.2 � Transformation with Replicative-Competent Constructs

In C. reinhardtii, one of the successful transformation strategies was to replace 
the whole mitochondrial genome (Randolph-Anderson et al. 1993; Yamasaki et al. 
2005). In these examples, the mutant mtDNA of the recipient strain could be re-
placed by partially purified DNA of C. reinhardtii or Chlamydomonas smithii, re-
storing respiratory competence. A similar strategy might be the method of choice 
for transformation of animal mitochondria, because of the apparent absence of re-
combination activity that could mediate integration by recombination (Elson and 
Lightowlers 2006). The mammalian mtDNA is a small, circular molecule and its 
size varies from 13 to 19 kb according to the species. These genomes are very com-
pact and contain a single noncoding sequence, the “displacement loop” (D-loop). 
How they replicate is still controversial (Pohjoismaki et al. 2010; Wanrooij et al. 
2012). A strand-asynchronous model of replication (Lee and Clayton 1997, 1998) 
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considers that the D-loop region contains the replication origin of the heavy strand 
(Shadel and Clayton 1997), while the origin of replication of the light strand would 
be located in the cluster of tRNA genes (Clayton 2003; Falkenberg et al. 2007). 
However, a synchronous replication model proposes that synthesis of both strands 
proceeds from multiple, bidirectional replication forks (Holt et al. 2000; Yang et al. 
2002; Bowmaker et al. 2003; Yasukawa et al. 2005). Research on these mechanisms 
is constantly progressing, and it should become possible to build replicons contain-
ing the whole mitochondrial genome, or just the required replication origins, so as 
to transform mammalian mitochondria and eventually complement mutant mtDNA 
copies (Fig. 13.5). In plants too, an alternative strategy to transform mitochondria 
would be to create replicons independent from the main mtDNA. These replicons 
could be based on linear plasmids naturally existing in plant mitochondria and rep-
licating independently (Handa 2008). Linear mitochondrial plasmids are double-
stranded molecules with defined ends that usually contain terminal-inverted repeats 
(TIRs), with proteins covalently attached to their 5’ termini (Fig. 13.5). The size of 
the TIRs varies from 170 bp (maize 2.3 kb plasmid) to 407 bp (sugar beet 10.4 kb 
plasmid). All linear mitochondrial plasmid DNAs contain one or more open read-
ing frames that are transcribed and translated, including polymerases that might be 
required for their replication.

13.2.6 � Selection of Mitochondrial Transformants

Genetic transformation of organelle genomes presents special requirements with 
respect to selectable markers, as multiple genome copies must be converted to the 
transformed genotype for efficient expression of the marker. Organisms in which 
the mitochondrial function is expendable allow for the selection of transformants 
based on the replacement of mutant organelle genes with wild-type copies that 
restore organelle function (Boynton et al. 1988; Johnston et al. 1988; Randolph-
Anderson et al. 1993). Alternative strategies are required when organelle genome 
mutations are unavailable due to lethality, and targeted disruption of genes essential 
for organelle function is not accessible. Such strategies have been developed for 
the recovery of plastid genome transformants in land plants (Svab et al. 1990; Svab 
and Maliga 1993) and C. reinhardtii (Newman et al. 1990; Goldschmidt-Clermont 
1991; Kindle et al. 1991).

13.2.6.1 � Use of rho0 and rho− Cells in Yeast

Organelle transformation frequencies are not very high in yeast but the availabil-
ity of efficient selection markers facilitates the isolation of transformants (Bon-
nefoy and Fox 2007; Fig. 13.6). S. cerevisiae cells are able to survive if they lack 
part of ( rho−) or the entire ( rho0) mitochondrial genome. Moreover, rho− mtDNA 
can replicate independently of protein synthesis and a specific origin of replication 
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Fig. 13.6   Strategy for the selection of mitochondrial transformants in S. cerevisiae (I). a Rho0 
cells are transformed by biolistics with a plasmid carrying a nuclear marker and a plasmid includ-
ing a sequence destined to complement a mitochondrial mutation; a mixture of rho− and rho0 
transformed cells is b selected through the nuclear marker and c crossed with a rho− mutant strain, 
d generating rho+ mitochondrial transformants by complementation of the mutation with the exog-
enous sequence. URA uracil nutritional selection marker
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is not required. Such mutants show no respiration and are not able to grow on a 
nonfermentable carbon source (Dujon 1981). These properties make rho− or rho0 
mitochondrial mutants good instruments for the selection of yeast organelle trans-
formants. In particular, rho0 cells can serve as recipients for co-transformation, al-
lowing a two-step selection strategy. For this, the cells undergo a bombardment with 
a mix of two plasmids, the first one carrying a selectable nuclear marker and the 
second a portion of mitochondrial DNA of interest (Fox et al. 1988; Bonnefoy and 
Fox 2007). Primary selection is performed for nuclear transformants. For example, 
strains deficient in orotidine-5’-phosphate decarboxylase (URA3) were used as re-
cipient cells. This enzyme catalyzes the sixth enzymatic step in de novo biosynthe-
sis of pyrimidines, converting orotidine 5’-monophosphate (OMP) into uridine mo-
nophosphate. Thus, a URA− mutant is unable to grow on a medium-lacking uracil. 
In a second step, selection for mitochondrial transformants is performed among the 
URA3+ clones. For this, the latter are crossed with a strain carrying a mutation in 
the organelle gene of interest, resulting in respiring diploids. For example, a rho0 
strain was transformed with a pBR322-oxi1 plasmid and the resulting rho− strain 
was used to mate with an oxi1 mutant (Fox et al. 1988). In other cases, selection 
of nuclear transformants can be followed by direct identification of mitochondrial 
transformants through DNA analysis (Bonnefoy and Fox 2007).

13.2.6.2 � Barnase/Barstar Selection

Mireau et al. (2003) proposed a completely different strategy for the selection of 
mitochondrial transformants, based on the generation of an artificial mitochondrial 
defect by targeting the cytotoxic protein Barnase, an RNase, into the organelles 
(Fig. 13.7). They showed that Barnase targeted to mitochondria prevented growth 
of yeast cells in glycerol–ethanol media and induced irreversible, but not lethal, 
rho− petite deletion mutations in the mtDNA. Concomitant expression, in mito-
chondria, of recoded Barstar, a protein that inhibits Barnase (Hartley 1988), gave 
double transformants able to grow in glycerol–ethanol media. Thus, mitochondrial 
transformants having integrated the synthetic recoded Barstar gene into their mtD-
NA can be selected through resistance to mitochondrially targeted Barnase (Mireau 
et al. 2003).

13.2.6.3 � Rescue of Deleterious Mutations in Chlamydomonas reinhardtii

C. reinhardtii is a model system for mitochondrial gene function in plant cells. Its 
small 15.8 kb linear mitochondrial genome is well known (Vahrenholz et al. 1993). 
The main strategy to select C. reinhardtii mitochondrial transformants is based on 
the restoration of organelle function in respiratory-deficient mutants (Fig.  13.8). 
These can be divided into two groups, according to differences in their growth un-
der heterotrophic conditions: (i) mutants that still grow in the dark using acetate 
as a reduced carbon source and (ii) mutants that have lost their ability to grow in 
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Fig. 13.7   Strategy for the selection of mitochondrial transformants in S. cerevisiae (II). a Rho+ 
cells are transformed by biolistics with a plasmid carrying a nuclear marker and a plasmid-encod-
ing barstar recoded for mitochondrial expression; a mixture of cells carrying or not the mitochon-
drial transformation is b selected through the nuclear marker and c crossed with a rho0 strain 
expressing the barnase nuclease fused to a mitochondrial-targeting sequence, d generating mito-
chondrial transformants able to resist to mitochondrially targeted barnase thanks to the expression 
of barstar, the barnase inhibitor, in the organelles; e in the example presented, the initial cells also 
carry an mtDNA cox2 mutation that is complemented by the exogenous DNA upon mitochondrial 
transformation. mtDNA mitochondrial DNA
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such conditions. The latter are used as recipients for mitochondrial transformation. 
Several mutations altering the mitochondrial genes encoding apocytochrome b ( cob 
gene) or subunit 1 of cytochrome c oxidase ( cox1 gene) have been characterized 
(Matagne et al. 1989; Dorthu et al. 1992; Randolph-Anderson et al. 1993; Colin 
et  al. 1995). Mutant cells are homoplasmic for the mutations, and do not retain 
any mtDNA copies carrying the corresponding functional gene. The mutants lack 
the cytochrome pathway of the mitochondrial electron transport chain, but their 

Fig. 13.8   Strategy for the selection of mitochondrial transformants in C. reinhardtii. a Nonrespir-
ing mutant cells with an mtDNA deletion are transformed by biolistics with a plasmid carrying the 
missing mtDNA complement; b mitochondrial transformants with a complete mtDNA are selected 
through restoration of the capacity to grow in the dark with acetate as a carbon source. mtDNA 
mitochondrial DNA
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respiratory activity is partially maintained via the alternative oxidase. Phenotypi-
cally, the mutants have lost their capacity to grow under heterotrophic conditions 
(darkness and addition of acetate as a reduced carbon source), whereas their pho-
toautotrophic growth is barely affected (Remacle et al. 1998). These characteris-
tics allow selection of mitochondrial transformants by restoration of the capacity to 
grow in the darkness. Thus, in standard C. reinhardtii transformation procedures, 
the bombarded cells are incubated in heterotrophic conditions during 6–8 weeks 
and subsequently transferred to the light for a week (Yamasaki et al. 2005; Remacle 
et al. 2006).

13.2.6.4 � Use of Mutations Conferring Resistance to Inhibitors of 
Mitochondrial Function

In previous examples, selection was based on the restoration of respiration in a 
mutant strain. Alternatively, several gene mutations result in properties that can be 
used for selection of mitochondrial transformants. In C. reinhardtii, a point muta-
tion in the cob gene that confers resistance to mucidine and myxothiazol (Bennoun 
et al. 1991) was used as a mitochondrial selection marker (Remacle et al. 2006). In 
that case, insertion of the mutated cob gene into the dum11 strain allowed a two-step 
selection of transformants: a primary selection for restoration of growth in the dark 
and a subsequent screening with myxothiazol. In S. cerevisiae, a recoded ARG8 
nuclear gene was used as a selectable marker (Steele et al. 1996). This gene was 
inserted into the mitochondrial genome in place of the cox3 gene, where its expres-
sion complemented the nuclear arg− mutation. The obtained transformants were not 
able to grow in autotrophic conditions but were not dependent on the presence of 
arginine in the medium.

13.2.6.5 � Selection of Mitochondrial Transformants in Higher Plants

Higher plants are obligate aerobes, and there is currently no established selection 
strategy for the recovery of mitochondrial transformants. A potential mitochondrial 
selection marker was proposed by Ortega et  al. (2000). The cob gene in organ-
elle genomes encodes highly conserved amino acids (glycine-43 and phenylala-
nine-135). Mutation of at least one of these amino acids confers resistance to com-
plex III inhibitors such as antimycine A or myxothiazol in mammals, fungi and 
algae (di Rago and Colson 1988; Howell and Gilbert 1988; di Rago et al. 1989; 
Bennoun et al. 1991). The authors proposed that corresponding mutations in the 
tobacco cob gene could confer resistance to such inhibitors and could be used in the 
selection of tobacco cells carrying a genetically transformed mitochondrial genome 
(Ortega et al. 2000). However, so far there has been no subsequent follow-up of 
this work in the literature. It can be noted that isopentenyl transferase, an enzyme 
in cytokinin biosynthesis, has been proposed in a patent as another potential marker 
for selection of mitochondrial transformants (see Sect. 4.7). Based on studies with 
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isolated plant mitochondria, inserting a marker gene into the mtDNA through ho-
mologous recombination should be feasible in plant cells (Mileshina et al. 2011). 
The Barnase–Barstar strategy (2.6.2) was also thought to be promising for selection 
of mitochondrial transformants in plant species (Mireau et  al. 2003). Controlled 
expression of a nuclear gene for barnase was achieved (Baroux et al. 2001a; Baroux 
et al. 2001b), but this system has not yet been further developed.

13.2.6.6 � Selection of Mitochondrial Transformants in Mammalian Cells

Selectable markers for mitochondrial transformation in mammalian systems would 
be helpful too, at least for fundamental studies. As mentioned above (2.2.4), it is 
also possible to generate mammalian rho0 cells, i.e., cells with mitochondria totally 
lacking DNA (King and Attardi 1989). Restoration of organelle function in such 
mtDNA-deprived cells could be a marker for the repopulation of mitochondria with 
transfected exogenous DNA. On the other hand, mutations resulting in chloram-
phenicol resistance were identified in the human mitochondrial 16S rRNA gene, the 
most efficient being a T to C transition at position 1321 (Blanc et al. 1981). An ac-
cordingly mutated 16S rRNA gene could be included into the constructs to be trans-
fected into mitochondria. Resistance to chloramphenicol would indicate expression 
of the mutated 16S rRNA and proper integration into active mitochondrial ribosomes, 
providing a full functional test of the strategy. Finally, recoded drug-resistance genes 
encoding neomycin or hygromycin phosphotransferase have recently been put for-
ward as potential selectable markers for mammalian mitochondrial transformation 
(Yoon and Koob 2008, 2011). When nuclearly expressed from transgenes with a 
standard sequence and organelle targeted via a MTS, these enzymes proved able 
to confer resistance to high antibiotic levels (Yoon and Koob 2008). Conversely, a 
neomycin phosphotransferase gene recoded for mitochondrial translation produced 
no background drug resistance upon nuclear transformation (Yoon and Koob 2011).

13.3 � Allotopic Expression and Mitochondrial Targeting

13.3.1 � Allotopic Expression of Proteins

In the absence of established methods to insert information into the mitochondrial 
genome, different approaches have been developed on the basis of nuclear transfor-
mation and mitochondrial targeting of the products expressed from the transgenes. 
Mitochondrial genomes encode only a small part of the hundreds of organellar pro-
teins. The majority of the latter are synthesized in the cytosol from nuclear mRNAs 
and imported into the organelles. As mentioned above, the import into the matrix is 
driven by the N-terminal MTS (Mossmann et al. 2012). It is therefore possible to 
manipulate mitochondrial heteroplasmy and mutated mtDNA copy number through 
organelle targeting of enzymes encoded by nuclear transgenes (Fig. 13.9).
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13.3.1.1 � Expression of Restriction Enzymes

Some mtDNA point mutations create a unique restriction site; hence, the idea to 
decrease the level of mutated genome copies by targeting a restriction endonuclease 
into the organelles. The feasibility of such an approach was tested by Srivastava 
and Moraes (2001). They expressed the PstI restriction enzyme with an MTS in a 
rodent cell line containing one mtDNA haplotype with two sites for PstI and another 
haplotype having none. Expression of mitochondrially targeted PstI caused a signif-
icant shift in mtDNA heteroplasmy in favor of the haplotype without PstI sites. The 
approach was further assessed with the SmaI enzyme that recognizes the pathogenic 
8993T > G mutation in the human MT-ATP6 gene. Expression and mitochondrial 
targeting of this restriction endonuclease in cybrids carrying the mutation resulted 
in specific elimination of the mutant mtDNA and restoration of both normal intra-
cellular adenosine triphosphate (ATP) levels and mitochondrial membrane potential 
(Tanaka et al. 2002). More mtDNA mutations were subsequently addressed through 

Fig. 13.9   Allotopic expres-
sion and mitochondrial 
targeting of proteins. Protein 
genes normally carried by the 
mtDNA (encoding oxida-
tive phosphorylation chain 
subunits, CMS polypeptides) 
and genes encoding heter-
ologous proteins, restriction 
endonucleases, or specific 
zinc-finger proteins were 
expressed in the nucleus 
after addition of a sequence 
coding for a mitochondrial-
targeting peptide; the mRNAs 
were either a translated on 
free cytosolic polysomes 
or b specifically targeted to 
the mitochondrial surface, 
leading to membrane-bound 
polysomes; translocation into 
the organelles was through 
the regular protein import 
pathway. mRNA messenger 
RNA, mtDNA mitochondrial 
DNA, CMS cytoplasmic male 
sterility
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mitochondrial targeting of appropriate restriction enzymes in mammalian cell lines 
and animal models (Bayona-Bafaluy et  al. 2005; Alexeyev et  al. 2008; Bacman 
et al. 2010;). In each case, an efficient shift in the mtDNA heteroplasmy was ob-
tained. Bacman et al. (2007) also promoted a “differential multiple cleavage site” 
model in which a mitochondrially targeted restriction enzyme recognized a differ-
ent number of cleavage sites in two subpopulations of mtDNA.

13.3.1.2 � Expression of Zinc-Finger Proteins

When the addressed mutation does not create a restriction site, it might be possible 
to design specific zinc-finger proteins (ZFPs). Such proteins can bind any prede-
termined DNA sequence through appropriate zinc-finger domains (Papworth et al. 
2006). To develop a system for monitoring site-specific alterations of the mtDNA, a 
ZFP recognizing the T8993T > G mutation was fused with the DNA-modifying activ-
ity of the hDNMT3a methylase (Minczuk et al. 2006). Import into mitochondria in 
human cells was ensured by an MTS combined with a nuclear export signal. Specific 
binding of the chimeric methylase to the mutated site resulted in selective methyla-
tion of cytosines adjacent to the mutation, bringing a proof of principle for targeted 
mtDNA alteration through the zinc-finger technology. In further experiments, zinc-
finger peptides were linked to the catalytic cleavage domain of the FokI restriction 
endonuclease, yielding a site-specific nuclease to selectively deplete mutated mtD-
NA copies from heteroplasmic cells (Minczuk et al. 2008). More prospects of the 
ZFP strategy for mtDNA manipulation were put forward by Minczuk et al. (2010).

13.3.2 � Allotopic Expression of RNAs

13.3.2.1 � Import of tRNAs

As mentioned above (2.4.4), in many organisms, mitochondria import a variable 
number of tRNAs from the cytosol (Schneider 2011). These tRNAs are shared be-
tween the cytosol and mitochondria and are involved in protein synthesis in both 
compartments. Only few cases have been reported in mammals, including mito-
chondrial import of a cytosolic tRNALys in marsupials (Dörner et  al. 2001), and 
of tRNAsGln in rats and humans (Rubio et  al. 2008). In S. cerevisiae, cytosolic 
tRNALys(CUU; Tarassov and Entelis 1992) and tRNAsGln (Rinehart et  al. 2005) 
were also found in mitochondria. Strategies based on tRNA import were therefore 
developed to manipulate the mitochondrial genetic system (Fig. 13.10), especially 
using the extensive knowledge gained on the mechanism of tRNALys(CUU) uptake 
into yeast mitochondria (Entelis et al. 2006; Brandina et al. 2007). Mitochondria iso-
lated from HepG2 human cells proved capable to import the yeast tRNALys(CUU) 
and mutated forms thereof (Kolesnikova et al. 2000). Nuclear expression of yeast 
tRNALys derivatives in transformed HepG2 cells subsequently established the in 
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Fig. 13.10   Allotopic expression and mitochondrial targeting of customized RNAs. a Genes 
encoding tRNA variants or tRNAs carrying an additional sequence, b cargo sequences or cata-
lytic RNAs combined with a tRNA mimic, and c oligoribonucleotides flanked with tRNA-derived 
hairpins (FD-RNAs) were nuclearly expressed and translocated into mitochondria through the 
natural tRNA import pathway; d oligoribonucleotides were also embedded into the 5S rRNA and 
translocated into the organelles through the corresponding import pathway; e alternatively, tRNAs 
or mRNAs were combined with a stem-loop structure derived from the RNase P RNA and translo-
cated into mitochondria through the PNPase-mediated import pathway. tRNA transfer RNA, rRNA 
ribosomal RNA, mRNA messenger RNA
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vivo organelle import of these tRNAs and their participation in mitochondrial pro-
tein synthesis (Kolesnikova et al. 2004). Further derivatives for which the amino-
acylation identity had been switched from lysine to leucine were in turn expressed 
from nuclear transgenes in human cells and recovered in mitochondria (Karicheva 
et al. 2011). All these data opened up therapeutic prospects for the complementation 
of mutated mitochondrial tRNA genes. Notably, short extra sequences embedded in 
a tRNA could also be transported into the organelles in transgenic L. tarentolae cell 
lines (Sbicego et al. 1998) or in plants (Small et al. 1992; Fig. 13. 10).

13.3.2.2 � Cargo RNA Import Driven by a tRNA Mimic

In plants, between one third and one half of the mitochondrial tRNAs are imported 
from the cytosol (Maréchal-Drouard et  al. 1990; Kumar et  al. 1996), hence the 
idea of using a mimic of a naturally imported tRNA as a shuttle to drive cargo 
sequences into the organelles. Such a strategy was developed with the tRNA-like 
structure (TLS) that forms the 3’-end of the Turnip yellow mosaic virus (TYMV) 
genomic RNA (Matsuda and Dreher 2004). The TYMV TLS consists of the last 82 
nucleotides of the genomic RNA and its functionality is enhanced by an upstream 
pseudoknot. It is a valine acceptor, and thus it mimics a tRNA that is imported into 
mitochondria in all plant species studied so far. The shuttle used comprised the 
TLS together with the upstream pseudoknot and was named “PKTLS” (Val et al. 
2011). Upon nuclear expression of an appropriate gene construct, the PKTLS tRNA 
mimic proved capable of driving a 5’-end trailor sequence into mitochondria in 
plant cells, a process mediated by the natural tRNA uptake pathway (Val et al. 2011; 
Fig. 13.10). PKTLS-mediated organelle import of a functional sequence in the form 
of a trans-cleaving hammerhead ribozyme directed against a mitochondrial mRNA 
was subsequently obtained in plant-cell suspensions and in whole plants. The strat-
egy was efficient and caused a strong knockdown of the target RNA. Furthermore, 
other, nontarget mitochondrial RNAs were also affected, implying the existence 
of organelle RNA coordination mechanisms (Val et al. 2011). The approach thus 
appears suitable for organelle-related functional and regulatory studies in plants. It 
is potentially applicable to other organisms in which mitochondrial tRNA import 
occurs.

13.3.2.3 � Import of Recombinant 5S rRNA

Yoshionari et al. (1994) detected the nuclear-encoded 5S rRNA in bovine mitochon-
dria. Subsequent studies confirmed this observation and established that mamma-
lian organelles naturally take up a significant portion of the 5S rRNA (Magalhaes 
et al. 1998; Entelis et al. 2001). The import determinants of the RNA were charac-
terized by importing into human mitochondria, both in vitro and in vivo, 5S rRNA 
variants obtained by site-directed mutagenesis (Smirnov et al. 2008). Two regions 
are required for import: The first is located in domain α, the second is associated 
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with domain γ. Domain β is not essential for uptake, which raises the idea that it 
might accommodate additional sequences and make the 5S rRNA a mitochondrial 
import shuttle for short RNAs in mammalian cells (Smirnov et al. 2008). The hy-
pothesis was successfully tested by expressing in human cells a 5S rRNA variant in 
which an unrelated sequence of 13 nucleotides replaced loop C and part of helix III. 
The mutant RNA was imported into mitochondria, with an efficiency even higher 
than that of the wild-type rRNA (Smirnov et al. 2008; Fig. 13.10).

13.4 � Applications

Some of the approaches described above have already been applied in strategies 
that aimed at mastering of male sterility in plants or gene therapy of mitochondrial 
diseases in humans.

13.4.1 � Import of CMS-Associated Proteins

In plants, allotopic expression (Fig. 13.9) was used to generate male sterile lines 
through nuclear transformation with mitochondrial orfs encoding CMS-associated 
proteins, the addition of an MTS providing organelle targeting of the polypeptides 
(Table 13.1). Contrasting results were reported. Male sterile plants were obtained 
upon nuclear expression of the CMS-associated bean orf239 (He et al. 1996), beet 
orf129 (Yamamoto et  al. 2008), chili pepper orf456 (Kim et  al. 2007), mustard 
orf220 (Yang et al. 2010), rice orf79 (Wang et al. 2006) or wall-rocket orf108 (Ku-
mar et  al. 2012). Conversely, similar attempts with the proteins associated with 
maize CMS-T, petunia CMS or radish and Brassica Ogura CMS failed to yield 
sterile plants (von Allmen et al. 1991; Chaumont et al. 1995; Wintz et al. 1995; Du-
roc et al. 2006). Also puzzling, in some cases, expression of the CMS orf resulted 
in aberrant pollen function and a semi-sterile or male-sterile phenotype regardless 
of the presence or not of an MTS (He et al. 1996; Kumar et al. 2012). It seems, for 
instance, that the bean ORF239 protein can associate with the cell wall and there-
fore may cause pollen disruption even if it is not targeted to mitochondria. In maize 
CMS-T, sterility is correlated with the presence of the mitochondrial T-urf13 gene 
(Dewey et  al. 1986). When this gene, fused to an MTS-encoding sequence, was 
expressed in tobacco from a nuclear transgene, the URF13 protein actually accu-
mulated in mitochondria, but there was no correlation with a male sterile phenotype 
(Chaumont et al. 1995). The lack of male sterility following nuclear expression of 
several CMS genes (von Allmen et al. 1991; Chaumont et al. 1995; Wintz et al. 
1995; Duroc et  al. 2006;) is not clearly understood. Inappropriate timing and/or 
spatial control of transgene expression is often put forward as an explanation. Also, 
too little of the protein may accumulate in cases in which a quantitative threshold 
must be exceeded for activity (Bellaoui et  al. 1998). Alternatively, inappropriate 
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folding or submitochondrial location of the CMS protein may be responsible. Final-
ly, mitochondrial targeting may be inefficient when the CMS polypeptide is highly 
hydrophobic. In a reciprocal strategy, CMS mutants with mtDNA variation were 
generated from protoplast culture in Nicotiana sylvestris (Li et al. 1988), and male 
fertility and complex I functionality were restored through targeting the NAD7 sub-
unit into mitochondria in the mutants (Pineau et al. 2005).

13.4.2 � Import of Oxidative Phosphorylation Complex Subunits

A series of approaches have been designed to rescue mtDNA mutations in protein 
genes through nuclear expression and mitochondrial import of the corresponding 
polypeptides (Fig. 13.9, Table 13.2). First attempts of this strategy were developed 
in yeast. The mitochondrial gene for ATP synthase subunit 8 ( ATP8) was appropri-
ately recoded, fused to an MTS-encoding sequence, and nuclearly expressed in mu-
tant yeast cells lacking endogenous ATP8. The resulting ATP8 protein was imported 
and functionally assembled into the ATP synthase complex, which complemented 
the respiratory growth defect (Nagley et  al. 1988). Experiments aiming to target 

Table 13.1   Nuclear expression and mitochondrial targeting of CMS-associated proteins
Protein References Acceptor species Main results reported
T-urf13
CMS-T Zea mays

von Allmen 
et al. 1991

Nicotiana tabacum Fertile plants

T-urf13
CMS-T Zea mays

Chaumont 
et al. 1995

Nicotiana tabacum No correlation of protein expres-
sion with CMS

urfS
Petunia parodii

Wintz et al. 
1995

Petunia hybrida
Nicotiana tabacum

Protein located in soluble and 
membrane fractions. Fertility of 
plants was not affected

orf239
Phaseolus vulgaris

He et al. 1996 Nicotiana tabacum Semi-sterile or male sterile plants

orf138-GFP
Brassica napus

Duroc et al. 
2006

Arabidopsis 
thaliana

Fertile plants

orf79
Oryza sativa

Wang et al. 
2006

Oryza sativa Transgenic plants exhibited a 
semi-male-sterility phenotype 
wherein ∼ 50 % or more of the pol-
len grains were aborted

orf456
Capsicum annuum

Kim et al. 2007 Arabidopsis 
thaliana

Male-sterile plants. Defects on the 
exine layer and vacuolated pollen 
phenotypes were observed

orf129
Beta vulgaris

Yamamoto 
et al. 2008

Nicotiana tabacum 1 of 4 fully male-sterile plant; 1 of 
4 fertile plant; 2 of 4 semi-fertile 
plants

orf220
Brassica juncea

Yang et al. 
2010

Brassica juncea Male-sterile plants

orf108
Brassica juncea

Kumar et al. 
2012

Arabidopsis 
thaliana

50 % pollen sterility

CMS cytoplasmic male sterility, GFP green fluorescent protein
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Protein References Acceptor cells/
organisms

Main results reported

ATP8
Saccharomyces 
cerevisiae

Nagley 
et al. 1988

Saccharomyces 
cerevisiae

Protein was functionally assembled 
into the ATPase complex

ATP8
Human

Oca-Cossio 
et al. 2003

HeLa
COS-7

Protein was properly located in 
mitochondria

ATP6
Human

Manfredi 
et al. 2002

Cybrids carry-
ing a 8993T > G 
transversion

Protein was functionally assembled 
into the ATPase complex. Rescue of a 
deficiency in ATP synthesis

ATP6
Chlamydomonas 
reinhardtii

Ojaimi et al. 
2002

Human embryonic 
kidney 293T cells, 
monkey COS7 
kidney cells, human 
cybrids carry-
ing a 8993T > G 
tranversion

Partial rescue of a deficiency in ATP 
synthesis

ATP6
Human
Chlamydomonas 
reinhardtii

Bokori-
Brown and 
Holt 2006

Human cybrids car-
rying a 8993T > G 
tranversion

No integration of the imported protein 
into mature functional ATPase. No 
rescue of the mutated MT-ATP6

ATP6
Human HeLa

Kaltim-
bacher et al. 
2006

HeLa Protein was localized to mitochondria 
in vivo

ATP6
Human

Bonnet 
et al. 2007

Human fibro-
blasts harboring a 
8993T > G mutation

Protein was functional in ATPase 
complex. Rescue of ATPase activity

Cyt b
Human

Oca-Cossio 
et al. 2003

HeLa
COS-7

High-level expression: fiber-like 
structures and loss of mitochondrial 
membrane potential, protein aggre-
gates with the cytoskeleton. Low-
level expression: protein localized on 
the surface of mitochondria

ND4
Human

Guy et al. 
2002

Cybrids carrying a 
11778G > A mutation

Rescue of complex I-dependent 
respiration

ND4
Human

Oca-Cossio 
et al. 2003

HeLa
COS-7

Protein did not co-localize with Mito-
Tracker staining and caused loss of 
mitochondrial membrane potential

ND4
Human

Bonnet 
et al. 2008

Fibroblasts from a 
LHON patient car-
rying a 11778G > A 
mutation

Complete and long-term restoration 
of mitochondrial function

ND6
Human

Perales-
Clemente 
et al. 2011

Mus musculus cells 
with a homoplasmic 
mutation in the Nd6 
gene

Protein was not imported into the 
mitochondria. False rescue, selection 
of remaining wild-type mtDNA

Table 13.2   Nuclear expression and mitochondrial targeting of oxidative phosphorylation chain 
subunits or substituting proteins
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into mitochondria nuclearly expressed ATP6 subunit were subsequently developed 
in human cells. Successful expression of a human (Manfredi et al. 2002) or C. re-
inhardtii (Ojaimi et al. 2002) recoded ATP6 transgene and mitochondrial targeting 
of its product were reported to partially suppress a respiratory-deficient phenotype 
caused by a pathogenic mutation in the mtDNA. However, similar experiments in 
human cells with both the human and the C. reinhardtii ATP6 gene failed to achieve 
integration of the imported protein into functional ATP synthase and rescue of the 
mutated MT-ATP6 gene (Bokori-Brown and Holt 2006). Conflicting conclusions 
were also drawn upon allotopic expression of complex I subunit 4 (ND4). In one 
study (Guy et al. 2002), rescue of mitochondrial deficiency due to an ND4 muta-
tion causing Leber Hereditary Optic Neuropathy (LHON) was observed, whereas 
in other experiments (Oca-Cossio et  al. 2003) mitochondrial import of the allo-
topically expressed ND4 protein could not be obtained. A similar study involving 
the ND6 polypeptide (subunit 6 of complex I) in mouse cells also highlighted the 
absence of organelle uptake and complex integration of the protein and concluded 
that apparently complemented cells were actually revertants for the nd6 mutation  

Protein References Acceptor cells/
organisms

Main results reported

Mutated ND4 
11778G>A
Human

Qi et al. 
2007

Rattus norvegicus 
retinal ganglion 
cell-like cells 
and DBA/1J Mus 
musculus

Optic nerve degeneration

Mutated ND4 
11778G>A
Human

Ellouze 
et al. 2008

Male Wistar and 
Long Evans Rattus 
norvegicus

Significant decrease of retinal gan-
glion cells associated with impaired 
visual function

Mutated ATP6 
8993T>G
Mus musculus

Dunn and 
Pinkert 
2012

C57BL/6 Mus 
musculus

Protein was co-localized with mito-
chondria. Triggered neuromuscular 
and motor deficiencies. Mitochon-
drial functions tested similar to 
wild-type

Ndi1
Saccharomyces 
cerevisiae

Yagi et al. 
2006a, b

Ten complex 
I-deficient mamma-
lian cell lines

Protein was correctly targeted to the 
matrix side of the inner mitochondrial 
membrane. Restoration of NADH 
oxidase activity to the complex 
I-deficient cells

Ndi1
Saccharomyces 
cerevisiae

Seo et al. 
2006

Male C57BL/6 Mus 
musculus

Rescue of complex I deficiency

AOX
Ciona 
intestinalis

Dassa et al. 
2009

Human HEK 
293-derived complex 
III deficient cells

Compensation of the growth defect 
and oxidant-sensitivity of the cells

ATP adenosine triphosphate, LHON Leber hereditary optic neuropathy, MT-ATP6 mitochondrial 
ATP6 gene

Table 13.2  (continued)
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(Perales-Clemente et al. 2011). To develop an animal model for mitochondrial dis-
eases, mutant and wild-type ATP6 were allotopically expressed and organelle tar-
geted in mice (Dunn and Pinkert 2012). Expression of mutated ATP6 triggered neu-
romuscular and motor deficiencies. A comparable system was set up in mouse with 
mutated human ND4 (Qi et al. 2007). Altogether, these assays showed the limits and 
constraints of the strategy (Oca-Cossio et al. 2003; Perales-Clemente et al. 2011). 
In a twist to this approach, assays were developed to optimize organelle targeting of 
such highly hydrophobic mitochondrial proteins that are otherwise encoded by the 
mtDNA. It is known that many nuclear mRNAs encoding mitochondrial proteins 
localize to the organelle surface in yeast, mammals, and plants, so that translation 
and import can be coupled (Marc et al. 2002; Sylvestre et al. 2003; Michaud et al. 
2010). Localization involves signals carried by the 3’-UTR (Sylvestre et al. 2003). 
Kaltimbacher et  al. (2006) reported that targeting the nuclear transgene-derived 
ATP6 mRNA with appropriate cis-acting signals to the outer mitochondrial mem-
brane in human cells indeed facilitated organelle translocation of the gene product. 
The strategy was thus applied to fibroblasts harboring a mutation in the mitochon-
drial ATP6 gene, which led to long-lasting rescue of mitochondrial dysfunction 
(Bonnet et al. 2007). Similar results were obtained upon mitochondrial surface tar-
geting of allotopically expressed ND1 (subunit 1 of complex I) or ND4 transcripts 
in fibroblasts carrying mtDNA mutations in the corresponding genes (Bonnet et al. 
2007, 2008). That such an optimized allotopic expression approach might become 
an effective treatment for mitochondrial deficiency resulting from mtDNA mutation 
was finally supported through a rat LHON model (Ellouze et al. 2008).

13.4.3 � Import of Substituting Proteins

Instead of compensating mutations in mtDNA-encoded subunits through uptake of 
wild-type polypeptides, so-called xenotropic expression strategies aimed to bypass 
the deficient functions with proteins originating from other organisms (Table 13.2). 
Yeast mitochondria do not have complex I but use three NADH dehydrogenases  
located at both sides of the inner membrane (Bakker et al. 2001). Among these, the 
single-subunit NADH dehydrogenase Ndi1 transfers electrons from mitochondrial 
NADH to the quinone pool and thus has the potential to bypass complex I. This 
enzyme was targeted into mitochondria and indeed functionally restored NADH 
oxidase activity in complex I-deficient mammalian cells (Yagi et al. 2006a, b). Res-
cue of complex I deficiency was further validated in a mouse model of Parkinson’s 
disease (Seo et  al. 2006), which might open therapeutic prospects. On the other 
hand, many species, but not mammals, encode an alternative oxidase (AOX) that 
introduces a branch point into the respiratory electron transport chain and bypasses 
complexes III and IV (McDonald et  al. 2009; Van Aken et  al. 2009). Following 
nuclear expression and mitochondrial targeting, the Ciona intestinalis AOX was 
reported to compensate for the growth defect and oxidant sensitivity of complex 
III-deficient human cells (Dassa et al. 2009).
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13.4.4 � Import of tRNAs

Upon validation of allotopic expression and mitochondrial import of tRNA variants 
in human cells (3.2.1), the strategy was applied to complement mutations in mito-
chondrial tRNA genes through import of corrective, functional tRNAs (Fig. 13.10). 
The approach was first conducted with human cybrid cells and patient-derived fi-
broblasts carrying a MERRF syndrome-associated mutation in the mitochondrial 
tRNALys gene. A partial restoration of mitochondrial functions was obtained upon 
expression and organelle uptake of yeast tRNALys derivatives, demonstrating the 
potential of the strategy for the treatment of mtDNA diseases (Kolesnikova et al. 
2004). In subsequent assays, the aminoacylation specificity of the recombinant 
tRNAs was switched from lysine to leucine, so as to address pathogenic mutations 
in mitochondrial tRNALeu. This in turn improved mitochondrial functions in hu-
man cybrids impaired by a tRNALeu mutation associated with the mitochondrial 
encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome 
(Karicheva et al. 2011). The therapeutic potential of customized tRNA targeting was 
thereby much broadened, with the extension to tRNAs with altered specificities.

13.4.5 � Import of Antigenomic Oligoribonucleotides

Following successful organelle translocation of a 5S rRNA variant carrying a 13 
nucleotide exogenous sequence in human cells (3.2.3), the approach (Fig. 13.10) 
was used to manipulate mitochondrial heteroplasmy in human cybrids bearing a 
large mtDNA deletion associated with the Kearns Sayre syndrome (KSS). For that, 
antigenomic sequences targeting the junction between the deletion boundaries, and 
thus expected to inhibit replication of the deleted mtDNA copies, were included 
into the β domain of the 5S rRNA. The recombinant 5S rRNAs expressed from 
nuclear transgenes in KSS cybrids were imported into mitochondria and allowed a 
stable shift of mtDNA heteroplasmy in favor of wild-type copies, with an improve-
ment of mitochondrial translation (Comte et al. 2012). In addition, analyzing the 
import of yeast tRNA derivatives into human mitochondria led to the characteriza-
tion of short synthetic sequences comprising two tRNA-derived hairpins joined by 
a short-linker domain. Such RNAs, named FD-RNAs, showed a high efficiency of 
mitochondrial import (Kolesnikova et al. 2010). The central linker can be replaced 
by a short sequence of interest without hindering import, providing a further mito-
chondrial shuttle system (Fig. 13.10). On that basis, FD-RNAs in which the linker 
was replaced by antigenomic sequences against the above-described mtDNA dele-
tion were constructed and introduced into the KSS cybrids by transient transfection. 
In the cells, the synthetic RNAs were taken up by the organelles and triggered a 
specific replication pause of the deleted KSS mtDNA copies, in turn providing a 
shift of the heteroplasmy towards wild-type mtDNA (Comte et al. 2012). Although 
the effect of these approaches was only partial, it might be sufficient to decrease and 
keep the level of mutated mtDNA copies below the threshold that causes the symp-
toms of a mitochondrial disease (Smirnov et al. 2008; Comte et al. 2012).
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13.4.6 � PNPase-Facilitated RNA Targeting

Besides tRNAs and 5S rRNA, mammalian mitochondria were reported to import 
the RNA component of RNase mitochondrial RNA peptidase (MRP; Chang and 
Clayton, 1987, 1989) and that of RNase P (Doersen et al. 1985). The role of the lat-
ter is currently unclear, as it was shown in the meanwhile that human mitochondrial 
RNase P activity is carried by proteins only (Holzmann et al. 2008). Nevertheless, 
mitochondrial import of these RNAs was further reported and seems to involve 
polynucleotide phosphorylase (PNPase; Wang et al. 2010). PNPase, a 3’–5’ exori-
bonuclease localized in the mitochondrial intermembrane space, would thus have 
another role in regulating the import of selected nucleus-encoded RNAs, including 
the RNase P/RNase MRP RNAs and the 5S rRNA (Wang et al. 2010, 2012a). It was 
proposed that PNPase recognizes a stem-loop structure in the RNAs that it helps to 
import. This stem-loop structure would serve as a targeting signal for mitochondrial 
translocation. The model was drawn from extensive in vitro and in vivo assays with 
both yeast and mammalian organelles (Wang et al. 2010). The data pointed towards 
the possibility to use the characterized stem-loop structure as one more shuttle sys-
tem to carry nuclear-encoded RNAs into mitochondria (Fig.  13.10). The RNase 
P stem loop indeed enabled import of tRNA precursors into isolated mammalian 
organelles. The precursors were processed to mature tRNAs and partially rescued 
the translation defect of isolated MERRF (tRNALys gene mutation) or MELAS (tR-
NALeu gene mutation) mutant mitochondria (Wang et al. 2012b). However, in vivo 
functional rescue in MERRF and MELAS cybrids needed further specific sequenc-
es. Organelle import and protein synthesis recovery were obtained only when, in ad-
dition to the RNase P stem loop, the tRNA precursors were expressed with (i) an ex-
tension favoring processing-free nuclear escape and (ii) an mRNA 3’-UTR-derived 
localization signal that mediates targeting to the mitochondrial surface (4.2). It was 
reported that the RNase P stem loop also enables organelle import and processing 
of nuclear transgene-encoded mRNAs in mammalian cells, as assayed with a 683 
nucleotide-long COX2 mRNA (Wang et al. 2012b). This approach would thus have 
the potential to target defects in all mtDNA disorders.

13.4.7 � Further Mitochondrial Transfection Strategies in the 
Pipeline

Reflecting the relevance of the issue for applied purposes, mitochondrial transfor-
mation is further claimed by a number of patents or patent submissions that essen-
tially have no counterpart in the open literature. Patent application WO2009150441 
(Moller and Xu 2009) claims biolistics-mediated mitochondrial transformation in 
plants, using cytokinin or auxin biosynthesis markers for selection, in combina-
tion or not with antibiotic resistance. Based on homologous recombination with 
the organelle DNA, the methodology includes a molecular strategy to eliminate 
the marker after selection. In patent WO/2010/061187, Malcuit and Sorokin (2010) 
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claim mitochondrial transport of nuclear transgene-encoded RNA promoted by an 
organelle-targeted RNA-binding protein, still in plants. As further steps, retrotran-
scription of the transported RNA by an organelle-targeted reverse transcriptase 
would be followed by homologous recombination and integration into the mito-
chondrial genome. In another patent application (WO/2008/148223), Eudes and 
Chugh (2008) describe mitochondrial transfection driven by cell-penetrating pep-
tides (CPPs). CPPs are cationic short peptides that form nanocomplexes with the 
DNA and translocate across plant cell membranes. Based on extensive analysis of 
known mitochondrial-targeting peptides, a novel class of CPPs that specifically tar-
get the organelles was defined. A reporter construct complexed with such specific 
CPPs was reportedly delivered into mitochondria in Triticale protoplasts or micro-
spores and was expressed in the organelles (Eudes F., communication at the Plant 
and Animal Genome XX Conference, San Diego, CA, USA, 2012).

13.5 � Conclusion

As clearly outlined in this chapter, developing mitochondrial genetic manipulation 
has mobilized much imagination and experimental investment over the years. In-
vestigations have proceeded as far as mtDNA replacement in germ cells, with the 
idea of preventing diseases (Tachibana et al. 2012). A variety of strategies, already 
successful or still promising, have been put forward, so that the field actually looks 
rather prolific. The counterpart is that a number of these approaches so far remained 
confined to one laboratory, and some are openly controversial. Mitochondrial medi-
cine is on the way (e.g., Cwerman-Thibault et al. 2011), but the current challenge is 
to validate independently confirmed and generally accepted biotechnological tools 
(Lightowlers 2011). The stake is worth the effort.
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14.1 � Introduction

A plant somatic cell usually has DNA in several organelles (or compartments), 
including the nucleus, plastids (such as chloroplasts and amyloplasts), and mito-
chondria. Bacteria are propagated purely through asexual divisions (fission) and 
therefore can be considered as somatic cells in a broader sense, particularly in the 
study of somatic genome evolution. A bacterium has often one or more plasmids in 
addition to its chromosome. Plants sometimes also have plasmids in their organelles 
(Chase and Pring 1985). Separate extraction of DNA, as well as RNA, from these 
sources is often needed in genome manipulation, genome sequencing, DNA charac-
terization, and gene expression analysis.

Although the microarray and second-generation sequencing approaches and re-
lated bioinformatic analysis are very powerful in genome characterization and gene 
expression profiling (Li 2011; Li 2015), other experimental approaches are often 
needed to validate the results because each technique has its strengths and weak-
nesses. For example, some mitochondrial and chloroplast genes are homologous; it 
is difficult to know whether an Illumina read of the identical region is actually from 
chloroplasts or mitochondria. Some organelle genes, and occasionally, portions of 
the chloroplast and mitochondrial genomes, can also have similar sequences in the 
nuclear genome (Brennicke et  al. 1993; Qu et  al. 2008; Rousseau-Gueutin et  al. 
2011; Xiang and Li 2015). Consequently, bioinformatics alone is nearly impossible 
to know whether the sequence reads in the second-generation sequencing are from 
the mitochondrial, chloroplast, or nuclear genome. In these cases, to correctly inter-
pret the results, other techniques in addition to DNA sequencing are needed, such 
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as isolation of organelle-enriched DNA prior to sequencing or molecular hybridiza-
tion. Therefore, this chapter describes several laboratory techniques, including both 
extraction and analysis of DNA from separate organelles.

Variation in gene expression can be at the level of both expression activity and 
processing patterns. An example is mitochondrial RNA (mtRNA) in maize (Dewey 
et al. 1986; Li et al. 1996) and brassicas (Singh et al. 1996; L’Homme et al. 1997; 
Li et al. 1998). In the analysis of cytoplasmic male sterility (CMS) and nuclear–cy-
toplasmic interaction, it is often necessary to extract RNA from samples enriched 
with mitochondria. Total DNA and RNA extraction is often required in the study of 
DNA ratios and interactions between nuclear and organellar genomes. Therefore, 
this chapter also describes protocols for preparation of total RNA, mtRNA, and for 
electrophoretic fingerprinting of these RNAs.

Sometimes microscopic techniques can generate information useful for assisting 
the interpretation on the organelle DNA/RNA sequence data. For example, when 
mitochondrial gene expression is low, a microscopic observation is often needed to 
verify when the mitochondrial density in the cell is also low. For plastid research, it 
may also be useful to analyze starch granule size and shape. Some quick and general 
studies such as microscopic observations are often helpful for experimental design 
and data interpretation of DNA and RNA analysis. Therefore, this chapter describes 
three microscopic techniques first, followed by the description of four DNA prep 
protocols and three RNA prep and analysis protocols.

In addition to the techniques described in this chapter, the readers are referred to 
Chap. 13 for mitochondrial genetic manipulation (Mileshina et al. 2015), Chap. 8 
for potato somatic embryogenesis (Nassar et al. 2015), and Chap. 9 (Pelletier and 
Budar, 2015) and Chap. 10 (Rokka 2015) for protoplast fusion, and bioinformatic 
analysis (Li 2015).

14.2 � In Situ Hybridization for Studying Tissue-Specific 
Gene Expression

14.2.1 � Introduction to In Situ Hybridization

In situ hybridization using a gene-specific probe can effectively illustrate the gene 
expression patterns at tissue-specific, cell-specific, and development-specific lev-
els. For example, the technique played a critical role in determining the expression 
patterns of genes involved in flower development in Arabidopsis (Liu et al., 2011) 
and other plants such as citrus (Zhang et al. 2011b) using either labeling with a 35S 
isotope or digoxigenin RNA labeling kit (Roche http://www.roche.com). The over-
all protocol is very long with in situ hybridization protocols available, with either 
radioactive probes (Meyerowitz 1987; Traas 2008; Wang et al. 2008) or nonradioac-
tive probes (Ferrandiz and Sessions, 2008; Roche 2008). Regardless of the probe 
labeling approach, the tissue fixation, sectioning, and hybridization common stages 
are all critically important to the success of the in situ hybridization. Therefore, the 
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in situ hybridization section in this chapter focuses on discussion of these technical 
aspects according to the author’s firsthand experience.

14.2.2 � Various Technical Points for Improving In Situ 
Hybridization Resolution

The in situ hybridization procedure consists of the following major steps: tissue 
sampling, fixation, dehydration, embedding, slide coating, tissue sectioning, probe 
preparation, pre-hybridization treatment, hybridization with a probe, post-hybrid-
ization washing, detection of hybridization signals, and photomicroscopy.

Plant sample preparation and tissue sectioning for in situ hybridization consist 
of the following major steps: tissue fixation, tissue dehydration, tissue clearing, 
wax infiltration into tissues, tissue embedding in wax, microscope slide coating 
with poly-l-lysine, and tissue sectioning on a microtome (tissue section thickness: 
7–10 µm). Tissue fixation is usually in formalin–acetic acid–alcohol (FAA) solu-
tion. A 200 ml of FAA contains 20 ml of 37 % formaldehyde, 10 ml glacial acetic 
acid, 100 ml of 95 % ethanol, and 70 ml of dH2O.

In FAA solution, the formaldehyde and alcohol have a shrinking effect, while 
acetic acid has a swelling effect, on cytoplasm. Formaldehyde (formalin) has strong 
fixative effect on the tissues, but is likely toxic. The ethanol in FAA may also vary 
in different studies. In general histological sectioning such as for verifying whether 
a plantlet regeneration in tissue culture is via somatic embryogenesis, the present 
author usually uses ethanol and acetic acid at 3:1 v:v (Li and Demarly 1996). It was 
reported that 90 % ethanol (with formalin 5 %, acetic acid 5.0 %, v:v:v) can also be 
used in fixing plant tissues for histological analysis (Karamian and Ranjbar 2008). 
However, for in situ hybridization analysis of cell-specific gene expression, it is 
a 50 % ethanol in the FAA solution that has been confirmed to give high-quality 
signals (Li et al. 1996). According to Langdale (2001), an FAA of 50 % ethanol, 
10 % formaldehyde, and 5 % acetic acid works well in tissue fixation for in situ 
hybridization but 75 % ethanol with 25 % acetic acid gives no signal in in situ hy-
bridization.

At the step of tissue fixation in FAA, plant tissue/organs must be small enough to 
allow the FAA solution to penetrate. The fixed tissue must then be completely de-
hydrated in a series of increasingly more concentrated ethanol solutions. The series 
of ethanol solutions include 50, 60, 70, 85, 95, and 100 %. The tissues are moved 
through the dehydration series at 10–30-min intervals, depending on tissue succu-
lence. Woody material takes longer (30 min). The 100 % ethanol solution (absolute 
ethanol) should be replaced two to three times to ensure the complete removal of 
water from the tissue. The next step involves an organic solvent (xylene) which 
serves as means to transition the tissue from alcohol into paraffin. Following 100 % 
alcohol is 50:50 alcohol to xylene, and then several changes of 100 % xylene, again 
at 10–30-min intervals. Vials are then transferred to a warming oven (60 °C) for the 
steps involving tissue infiltration with liquid paraffin (such as Fisher Paraplast Plus, 
Cat. 23 021400, Fisher Scientific Co., www.fishersci.ca). The first step is 50:50 
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xylene to paraffin followed by at least three changes of 100 % paraffin at 30–45-min 
intervals to remove xylene residue from the tissues.

At the step of pouring the wax tissues into plastic boatlike embedding molds 
(Fisher Scientific Cat. No. 1841) to solidify, the samples should be oriented verti-
cally or horizontally for sectioning. After removing the cooled wax blocks from the 
Peel-A-Way molds, the wax blocks are transferred in their plastic frame and fitted 
into a microtome. The microtome is adjusted to cut each section 7–10 μm thick.

Prior to sectioning, the slides should be coated with certain sticky material to 
ensure that plant tissue sections do not drop off during the hybridization and wash-
ing. The slides can be coated with poly-l-lysine (Sigma P-1399; in 10 mM Tris pH 
8.0) by immerse slides into 100 mg/ml for 10 min, and then air-dry the slide in a 
dust-free area or container. After sectioning, the wax tissue ribbons are positioned 
onto microscope slides coated with poly-l-lysine, and then “baked” to the slide by 
setting the slide warmer to a temperature between 45 and 50 ̊ C.

At the hybridization step after deparafinize, it is important to avoid bubbles 
between the slide and coverslip. This is because the tissues in the bubble areas 
will be less hybridized and can create artifacts of lower signal density. To avoid 
bubbles, use a sufficient volume of hybridization solution, such as 150  µl per 
slide, slowly distribute the solution on the slide, and slowly lower the coverslip 
to the slide.

Photomicroscopy must also be carefully done. An overall examination of the 
hybridization quality of the entire specimen should be conducted first. If the signal 
density varies, the slide should not be used in a comparative study due to risk of 
artifacts. If a round area on the slide has clearly lower signal intensity, it could be 
caused by a bubble. Gene expression comparisons should be restricted to specimens 
that pass the quality control check and the results should be verified from tissues ei-
ther on different slides or at least in different regions of the same slide. An example 
of cell-specific expression in plants is shown in Fig. 14.1.

14.3 � A Method for Studying Mitochondrial Density 
in Roots Using Rhodamine 123 and Confocal 
Microscopy

14.3.1 � Introduction to Rhodamine and Confocal 
Microscopy

The cationic fluorescent dye rhodamine 123 specifically labels the negatively 
charged mitochondrial inner membrane. Loss of the negative potential across the 
membrane will result in loss of the dye and the fluorescence intensity, and therefore, 
rhodamine 123 has been used to monitor mitochondria in living cells (Chazotte 
2011) such as in studying mitochondria within microspore tetrads of plants under 
a confocal microscope (Gambier and Mulcahy 1994) and used in flow cytometric 
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analysis of mitochondria (Petit 1992). Recently, it was reported that rhodamine B or 
1-(Rhodamine B)-4-(2′-chloroacetyl)-piperazine amide” (RB-CAP) is more photo-
stable than rhodamine 123 and still exhibits stringent selectivity in covalent labeling 
of mitochondria in mammalian living cells (Wu et al. 2012). However, RB-CAP 
has not yet been widely tested and used in mitochondrial histochemical analysis. 
Rhodamine-123-labeled mitochondria were green (emission 525 nm) under laser 
excitation at 488 nm, whereas chloroplasts under this wavelength are not green.

Confocal microscopy can increase optical resolution and contrast by using point 
illumination, and three-dimensional structures can be reconstructed from the im-
ages obtained. Therefore, the combination of confocal microscopy and rhodamine 
123 staining is an effective approach to study mitochondrial distribution and func-
tion in both animal cells (Hall et al. 2013) and plant cells (Gambier and Mulcahy 
1994; Li et al. 1996).

Fig. 14.1   In situ hybridization-detected cell-specific expression of mitochondrial genes in maize 
seedling tissues (reorganized from Li et  al. (1996)). a Toluidine blue staining and bright field 
image of a coleoptile vascular bundle, b mitochondrial 18S rRNA ( rrn18) gene expression in a 
coleoptile vascular bundle, c mitochondrial RNAb gene expression in a maize seedling stem, and d 
mitochondrial 26S rRNA ( rrn26) gene in a maize seedling stem. b, c, and d: bright field and dark 
field co-exposure image. Note that rrn18 is highly expressed in the vascular bundles; RNAb and 
rrn26 have nearly opposite patterns from each other in tissue-specific expression
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14.3.2 � Illustration of Mitochondria Using Rhodamine  
and Confocal Microscopy

We examined tissue-specific mitochondrial distribution and density in rhodamine 
123-stained maize root tips under confocal microscopy (Li et al. 1996). The method 
is as follows:

1)	Germinate seedlings (e.g., maize seed germination for 3 days in vermiculite in 
the dark at room temperature).

2)	Cut the root tips longitudinally.
3)	 Immerse in a layer of 15 µg/ml aqueous solution of rhodamine 123 for 5 h.
4)	Observe under a confocal microscope (Leica Laser technik, Heidelberg, Ger-

many) using an argon 488 nm laser for dye excitation. A photograph from a cell 
stained with rhodamine 123 and observed under a confocal microscope is shown 
in Fig. 14.2.

14.4 � Using Polarized Microscope in Observing Starch 
Granules Without Staining

14.4.1 � Introduction to Starch Granules

For plants, amyloplasts are one of the most important organelles, in terms of pri-
mary metabolism in plant biology and in terms of economic importance in the food 
supply for humans and animals. Starch granules form inside of amyloplasts and 
therefore are often characterized when studying chloroplast gene expression and 
metabolism. Plants store photosynthetic products in the form of starch grains in 
the amyloplasts, located in leaves and in storage organs (e.g., stem tubers such as 
potato, storage roots such as sweet potato, and seeds). There are several methods for 
studying starch granule size.

Fig. 14.2   A confocal micro-
scope-reconstructed image of 
a maize root cap cell stained 
with rhodamine 123 (Li et al. 
1996)
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14.4.2 � Method of Observation of Starch Granules (Using Potato 
Tuber as Example)

Since starch granules in cells are of different sizes, the smaller ones can be lost 
or washed away if the potato juice containing starch granules is placed directly 
between the slide and coverslip. Therefore, a hemocytometer or a small homemade 
chamber is needed on the slide. The following tape-hole method works well. Holes 
of 6 mm in diameter were made on a glassy tape (such as gel sealing tape, Cat# 
11032018, Biometra, Goettingen) with a paper punch. The tape was then stuck onto 
a microscope slide. The holes in the tape were then used as round chambers for 
minimizing the shifting of small granules by the coverslip and for holding potato 
juices during observation under the microscope.

•	 Take a potato tuber and cut into pieces just before sampling.
•	 Use a garlic press to squeeze potato juice into a small container such as a mi-

crofuge tube.
•	 Add fourfold volume of distilled water.
•	 Mix well by tapping on the tube and immediately pipet 11 μl to the tape chamber 

on the slide, mix immediately by shaking the slide or using the pipet and put on 
the coverslip. No staining is required.

•	 Observe the starch granules under a light microscope equipped with a polarizing 
filter. Ideally, AxioVision Rel 4.7 software can be used (Carl Zeiss).

•	 Take pictures using a 200× magnification (under a 20× objective and a 10× eye-
piece) if the study purpose is to measure the average length of the starch granules 
in the tuber. Each image acquired under 200× magnification usually has approxi-
mately 100–150 granules (Fig. 14.3). Three or more pictures per sample should 
be used to average starch granule size measurements in that juice sample.

•	 Measure the length of each starch granule using the software AxioVision if the 
picture was taken using the software. It is also possible to measure the relative 
length of the starch granules using a ruler on a print, but this is much more labor 
intensive.

Starch granules have considerable size variation, ranging from a few micrometers 
to approximately 80 μm. Measure all starch granules larger than 8 μm and calculate 
the average length.

The microscopic method assisted with the AxioVision software for estimating 
the average length of potato starch samples has very high reproducibility; the cor-
relation coefficient between two experiments was r = 0.92 in our previous studies 
(Li et al. 2011; Zhang et al. 2011a).

For the sampling stage, potato juice/starch granules can be directly taken by 
scraping juice from the tuber strip with a razor blade and adding the juice directly to 
7 μl water in the tape hole on the microscopic slide, and then immediately mixing 
well with the blade on the chamber. This razor-blade-scraping method is simpler 
but less reproducible and tends to collect larger granules than the squeezed juice 
method described above and in Li et al. (2011). The starch granules can be also 
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observed under 500X magnification using a 50× objective and a 10× eyepiece for 
fine detail of the starch granule surface. Since starch granules precipitate very rap-
idly and samples can vary in granule size within seconds, it is important to use ex-
actly the same protocol for all the starch samples in order to get comparable results. 
Some practice with the sampling method is required before conducting the formal 
comparative experimental study.

14.5 � Differential Preparation of Agrobacterium Ti 
Plasmid and Binary Plasmid

14.5.1 � Introduction to Plasmid Preps from the Binary 
Vector System of Agrobacterium tumefaciens

Wild Agrobacterium tumefaciens strains usually cause crown gall disease in dicot 
plants (Hooykaas 1989). However, A. tumefaciens harboring “disarmed” tumor-
inducing (Ti) plasmids (lacking plant oncogenes) can deliver foreign genes from 
cointegrated or binary vectors into dicot cells without causing crown gall disease. 
A. tumefaciens is widely used in plant genetic transformation, because some of the 
systems, particular for the agropine-type A. tumefaciens, can transform not only 
dicot plants but also monocot plants such as maize (Gould et al. 1991; Ritchie et al. 
1993) and rice (Raineri et al. 1990; Li et al. 1992; Liu et al. 1992; Toki 1997; Hiei 

Fig. 14.3   Starch granules 
under a polarized microscope 
(using 200× magnification) 
from the potato cultivar Ken-
nebec (Li, unpublished)
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and Komari 2008). One of the most widely used agropine strains is EHA105, which 
was developed from EHA101 by removing the kanamycin resistance gene (Li et al. 
1992; Hood et al., 1993).

The widely used system in A. tumefaciens-mediated transformation is a bina-
ry vector system, in which the agrobacterial cell has a large, modified Ti plasmid 
called a “helper Ti plasmid” and a much smaller plasmid usually called a “binary 
vector.” The Ti plasmid is usually very large, ranging from, for example, 194 kb 
circular DNA (GI: 8572673; AF242881.1) for an A. tumefaciens octopine-type Ti 
plasmid to 245  kb circular DNA for an agropine-type Ti plasmid (DQ058764.1 
GI:71849443). The helper Ti plasmid usually carries vir genes required for bacterial 
virulence (to infect plants). The binary vector is much smaller, is able to replicate 
in multiple hosts both Escherichia coli and A. tumefaciens; therefore, it can be used 
to insert selection marker genes responsible for resistance to antibiotics to ensure 
the presence of the plasmid in the cell on selection media. Since the binary vector 
contains the recombination borders of the transfer DNA (T-DNA) and is relatively 
small to allow efficient manipulation during DNA cloning, the binary vector is used 
to clone genes for transfer to the plant genome.

After the cloning manipulation of the binary vector in E. coli, the plasmid is 
usually transferred into an A. tumefaciens strain by freeze/thaw transformation, 
electroporation, or triparental mating (Wise et al. 2006). The binary vector transfer 
stage is to combine two or more plasmids into the same cell, and selection is only 
based on antibiotic resistance. Therefore, after the triparental mating, it is preferred 
to isolate the plasmid DNA and conduct restriction analysis to ensure the plasmids 
are still correct with no deletion, addition, or variation before using the strain for 
genetic transformation of plants. A protocol is required to rapidly prepare DNA 
from many colonies and check fingerprints using simple but high-resolution gel 
electrophoresis. Since the binary vector usually has greater copy number than the 
Ti plasmid in the cell, fingerprinting of the Ti plasmid is needed to minimize binary 
vector contamination.

Various difficulties are associated with plasmid DNA extraction from A. tume-
faciens. Both binary and Ti plasmids, particularly the Ti plasmid, are maintained 
only at low copy number. The Ti plasmid is very large, of a size similar to plant 
mitochondrial DNA. Due to these difficulties, Ti plasmid extraction typically in-
volves large (1  l) culture volumes using an alkaline lysis protocol (Currier and 
Nester 1976) followed by isopycnic gradient purification and dialysis (Sciaky et al. 
1978). The DNA prepared is usually still a mixture of both plasmids, and Southern 
hybridization is usually required to analyze the Ti plasmid (Slusarenko 1990). Ti 
plasmid analysis is a laborious procedure that involves using radioactive isotopes. 
To solve the above problems and to meet the need for checking both the binary 
vector and the Ti plasmid, we developed improved rapid protocols (Li et al., 1995), 
derived from alkaline lysis methods (Currier and Nester 1976; Bimboim and Doly 
1979), that yield plasmid DNA and produce restriction fingerprints with relative 
high resolution, as described below.
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14.5.2 � A Protocol for Rapid Micropreps of the Mixture of Both Ti 
and Binary Plasmids from A. tumefaciens

The following protocol (Li et al. 1995) can effectively prep both the Ti plasmid and 
the binary vector and can differentiate the two to a certain degree by playing the 
culture temperature according to the purpose of the plasmid preps.

•	 Grow A. tumefaciens bacteria in 0.8 ml in a 1.5 ml microcentrifuge tube (for 
microprep) or 5.0 ml in a 15 ml culture tube (for miniprep) yeast extract peptone 
(YEP) medium (Chilton et al. 1974; for 1 l medium: 10 g yeast extract, 10 g Bac-
to peptone, 5 g NaCl, pH 7.0; Chilton et al. 1974) on a rotary shaker at 200 rpm at 
28 °C (or use 37 °C if elimination of Ti plasmid is required) for 16–24 h or until 
it reaches the OD600 = 1.0–1.5. At 37 °C, the Ti plasmid gets largely eliminated 
if there is no antibiotic selection to maintain the plasmid. The medium contains 
rifampicin at 20 µg/ml (for the chromosome) and an appropriate antibiotic for 
maintaining the binary vector such as kanamycin 100 µg/ml for maintaining the 
binary vector p35S-GUS-INT.

•	 Pellet the bacteria using a microcentrifuge at maximum speed for 1  min and 
resuspend the cell pellet by vortexing in 0.1  ml (for microprep) or 1  ml (for 
miniprep) buffer I (50 mM glucose, 25 mM Tris-HCl, pH 8.0, 10 mM ethylene-
diaminetetraacetic acid, EDTA).

•	 Lyse the bacteria with two volumes of a solution containing 0.2 M NaOH and 
1 % sodium dodecyl sulfate (SDS), mix well, and set on ice for 15 min.

•	 Neutralize the mixture by adding 1.5 volumes of 5 M potassium acetate solution 
prechilled to −20 °C.

•	 Mix by gentle inversion and set on ice for 30 min.
•	 Remove cell debris by centrifuging at 10,000 g for 2  min (microprep) or for 

5 min (miniprep).
•	 Collect the supernatant and centrifuge again at 10,000 g for 2 min (microprep) or 

for 5 min (miniprep).
•	 Treat the supernatants with equal volume to the collected supernatant using 

phenol-chloroform-isoamyl alcohol (25:24:1, saturated with 10  mM Tris, pH 
8.0, 1 mM EDTA, Sigma-P2069) by inverting tubes for 4 min.

•	 Centrifuge for 5 min at 10,000 g to collect the supernatant (do not disturb the 
interface where there can be denatured proteins).

•	 Wash twice with equal volume of chloroform, centrifuge, and collect the super-
natants.

•	 Precipitate DNA with an equal volume of −20 °C-prechilled isopropanol and 
maintain at −20°C for at least 1 h or overnight.

•	 Wash the pelleted DNA with 70 % ethanol, carefully remove the 70 % ethanol 
residues, and leave at room temperature on the bench to dry for 1 h. DNA yield 
can be significantly lower if the DNA pellet is not dried sufficiently.

•	 Resuspend the DNA in 10 to 100 μl buffer Tris/EDTA (TE; 10 mM Tris-HCl 
pH 8.0 and 1 mM EDTA). The yield of DNA obtained from the microprep is 
sufficient for one or two restriction analyses for Ti plasmid and for two to three 
restrictions for the binary vector analysis, whereas the miniprep yields enough 
DNA for up to ten restriction analyses.
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During the development of the protocol, restriction endonuclease digestions were 
performed for 1–2 h with five units of a restriction enzyme such as Pst I (Fig. 14.4 
for Ti plasmid or Fig. 14.5 for binary vector-enriched DNA). Electrophoresis on an 
agarose minigel (8 × 6 × 0.5 cm) with 0.5 µg RNase A for 1 h at 105 V in 1X Tris/bo-
rate/EDTA (TBE) buffer (5X stock solution in 1 L of H2O: 54 g of Tris base, 27.5 g 
of boric acid, 20 ml of 0.5 M pH 8.0 EDTA).

Technical notes: (1) The use of 37 °C to largely remove the Ti plasmid can in-
crease the fingerprint resolution of the binary vector, particularly if one of the DNA 
fragments of binary vector to check is very short and therefore faint. (2) The use 

Fig. 14.4   Restriction analysis ( PstI) of 
the Ti plasmids of A. tumefaciens strains 
GV2260 and GV3101 (Li et al. 1995)

 

Fig. 14.5   Restriction analysis ( PstI) of the 
binary vector p35S-GUS-INT in A. tumefa-
ciens strains GV2260 and GV3101, showing 
the effect of culture temperature on the elimi-
nation of Ti plasmid contamination (Li et al., 
1995). An ethidium bromide stained 0.8 % 
agarose gel (20 × 25 × 0.65 cm) containing 
DNA prepared from A. tumefaciens GV2260/
pGV2260/p35S-GUS-INT after restriction 
with Pst I. Each lane represents the DNA 
isolated from the equivalent of 0.8 ml of 
culture grown in the presence of kanamycin 
at 100 µg/ml. The BRL I-kb DNA ladder was 
used as a size marker in lane 1. Electropho-
resis was performed for 18 h at 100 V in lX 
TBE buffer. TBE Tris/borate/EDTA
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of minigel with ≤ 0.5  cm thickness and relatively a short period (1  h) may also 
contribute to the sharpness of DNA bands on the gel. (3) The alkaline lysis method 
may have contributed to the DNA yield. (4) We also tested growing the A. tume-
faciens bacteria in YEP medium without the use of the binary vector selection an-
tibiotics, and the prepared DNA showed a decreased density in the binary vector, 
and in some clones, the binary vector was totally lost. Therefore, the prepared DNA 
has enriched Ti plasmid DNA and is suitable to verify whether the Ti plasmid is 
still in correct fingerprints as in the control strain. The gel staining was usually 
with ethidium bromide, but recently, this toxic compound was replaced by GelRed 
(http://www.biotium.com) without losing any detection sensitivity of the DNA in 
the gel. This protocol is suitable for DNA prep from both the binary plasmid and 
the Ti plasmid.

14.5.3 � A Qiagen Kit Method for Agrobacterial Plasmid DNA 
Preparation

•	 Grow A. tumefaciens with appropriate antibiotics, depending on the plasmids, in 
5 ml YEP at 28 °C for approximately 24 h till OD600 = 1–1.5.

•	 Spin down the bacteria at 10,000 g for 5 min.
•	 Discard supernatant (remove as much supernatant as possible).
•	 Start the QIAGEN plasmid mini kit (Cat. 12125) by adding the alkaline buffer 

for bacterial lysis and then follow the kit’s instruction for purification using Qia-
gen columns and isopropanol precipitation.

•	 Use the DNA from 0.4 to 0.5 ml culture for each digestion.
•	 Digest DNA in a 15-µl total volume with 8 μl restriction enzyme, 1× buffer, at 

37 °C for 2 h.
•	 Run a minigel at 103 V for 50 min, stain with GelRed, and photograph to check 

the fingerprints (Fig. 14.6).
•	 Note that this protocol works well for the binary vector plasmid but has low yield 

for the Ti plasmid (Li, this study).

14.6 � Isolation of Nuclei for DNA Extraction

14.6.1 � Introduction to the Isolation of Plant Cell Nuclei

In molecular biology and genomic research, it is often necessary to isolate nuclear 
DNA. The first step of nuclear DNA prep is often the isolation of nuclei. Com-
pared to chloroplasts and mitochondria, the nuclei are much larger and heavier 
and therefore can precipitate at a low speed in the centrifuge. After low-speed cen-
trifugation to enrich nuclei, further purification of the nuclei can be done through 
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centrifugation on a sucrose gradient (Ulrich and Ulrich 1991; Lutz et  al. 2011), 
Percoll density gradient (Willmitzer and Wagner 1981; Kiss and Solymosy 1987; 
Sikorskaite et al. 2013), or directly by using a high concentration of sucrose buffer 
during the extraction process (Hernandez et al. 1996). To minimize the influence of 
cell walls, protoplasts were used for nuclei preparation (Ulrich and Ulrich 1991). 
Sucrose is less expensive than Percoll, and the sucrose gradient method can allow 
extraction of a larger amount of DNA.

14.6.2 � A Sucrose Gradient Protocol for Isolating Nuclei

The author has used the following protocol modified from Huguet et  al. (1975) 
and obtained high-quality DNA from leaves. This nuclear prep method used Triton 
X-100 to reduce contamination from chloroplasts and mitochondria and purified the 
enriched nuclei by laying a suspension of nuclei on top of a concentrated sucrose 
solution during centrifugation. The following protocol was slightly modified by 
reducing the sucrose concentration from 2.2 to 2 M and fine-tuning the description 
of the temperature, filtration, and solution volumes:

•	 Chill Honda buffer (Honda et al., 1966) on ice.
•	 Add 0.5 % Triton X-100.
•	 Grind leaves (e.g., 10 g) in the chilled buffer (10 ml/g tissue).

Fig. 14.6   Restriction of a 
plasmid prep from LBA4404 
that carries a Ti helper 
plasmid and a binary vector. 
Digested with PstI. The 
DNA amount corresponds 
to 0.5 ml YEP culture. YEP 
yeast extract peptone (Li, 
unpublished)
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•	 Filter through three layers of Miracloth.
•	 Centrifuge at 350 g for 10 min.
•	 Wash the nuclei by suspending the pellet and recentrifuging at 350 g for 10 min.
•	 Repeat this washing step again.
•	 Suspend the pellet (enriched nuclei) in 4 ml of 15 mM Tris-HCl, pH 7.5.
•	 Lay the pellet solution on a 2-M sucrose (in 15 mM Tris-HCl, pH 7.5) uniform 

gradient.
•	 Centrifuge at 40,000 g for 45 min.
•	 Suspend the pellet in a buffer of 15 mM Tris-HCl, pH 8.0, 10 mM EDTA and 

extract DNA using a standard chloroform–phenol extraction method.
•	 If a Qiagen DNAeasy kit or a magnetic bead-binding method (Mehle et al. 2013) 

is used, the pellet suspension buffer should be the one provided by the commer-
cial kit.

Honda Buffer (Honda et al. 1966) 

Tris-HCl, pH 7.8, 	 25 mM
MgCl2 	 2 mM
CaCl2 	 2 mM
Sucrose 	 0.25 M
Ficoll 	 2.5 %
Dextran 	 5 %
Beta-mercaptoethanol 	 5 mM

14.7 � Chloroplast DNA Extraction and Restriction 
Fragment Length Polymorphism Analysis

14.7.1 � Introduction to Chloroplast DNA Extraction

Chloroplast DNA (often abbreviated as cpDNA, or ctDNA) preps are often contam-
inated with a considerable amount of nuclear DNA. This reduces the clarity of the 
restriction DNA bands on electrophoresis gels. Various cpDNA preparation proto-
cols were published in the 1980s; many using cesium chloride (CsCl) gradient ultra-
centrifugation mainly for reducing nuclear DNA contamination (Shoemaker et al. 
1984; Mourad and Polacco 1988; Martin et al. 1989; Mourad and Polacco 1989). 
Since it is relatively difficult to isolate highly purified cpDNA, sometimes people 
have to use Southern hybridization of total cellular DNA with cpDNA probes when 
comparing cpDNA between different species such as wild potato species (Nakaga-
wa et al. 2000). A high salt method can be used to enrich cpDNA and reduce nuclear 
DNA sequence coverage during second-generation sequencing, but the purity is not 
enough to clearly detect cpDNA fragments on electrophoretic gels in enzymatic 
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restriction analysis (Shi et al. 2012). Improved protocols are still required to gener-
ate clearly readable restrictive fragments of cpDNA.

14.7.2 � Chloroplast DNA Preparation

The following protocol leads to very readable restriction fingerprints of cpDNA. 
The chloroplast isolation was modified from Kolodner and Tewari (1975) by Vedel 
and Mathieu (1983), while the DNA extraction step was modified in the author’s 
laboratory at AAFC-Fredericton.

•	 Place rapidly growing plants in the dark for 1–2 days at 18–20 °C.
•	 Take 10 g of leaves with petioles removed.
•	 Wash the leaves with distilled water and put the leaves to a blender.
•	 Add 200 ml extraction buffer (Buffer A) to a prechilled blender.
•	 Blend by pulsing for three intervals: for 1 s, 1 s, and then 5 s.
•	 Pause briefly between pulses.
•	 Filter through two layers of Miracloth or a nylon tissue with 25 µm pores without 

squeezing the materials during filtering.
•	 Centrifuge at 200 g for 10 min (to remove nuclei) and transfer the supernatant 

into a new centrifuge tube.
•	 Centrifuge at 100 g for 10 min to pellet chloroplasts (keep the pellet).
•	 Wash the pellet twice with Buffer B and recentrifuge to collect chloroplasts 

(keep the pellet).
•	 Suspend the chloroplasts in Buffer C.
•	 Add 1 mg/ml pronase.
•	 Incubate for 3 h at 20 °C for enzymatic reaction.
•	 Treat with equal volume of a phenol-chloroform-isoamyl alcohol solution 

(25:24:1), mix by repeatedly inverting the tube, and centrifuge to get superna-
tant.

•	 Treat the supernatant one to two times with chloroform, each time centrifuge to 
recover the supernatant.

•	 Add one tenth volume of 3 M sodium acetate (pH 5.2, adjusted with acetic acid) 
or 5 M ammonium acetate (pH 5.5; this is because dissolving 57.81 g of ammo-
nium acetate in water to a final volume of 100 ml, the pH will likely be 5.5).

•	 Precipitate at − 20 °C with 1:1 volume of isopropanol or 2.5 volume of ethanol.
•	 Pellet the DNA, wash with chilled 70 % ethanol, dry the pellet, and dissolve in 

buffer TE for restriction analysis.

Using this protocol, restriction fragment length polymorphism was clearly detected 
on an electrophoresis gel between eggplant ( Solanum melongena) and its wild rela-
tive Solanum khasianum (Fig. 14.7).

( Note: The http://www.sciencegateway.org/tools/rotor.htm website can be used 
to convert between revolution per minute and gram for centrifugation).
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Buffer A 
Tris 0.05 M
Mannitol 0.5 M
EDTA 0.003 M
Bovine serum albumin (BSA): 0.1 % (W/V)
β-mercaptoethanol 0.001 M
pH 8.

Fig. 14.7   Chloroplast 
DNA restriction analysis of 
eggplant ( Solanum melon-
gena) and its wild relative 
Solanum khasianum (Li, XQ, 
unpublished). The molecular 
marker is BRL 1-kb ladder. 
Note that the cpDNA frag-
ments are clearly visible 
on the electrophoresis gel. 
cpDNA chloroplast DNA

 



33914  Laboratory Methods for Investigating Nuclear …

Buffer B 
Tris 0.05 M
Sucrose 0.3 M
EDTA: 0.02 M
pH 8

Buffer C 
Tris 0.05 M
EDTA: 0.02 M
pH 8

Buffer TE 
Tris-HCl 10 mM
EDTA 1 mM
pH 8.0

14.8 � Mitochondrial DNA Extraction and Restriction 
Fragment Length Polymorphism Analysis

14.8.1 � Introduction to Mitochondrial DNA Preparation

Plant mitochondrial DNA (mtDNA) preparation contains several steps, including 
differential centrifugation to enrich mitochondria and then extract the DNA. The 
DNA extraction used to be done first by phenol–chloroform treatment and then by 
CsCl gradient separation (Day 1997). However, the manual removal of each of the 
three close bands (nuclear, chloroplast, and mitochondrial DNAs) is challenging  
from a small CsCl gradient tube, under UV, and in a dark room. Likely because 
of nuclear DNA contamination, Southern blot hybridization is needed to check or 
compare the DNA samples (Day 1997). Some commercial kits can be used for DNA 
extraction of animal mitochondria (Valach et al. 2008). However, these kits usually 
do not address how to avoid nuclear DNA contamination. DNase treatment of iso-
lated mitochondria prior to the lysing of the mitochondria can greatly reduce nucle-
ar DNA contamination (Kolodner and Tewari 1972). At the stage of DNA extraction 
from mitochondria, it is possible to use a multiple precipitation method to remove 
the DNase and other proteins if mtDNA prep is from suspension cell cultures and 
some mitochondria-rich coleoptiles (Wilson and Chourey 1984). However, mtDNA 
can be seriously degraded from some leafy cotyledons such as tobacco and peanut 
cotyledons and therefore protein denaturation is done with the toxic chemical dieth-
yldithiocarbamic acid (Wilson and Chourey 1984). This chapter describes alterna-
tive effective protocols for plant mitochondrial DNA preparation.
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14.8.2 � Mitochondrial DNA Preparation Protocol

The following protocol, modified from Kolodner and Tewari (1972), can obtain 
highly purified and undegraded mitochondrial DNA from both cultured cells and 
flowers, tubers, and leaves.

•	 Sample composed of 30 g of young leaves.
•	 Blend for about 8  s in 200 ml pre-chilled Buffer A (see the chloroplast DNA 

preparation section).
•	 Filter using two layers of Miracloth or a nylon tissue (about 25–100 µm pores).
•	 Centrifuge at 1500 g for 10 min to eliminate cell fragments, nuclei, and chloro-

plasts.
•	 Collect the supernatant and recentrifuge at 1500 g for 10 min.
•	 Collect the supernatant.
•	 Centrifuge at 10,000 g for 15 min to pellet mitochondria.
•	 Resuspend the pellet in 30 ml Buffer A and homogenize with a homogenizer pot-

ter.
•	 Add 0.4 ml of 1 M MgCl2 and 3 mg DNaseI.
•	 Mix well and set on ice for 1 h.
•	 Stop the reaction by adding three volumes of Buffer B.
•	 Centrifuge at 10,000 g for 15 min, and discard the supernatant.
•	 Wash and pellet twice with Buffer B.
•	 Resuspend the pellet in 1 ml of Buffer C.
•	 Add 30 mg of sarkosyl (lauroyl sarcosinate) predissolved in 0.3 ml Buffer C.
•	 Shake for 1 h on a platform shaker at a speed of approximately 200 rpm.
•	 Add CsCl 1.65  g with 1/10,000  V/V of GelRed (http://www.biotium.com, 

10,000X stock solution).
•	 Fill a plastic tube of “Quick-Seal (11 × 32 mm).
•	 Centrifuge using the centrifuge TL 100 with the TLV 100K rotor at 9000 rpm for 

3 h at 18 ̊ C.
•	 Collect the mitochondrial DNA band with a syringe under UV (if the DNase 

treatment stage worked well, there will be only one band, i.e., the mtDNA, in 
CsCl gradient).

•	 Dilute the DNA solution with two volumes of buffer TE.
•	 Centrifuge at 100,000 rpm; the present author used the centrifuge TLA 100 with 

the TLV 100K rotor for 1.5 h, decal 6, at 18 ̊ C.
•	 Carefully pour off the supernatant.
•	 Dissolve the pellet in TE and mix well.
•	 The DNA is ready for restriction analysis.

This protocol can give very clean mtDNA and very clearly distinguishable finger-
prints for mtDNA restriction analysis (Fig. 14.8). The fingerprints are identical be-
tween two preps from different plants, in terms of the number and the size of each 
DNA fragment. There is no detectable level of nuclear contamination. It is known 
that the mitochondrial genome consists of a large number of subgenomic molecules, 
and some of these molecules are at very low copy numbers in the population. If 
there is any obvious contamination from nuclear DNA, these low copy number 
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subgenomic molecules of mitochondrial genome data can easily be mixed up with 
the nuclear one and create difficulties for interpretation of the results. The high-
purity mitochondrial DNA preparation method described in this chapter should be 
very useful in preparing mitochondrial DNA for mitochondrial genome sequencing 
because nuclear DNA contamination is minimal.

14.9 � Total DNA/RNA Preparation for Electrophoretic 
and Northern Analysis

14.9.1 � Introduction to Total RNA Prep

Total DNA/RNA preparations can be used for studying the ratio between nuclear 
DNA and nonnuclear organellar DNA as well as the overall transcriptome. Various 
total DNA preparation methods are available, including several commercial kits 
such as the QIAGEN DNeasy kits and RNeasy kits. However, most of these com-
mercial kits do not describe the components. Therefore, there is no information 
about how effective these kits are in hydrolyzing mitochondrial and chloroplast 
membranes for organellar DNA/RNA release. The following protocol uses strong 
detergents which denature proteins and membranes to ensure DNA release from all 

Fig. 14.8   Restriction analy-
sis of Nicotiana sylvestris 
mitochondrial DNA (Li X-Q 
unpublished; Mk: BRL 1-kb 
ladder)
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organelles. The nucleic acid extraction from this protocol worked well in restriction 
analysis, RNA electrophoresis, single-nucleotide polymorphism (SNP) analysis, 
and complementary DNA (cDNA) library construction for sequencing.

14.9.2 � A Protocol for Preparation of Total Nucleic Acid 
DNA/RNA

•	 Grind plant tissues into a powder using liquid nitrogen and a mortar and pestle.
•	 Add 3  ml ice-cold isolation buffer (0.1  M Tris-HCl, pH 8.0, 50  mM EDTA, 

1.3 M NaCl, 1 % sarcosyl, 1 % SDS, 0.5 % Triton X-100, 1 % PVP, 10 mM DTT, 
and 60 mM β-mercaptoethanol).

•	 Extract the resulting suspension once with a 25:24:1 phenol-chloroform-isoamyl 
alcohol solution, and once with chloroform.

•	 Add sodium acetate to a concentration of 0.3 M.
•	 Precipitate the nucleic acids with 2.5 volumes of ethanol.
•	 Dissolve the samples in 100 µl of RNase-free water or TE buffer (10 mM Tris-

HCl, pH 8.0, 1 M EDTA).
•	 If the double-stranded DNA (dsDNA) concentration is needed, one can use 

Quant-iT™ PicoGreen® dsDNA reagent from Invitrogen (http://www.lifetech-
nologies.com) to determine the dsDNA concentration (http://www.ncbi.nlm.nih.
gov/pubmed/15560134). For northern hybridization analysis, the total nucleic 
acids can be used directly. If used in second generation sequencing, DNA can be 
removed from the total nucleic acids by treatment with RNase-free DNase.

The protocol can be used to prepare total nucleic acids (total DNA or total RNA). If 
the protocol is used to run RNA electrophoresis or Northern hybridization, diethyl-
pyrocarbonate (DEPC) treatment of water, tips, and tubes should be used after the 
phenol–chloroform treatment step.

The method for DEPC treatment of water is as follows: Add DEPC to 0.1 %, let 
stand in fume hood overnight, and autoclave twice before use.

14.10 � Enriched Mitochondrial RNA Preparation

14.10.1 � Introduction to Enriched Mitochondrial RNA 
Preparation

RNA preparation from mitochondria is required for studies of mitochondrial gene 
expression such as in analysis of CMS of plants (Singh and Brown 1991; Singh 
et al. 1996; L’Homme et al. 1997; Li et al. 1998). The procedure of mitochondrial 
preparation is largely as modified from Kemble (1987), and the mtRNA high salt 
method was modified from Pérez et al. (1990) by Singh and Brown (1991).
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14.10.2 � High Salt Washing Method in Enriched Mitochondrial 
RNA Preparation

•	 Grind plant tissues (3–10 g) in five volumes of high salt buffer (prechilled on ice).
•	 Filter through two layers of Miracloth into a flask prechilled on ice.
•	 Centrifuge the filtrate at 2500 g for 5 min (Sorvall SS34 rotor at 4600 rpm).
•	 Discard pellet.
•	 Collect the supernatant and recentrifuge at 2500 g for 5 min.
•	 Collect supernatant and centrifuge at 17,200 g (12,000 rpm if using Sorvall SS 

34 rotor) for 30 min to pellet mitochondria
•	 Suspend the pellet in Buffer 1 and recentrifuge at 17,200 g for 30 min.
•	 Suspend the pellet in 800 µl of buffer TE.
•	 Immediately add 200 µl of 10 % sarkosyl (in TE).
•	 Shake vigorously for 1 min or vortex for 30 s.
•	 Extract once in phenol, once in phenol–chloroform-isoamyl alcohol, and once in 

chloroform.
•	 Precipitate nucleic acids with one tenth v/v 3 M NaOAC (pH 5.2) and 2.5 vol-

umes of ethanol overnight.
•	 All further handling/suspensions of the RNA must be in DEPC-treated water.

High Salt Buffer TENB 
50 mM Tris pH 8.0
25 mM EDTA
1.3 M NaCl
0.1 % BSA
56 mM beta-mercaptoethanol
pH 8.0

One example of the use of this mtRNA is the Northern analysis of mitochondrial 
gene expression of plant CMS (see Fig. 14.9).

Fig. 14.9   Northern hybridization of mitochondrial RNA probed with the genes orf224/atp6 and 
nad4 for comparison of gene expression patterns between fertile and cytoplasmic male sterile bras-
sica plants that have Polima CMS cytoplasm (Li et al. 1998). Note that the RNA bands are very 
sharp, suggesting that the mtRNA prepared by the high salt method was intact without significant 
degradation. CMS: cytoplasmic male sterility
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14.11 � High-Resolution DNA Melting Analysis for 
Studying Gene Expression

14.11.1 � Introduction to DNA High Melting Analysis

For gene expression analysis, in addition to high-throughput genomic approaches, 
there are also several laboratory methods for routine analysis, including reverse 
transcriptase polymerase chain reaction (RT-PCR), real-time RT-PCR, blot hybrid-
ization, etc. Real-time quantitative RT-PCR (real-time qRT-PCR) analysis is one 
of the most widely used methods, but it is mainly designed to measure the density 
of the mRNA from the gene, i.e., based on transcript copy number. However, real-
time qRT-PCR does not tell whether the two amplified DNA segments have any 
sequence differences. The melting temperature of a dsDNA fragment is defined as 
the temperature where 50 % of the DNA is single stranded (Santalucia 1998). Since 
a guanine–cytosine (GC) pair is stronger than an adenine–thymine (AT) pair, the 
DNA melting temperature is strongly influenced by the GC–AT ratio of the DNA 
region under analysis. The LightScanner system is currently used in genomic DNA 
genotyping (Cho et al. 2008; Liew et al. 2010; Lochlainn et al. 2011; Refsgaard 
et al. 2012). Since the RT-PCR products are in the form of DNA, their DNA melting 
temperature can also be detected using a LightScanner. The LightScanner produces 
better scanning specificity than current popular real-time qPCR instruments (Her-
rmann et al. 2007). The dsDNA binding dyes LCGreen® Plus offers better sensitiv-
ity and specificity in the DNA melting analysis than does SYBR Green (Wittwer 
et al. 2003; Herrmann et al. 2006; Herrmann et al. 2007).

The current author’s research team has previously developed a method to detect 
the minor differences within the PCR-amplified segments using a LightScanner 
(Idaho Technology Inc., Salt Lake City, UT) to measure the DNA melting tem-
perature (Yuan et  al. 2009). The LightScanner-based high-resolution DNA melt-
ing (HRM) analysis was employed to study potato nuclear gene-derived transcript 
abundance and detected allelic dynamics of gene expression within various tissues, 
organs, genotypes, and treatments.

14.11.2 � Description of the High-Resolution DNA Melting 
Analysis Method

The PCR conditions and HRM analysis described below are from a previous report 
(Yuan et  al. 2009). The reverse transcription and RT-PCR stages are as standard 
RT-PCR (Yuan et al. 2009). After the RT-PCR cycling, the plate carrying the am-
plified DNA was analyzed by the LightScanner (following instructions provided 
by LightScanner) to measure the melting temperature. Melting curve analysis was 
carried out with LightScanner software (version 2.0). The melting temperature mea-
surement process is very fast, taking about 15–20 min, and can sensitively detect 
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the DNA melting temperature differences between the simplified DNA fragments 
(Fig. 14.10).

14.12 � Transcriptome Electrophoretic Fingerprinting

14.12.1 � Introduction to RNA Electrophoresis

There are various approaches in RNA analysis, including Northern hybridization, 
reverse-transcriptase real-time quantitative polymerase chain reaction (RT-qPCR), 
microarray, and second-generation DNA sequencing. Each of these approaches has 
its advantages and disadvantages. Northern hybridization and RT-qPCR are usually 

Fig. 14.10   High-resolution melting curves of a SNP region (CA548B) of an acid invertase locus. 
Light green curve (marked by the arrow): young roots; red curve: stolons; and dark green curves: 
mature tuber and vascular ring. The PCR reactions for a tissue were amplified in duplicate. Melt-
ing curve normalization was carried out with LightScanner software on the LightScanner (Idaho 
Inc., UT). Note that the HRM curves of the two repeats of each tissue are very similar and that 
young root curves are different from the rest. SNP: single-nucleotide polymorphism, PCR: poly-
merase chain reaction, HRM: high-resolution DNA melting (Adapted from Yuan et al. 2009)
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used to study one to a few genes only. Microarray and second-generation sequenc-
ing are transcriptome approaches but need very expensive equipment or are expen-
sive to service out the work to genomics companies, particularly if the number of 
RNA samples is large. Here, we describe a routine laboratory method called “tran-
scriptome electrophoretic fingerprinting (TEF).”

14.12.2 � Transcriptome Electrophoretic Fingerprinting Protocol

The following protocol is modified from Finnegan and Brown (Finnegan and 
Brown 1986).

Set Up of the Electrophoresis Apparatus 
•	 Check whether the required accessories of the V16 Vertical Gel Electrophoresis 

Apparatus (Life Technologies, Cat. No. 21070–032) are in place. These acces-
sories include the V16 electrophoresis apparatus, power cords, 3-mm comb with 
20 teeth, 3-mm spacers, glass plates, and binder clips.

•	 Clean the glass plate with 3 % H2O2 solution for 20 min, then rinse with sterile 
(autoclaved) water.

•	 Set up the glass plates on the apparatus with 3-mm spacers between the two glass 
plates.

Preparation of a Strong Agarose Gel Portion for the Bottom of the Gel 
•	 Lean the apparatus against something to generate about a 45° angle. Pour ap-

proximately 300 ml of 1.5 % agarose in 1X TBE to the bottom of the electropho-
resis buffer box until about 2 cm of gel forms in between the two glass plates.

•	 Let the bottom gel solidify for 1 h at room temperature.

Preparation of the Electrophoresis Gel 
•	 Dissolve 22.5  g urea in some RNase-free water to make the final volume to 

40 ml.
•	 Melt 0.75 g agarose in 7.5 ml 10X TBE and 27.5 ml RNA-free water.
•	 Immediately combine agarose and urea solutions.
•	 Let the 75 ml urea–agarose solution completely cool at room temperature. This 

solution will not solidify at room temperature.
•	 Pour the urea–agarose solution into the space between the two glass plates that 

has already solidified 1.5 % agarose on the bottom.
•	 Put a comb (3 mm × 20 teeth) into the space between the glass plates on top of the 

gel.
•	 Let the gel stand overnight at 4 °C. Reserve any surplus urea–agarose solution at 

room temperature. In case the gel shrinks upon standing over night, add some of 
the surplus urea–agarose solution (shrinkage usually occurs when the gel solu-
tion is poured while warm).

•	 ( Note: The final concentration in the gel is 1 % agarose, 5 M urea, 1X TBE. This 
gel is good for resolving RNA molecules from 800 to 3000 bases).
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Loading of the RNA Samples 
•	 Prepare a loading dye: 10 M urea, 1.5 mM EDTA (pH 8.0), 0.05 % each of xy-

lene, cyanol, and bromophenol blue (BioRad).
•	 Prepare the RNA sample and loading dye at a 2.5 v/v, or directly dissolve the 

RNA into the loading dye.
•	 Heat the RNA/dye solution at 85–90 ̊ C for 1 min.
•	 Immediately set it on ice.
•	 Pour 1X TBE buffer into the electrophoresis apparatus.
•	 Take off the comb very slowly 5 min after adding the electrophoresis buffer.
•	 Wash the urea precipitations in the wells by pipetting the electrophoresis buffer 

near the wells.
•	 Load the samples.

Electrophoresis and Photographing 
•	 Run gel at 120–130 V, for approximately 3 h at room temperature or 4 ̊ C until 

xylene cyanol is 75 % of the way to the gel bottom. Wash the gel four times, 
15 min each, with dH2O.

•	 Stain using GelRed.
•	 Photograph with a gel documentation system. Blot the gel, if needed, for use in 

Northern hybridization.

An Example Result and Discussion of Transcriptome Electrophoretic Finger-
prints  After cpDNA prep using a method of high-salt, and not jointly with a com-
mercial kit, the image of TEFs of chloroplast-enriched RNA is shown in Fig. 14.11.

Fig. 14.11   Transcriptome 
electrophoresis fingerprints 
from total foliar RNA, 
chloroplast-enriched RNA, 
and mitochondria-enriched 
RNA. M: RNA size ladder, 
0.24–9.5-kb RNA ladder 
(BRL Life Technologies, 
now: Invitrogen Life Tech-
nologies). Total RNA: Ar: 
Arabidopsis thaliana, To: 
tobacco, Ma: maize, and Br: 
Brassica napus. Note that the 
chloroplast RNA TEFs are 
different between species, 
suggesting genetic control of 
gene expression at the TEF 
level. TEF transcriptome 
electrophoretic fingerprinting 
(Li, unpublished)
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A large number of polymorphisms were detected in the chloroplast TEFs of differ-
ent species (Fig. 14.11). The Arabidopsis chloroplast TEF had very dense bands, 
whereas the maize chloroplast TEF was characterized by many relatively uniform 
bands. The two largest rRNA bands of Arabidopsis and tobacco were similar, but 
they differed greatly from those in maize and brassica.

14.13 � Concluding Remarks

This chapter described 11 laboratory-level methods: three microscopic analysis 
methods, five DNA analysis methods (for nuclear, chloroplast, and mitochondrial 
DNA preparation), and three RNA analysis methods. Some of these methods can 
also be used to verify one another’s results. For example, the in situ hybridiza-
tion approach and the rhodamine staining method were used in the present author’s 
finding that maize root caps are rich in mitochondria but have downregulated gene 
expression for the mitochondrial atpA gene. The organelle DNA prep methods can 
be used jointly with genome sequencing to study whether a sequence scaffold is 
from the nuclear genome or a cytoplasmic organelle genome. The transcriptome 
electrophoresis fingerprinting may be used in studying gene expression but also 
in genetically grouping the analyzed organisms. These methods can be useful in 
routine analysis of organelles, DNA, and RNA and can be useful in validating high-
throughput sequencing or microarray results.
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15.1 � Introduction

Bioinformatics, in addition to laboratory methods, is a powerful tool to study so-
matic genome structure, evolution, and function. Bioinformatics uses huge data 
sets composed of sequences. Genomics tools for handling these sequence data sets 
are critical to this research. For example, these tools have helped in several recent 
studies of somatic genome variation, such as developmental variation in vertebrate 
(Smith et al. 2009; Smith et al. 2010; Smith et al. 2012), environmentally induced 
flax genome variation (Oh and Cullis 2003; Wang et al. 2012), and RNA-mediated 
somatic genome rearrangement in ciliates (Fang et  al. 2012; Bracht et  al. 2013; 
Fang and Landweber 2013). Before complete genome sequences are available, ge-
nome and gene expression studies are unusually on a few genes at a time. Extrapo-
lating knowledge learned from individual case studies to whole genomes or king-
doms is largely based on speculation. Bioinformatic tools enable analysis of entire 
genomes, the transcriptomes, protein networks, and multiple specie comparisons. 
Analysis of the genome sequences of large numbers of species is a powerful tool to 
survey differences between species, subkingdoms, and kingdoms. This large-scale 
bioinformatic analysis can often correct faulty conclusions drawn from over-gener-
alized individual studies. For example, it was widely believed that mRNA poly(A) 
site preference is for CA dinucleotides, based on studies of some genes and a few 
animals species. However, after analysis of many species, it was shown that the 
preference is for TA, CA, or GA dinucleotides, depending on the species (Li and Du 
2013). In another example, individual studies lead to an impression that many genes 
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are in the same direction clusters on chromosomes. However, from bioinformatic 
analysis, gene direction was shown to have clear evolutionary variation between 
kingdoms; predominantly in the same direction within bacteria and archaeans but in 
opposite direction within fungi (Li and Du 2012). Bioinformatic tools are needed to 
conduct comparative analysis of many species.

In the author’s laboratory, in addition to experimental protocols (Li 2015), sev-
eral bioinformatics and computational approaches have been either tested or devel-
oped and will be elaborated in this chapter. These include analysis of gene direction 
evolution (Li and Du 2012), repetitive DNA sequences (Xiang and Li 2015), chro-
mosome base composition (Li and Du 2014b), polyadenylation sites [poly(A) sites] 
(Li and Du 2013; Li and Du 2014a), protein domains (Li et al. 2011), and protein 
network (Du et al. 2012).

15.2 � A Statistical Method for Comparative Study of Gene 
Direction Between Chromosomes

In most chromosomes, there are always some genes that have neighbors in the same 
direction and together they appear like a cluster. Clustered genes seem to have simi-
lar function or coordinated expression (Hurst et al. 2004), and were therefore stud-
ied comparatively between species using various technological approaches such as 
protein sequence BLAST searches, gene ontology assignments, and phylogenetic 
tree reconstruction (Tungsuchat-Huang et al. 2010). Similar clusters sometimes ex-
ist in closely related species. The clusters in different species can be found in similar 
or different regions. Such clusters vary greatly in length and frequencies among 
chromosomes. Testing gene direction for comparing between chromosomes or ge-
nomes was a statistical challenge.

We developed the following method to compare gene directions between chro-
mosomes or genomes. The direction of any given intergenic region is totally de-
termined by the directions of two genes at each of the two ends of the intergenic 
region. There are only four scenarios for an intergenic region: FF, BB, FB, and 
BF if F represents the forward direction of a gene, and B represents the backward 
direction of a gene. The ratio of these four possibilities (FF:BB:FB:BF) should be 
1:1:1:1 if the gene direction is totally random. Therefore, these ratios can be used to 
statistically test whether the gene direction of a chromosome is significantly differ-
ent from the random distribution by simply conducting a chi-square test against the 
default 1:1:1:1 model. This method can also be used to compare between genomes 
by comparing the real ratios of the four scenarios in each species.

Each gene’s direction on the chromosome can be found in the gb or gbk file 
of chromosome sequences in the National Center for Biotechnology Information 
(NCBI, www.ncbi.nlm.nih.gov) nucleotide database or the genome database. For 
comparison between chromosomes, the complete sequences of chromosomes, or at 
least very large scaffolds, should be used.
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Tandem arrangement of genes (Fig. 15.1a) does not necessarily mean the genes 
act as a functional unit. It simple means that in that region genes are not located on 
the opposite strand. If a chromosome is characterized by having opposite direction 
genes, it means that both strands have genes (Fig. 15.1b). Gene direction differences 
between chromosomes or genomes may indicate the differences in the extent of 
gene recombination between repetitive DNA sequences during the evolution. The 
author’s collaborative research team has recently developed a bioinformatic pipe-
line to analyze repetitive DNA sequences in Illumina sequence reads (Xiang and Li 
2015) and has confirmed repetitive DNA amount variation among chromosomes in 
plants (Li et al. unpublished). Gene direction analysis suggests that more primitive 
organisms such as bacteria and archaeans use mainly one strand to locate the genes 
but higher organisms such as fungi, plants, and animals use both DNA strands (Li 
and Du 2012).

15.3 � Approaches for Genome and Chromosome Base 
Compositional Analysis

One of the most studied properties of genomic DNA is the GC content. This author 
prefers to call it the C + G content because C and G contents are not always equal and 
because GC can be potentially confused with the dinucleotide GC. There are various 
C + G content estimation methods, including annealing profiles (Nellåker et  al. 
2009), density bands on CsCl gradient formed during centrifugation (Wöstemeyer 
and Burmester 1986; Ahn and Winter 2005), flow cytometry (Šmarda et al. 2012), 
and/or sequence-based genome GC content comparison (Li and Du 2014b).

However, data analysis requires extra precaution because each of these methods 
has its weakness. The melting–annealing speed of DNA is also influenced by the 
degree of repetition of sequences such as satellite sequences (Appels et al. 1981; 
Cionini et al. 1985; Nellåker et al. 2009) in addition to its general positive correla-

Fig. 15.1   Gene direction and the intergenic regions on chromosomes. Arrow: gene direction. F: 
forward direction; B: backward direction
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tion with C + G content. The resolution of the method of DNA density bands on 
the CsCl gradient is not very high because of the limit of the centrifuge tube length 
and because the DNA bands on the CsCl solution are often quite close to each 
other. The flow cytometry with 4′,6-diamidino-2-phenylindole (DAPI) staining can 
be significantly influenced by the staining procedure, including the concentration 
of DAPI, staining duration, and amount of washing. The genome sequencing ap-
proach has the highest resolution because it reaches the single base level. However, 
the complete genome sequence is only available for relatively few higher plants and 
animals at present. This may explain why the base composition estimations to date 
have mainly been done using the annealing temperature approach; with only two 
dicot and one monocot species compared (Šmarda and Bureš 2012). Minor differ-
ence can be created due to the difference in the degree of closing for the genome 
sequence gaps. Experimenters and data interpreters should keep in mind the advan-
tages and disadvantages of these methods at both the experimental design and the 
interpretation stages.

Annealing temperature and flow cytometry approaches can generate whole ge-
nome level estimates but usually do not reveal the base composition of each chro-
mosome individually. The chromosome sequence approach can reveal both genome 
information and interchromosomal differences. Some species do have significant 
differences in interchromosomal base composition (Li and Du 2014b).

Another extra precaution relates to correlation analysis and interpretation of the 
level of correlation. It is known that C + G content is positively correlated with 
chromosome (genome) size in bacteria (Nishida 2012) and some other prokaryotes 
(Musto et al. 2006) when pooling species together for a correlative analysis. How-
ever, the degree of correlation can be considerably increased if a small genome has 
a very low C + G content and a large genome has a very large C + G content. The 
general positive correlation in a kingdom does not mean there is such a positive cor-
relation in every subkingdom or phyla. For example, in the archaeal Euryarchaeota 
phylum, some species have one larger chromosome (2.7–3.1 Mb) and one smaller 
chromosome (288–525 kb). In a data analysis conducted by the author, the large 
chromosomes were found to have higher C + G contents than the smaller chromo-
somes, which appears to support a positive correlation between chromosome size 
and C + G content. However, when we compared the correlation between chromo-
some length and C + G content within the large chromosome group, it was clear 
that the C + G content was considerably lower when the chromosome size increased 
(Fig. 15.2; Li and Du 2014b). The large chromosomes of these species likely shared 
the same evolutionary history before these species differentiated. Similarly, there 
was no tendency towards C + G content increase in accordance with chromosome 
size increase in the small chromosome group (Fig. 15.2). The large and small chro-
mosomes likely do not share the same evolutionary origin. Interchromosomal com-
parisons within each chromosome group enabled the authors to conclude that the C 
+ G content was not correlated with chromosome size between species within this 
phylum (Li and Du 2014b).
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15.4 � Technical Highlights in RNA Polyadenylation Site 
Analysis

Polyadenylation plays a critical role in gene expression. There are several genomic 
and bioinformatics approaches for studying poly(A) sites, including clustering 
the expressed sequence tags (ESTs), mapping mRNA and ESTs to genomes, and 
mapping second-generation sequence reads to the reference genomes (references). 
Each approach has its advantages and disadvantages. The mRNA sequence ap-
proach has its advantage in sequence quality because most sequences in the NCBI 
mRNA database were verified by sequencing from both the 5 prime and 3 prime 
ends. The disadvantage of this mRNA sequence approach is that the data yield 
is less than with the second-generation sequencing approach. The NCBI mRNA 
sequences approach is preferred than the Illumina TruSeq approach in poly(A) site 
mapping when the NCBI mRNA sequence number is sufficiently large, because 
TruSeq read-based poly(A) site mapping has a nonignorable level fault poly(A) 
tails due to the RNA/cDNA fragmentation-step during the sequencing library con-
struction and the oligo-dT internal priming during sequencing (Li 2014; Li and Du 
2014a). Compared to mRNA sequences in the NCBI nucleotide database, ESTs 
have relatively more data, and the second-generation sequence reads have mas-
sive numbers of sequences. ESTs have a better quality than TruSeq short reads 

Fig. 15.2   Chromosome size and C + G content of the three species of the archaeal Euryarchaeota 
phylum. The three species are Halorubrum lacusprofundi, Haloarcula hispanica, and Haloarcula 
marismortui. Each species has one large chromosome ( round dots in the figure) and one small 
chromosome ( triangle marks in the figure). Note that even through the three large chromosomes 
have much larger C + G contents than the three smaller chromosomes, it is clear that there is either 
no positive correlation or there is a negative correlation between C + G content and chromosome 
size in the group of the three large chromosomes (Modified from Li and Du 2014b)
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for the poly(A) tail sequences due to the use of longer oligo dT sequences and a 
higher annealing temperature during cDNA library construction for sequencing 
(Li and Du 2014a). However, the sequences from ESTs and the second-generation 
sequences are single reads without verification from another direction. The set-
ting of thresholds and suitable statistical methods is critical in eliminating errors 
when using EST or second-generation sequencing reads in poly(A) site mapping 
(Li 2014; Li and Du 2014a).

The EST-based approach can yield results about the polyadenylation sites that 
reflect the activity of genes and transcript copy numbers in the actual cell mRNA 
population. However, the EST approach is not ideal for comparing between species 
because some genes may be over- or under-represented because of gene expression 
activity differences. To solve the problem, we have used a unique mRNA and unique 
poly(A) sites approach (Li and Du 2013). By counting a group of same sequence 
(for the poly(A) site region) as one unique sequence, eliminating all the redundant 
sequences, and the mapping with zero tolerance to mismatch during cDNA-genome 
sequencing alignment, the bias caused by overexpression of certain genes in ESTs 
can be largely minimized (Li and Du 2014a).

The major DNA/RNA sequence databases including GenBank, RefSeq, EMBL, 
DDBJ, and PDB can be accessed from the National Center for Biotechnology Infor-
mation site (http://www.ncbi.nlm.nih.gov/nuccore). As 3′ truncation is sometimes 
possible, the 3′ end of mRNA sequences from NCBI is not always the poly(A) 
site. Some of the poly(A) tail-like multiple A’s at the 3′ end could be from internal 
priming during cDNA library construction (Beaudoing and Gautheret 2001; Nam 
et al. 2002) or during sequencing. This is particularly the case for ESTs, as inter-
nal priming can account for about 12 % of EST poly(A) tails (Nam et al. 2002). 
Some rRNA can sometimes be polyadenylated (Slomovic et al. 2006) and not all 
the EST sets submitted to NCBI have had the rRNA ESTs pre-eliminated; therefore 
contamination of rRNA in the mRNA EST sequences can be an issue. In contrast, 
artificial poly(A) sites from internal priming can be largely eliminated because the 
mRNA sequences in the NCBI Nucleotide database have usually been verified by 
repeated sequencing from both the 5′ and 3′ ends of cDNA clones. To eliminate the 
internal priming issue and to avoid poor sequences, the author considered an mRNA 
as polyadenylated with relatively high confidence only when an mRNA sequence 
meets the following three criteria (Li and Du 2013): (1) the mRNA sequence up-
stream of the poly(A) tail must have at least 100 bases and have no N’s; (2) the 
mRNA has a poly(A) tail at the 3′ end; and (3) the pure poly(A) tail must have at 
least 12 A’s. The disadvantage of using mRNA sequences is the lack of species for 
which sufficiently large numbers of mRNA sequences are available, greatly limiting 
interspecies comparisons.

The mRNA nucleotide that is directly attached to the poly(A) tail can be called 
“the poly(A) tail attachment position of the poly(A) site” and the pre-mRNA nucle-
otide that corresponds to the first adenosine of the poly(A) tail can be called “the 
poly(A) tail starting position of the poly(A) site” (Li and Du 2013). Poly(A) sites 
can be classified into two groups in terms of the nucleotide type at the poly(A) tail 
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starting position: A-type poly(A) sites, which have a pre-mRNA adenosine at the 
poly(A) tail starting position, and non-A-type poly(A) sites, which do not have an 
adenosine at the pre-mRNA poly(A) tail starting position.

The poly(A) tail attachment position and the starting position correspond ex-
actly to the 5′ nucleotide and the 3′ nucleotide covering the cleavage site (bond), 
respectively, in the non-A-type poly(A) site; and therefore the poly(A) sites can 
be mapped precisely and accurately onto the genome (Li and Du 2013). However, 
when the poly(A) site is an adenosine, it can be challenging to map the poly(A) 
sites precisely because it is not known whether the adenosine is the nucleotide used 
to attach the poly(A) tail or the nucleotide to be replaced by the poly(A) tail. The 
issue is even more complex if the poly(A) site is located in a pre-RNA multiple 
adenosine stretch, because the oligo(dT) at the cDNA library construction stage 
can primer at different locations of the multiple A’s. The mRNA–genome sequence 
alignment approach alone cannot determine which adenosine of the multiple A’s is 
the real poly(A) site without additional tools to assist with identification. Further 
research is required to determine the poly(A) site more accurately in these multiple 
adenosine situations.

In mRNA–genome sequence mapping, the poly(A) tail starting position is usu-
ally found to be an adenosine (Li and Du 2013). Is this a sequence mapping ar-
tifact or is the adenosine really more frequent than other types of nucleotides at 
the poly(A) site position? The following calculation approach was used to answer 
this question by estimating the theoretical A-type polyadenylation [poly(A)] site 
frequency in the random model. If the A nucleotide percentage in mRNA is p, the 
A-type poly(A) site from the alignment will be p + p(1 − p) = p(2 − p), where (1 − p) 
is the non-A nucleotide content. The multiple-A or multiple-non-A sequences do not 
alter the A site or non-A site probability in this random model, because both A and 
non-A have a random chance in this aspect within their nucleotide content ranges. 
Regardless of whether the adenosine is replaced or is extended in generating the 
poly(A) tail, the theoretical value of the A-type poly(A) tail in the alignment is still 
the same, but p(1 − p) is counted from the upstream A in the replacement model and 
counted from the downstream A directly adjacent to the poly(A) site in the extended 
model (Li and Du 2013).

15.5 � Allele Comparison for Protein Domains

Different alleles are often expressed in different tissues or developmental stages. 
These differentially expressed alleles sometimes have variation on the functional 
domain region, particularly in a family of genes. The analysis of the selective loss of 
cysteine residues and disulphide bonds in a potato proteinase inhibitor II family (Li 
et al. 2011) is used in an example for multiple approaches to analyze such functional 
domain variants.
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A mRNA sequence, such as the GenBank accession EF469204 for a proteinase 
inhibitor variant cDNA identified from a diploid potato clone (Li et al. 2011), can be 
translated into amino acid sequences using http://insilico.ehu.es/translate (Bikandi 
et al. 2004), and then can be used in PSI- and PHI-BLAST (Altschul et al. 1997; 
Altschul et  al. 2005) to identify similar proteins and conserved known domains. 
The domain’s known structure can be viewed with Cn3D 4.1 (an NCBI’s helper 
application, http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml). The varia-
tion between the mRNA-translated sequences and the amino acid sequence of the 
known structure can be directly compared. The amino acid changes at the activity 
site of the protein may have a greater chance of changing the protein’s function.

The phylogeny trees of the amino acid sequences can be reconstructed using a 
phylogenetics software such as PAUP* (http://paup.csit.fsu.edu/), MEGA (www.
megasoftware.net), or the Clustal and PROTDIS options in the software BiEdit 
Sequence Alignment Editor (Hall 1999; http://www.mbio.ncsu.edu/bioedit/bioedit.
html). Their amino acid sequences can be aligned using Clustal (Thompson et al. 
1997)-ProML option first, and then used to reconstruct the protein maximum like-
lihood tree (available in BioEdit). The trees can also be reconstructed using the 
“ClustalW Multiple Alignment” and 1000 “bootstraps NJ tree” option to do align-
ment first and then generate the phylogenetic tree with Protdist Neighbor Phylo-
genetic Tree Option (PROTDIST; an option in BioEdit). Further improvement of 
the tree after adjusting sequence alignment based on the NJ tree can be done using 
Bayesian phylogenetic analysis. The outtree files can be saved as .txt files, viewed 
using TreeView (http://taxonomy.zoology.gla.ac.uk/rod/rod.html), and then saved 
as graphics. The tree can be reformatted as unrooted tree, slanted cladogram, or 
rectangular cladogram. The out-group of the cladogram can be defined as well by 
an option in TreeView. The Ka/Ks calculator tool described by Liberles’s group 
(Liberles 2001; Anisimova and Liberles 2007) can be used to calculate the rate of 
nonsynonymous substitutions (Ka) and the rate of synonymous substitutions (Ks).

15.6 � Protein Network Analysis

Proteomics approaches can determine the length of amino acid sequences of pro-
teins from somatic tissue. Some protein interaction databases are available from 
the literature, such as protein interaction directional scores (PIDS) for predicting 
the direction of individual protein interaction and signal flow (Liu et al. 2009). A 
positive PIDS for protein A to protein B in a signaling pathway means that the infor-
mational interaction direction is from A to B. As PIDS is for individual interaction, 
PIDS score does not give the summarized rating of the functional role of a protein, 
nor the ranked importance of a protein in the cellular protein network. The relative 
ranking of all the proteins in the cellular protein network requires the use of a suit-
able network analysis approach.

The Google PageRank algorithm (Brin and Page 1998) is powerful in pro-
viding high-quality search result rankings for websites (Brin and Page 1998), 
journals (Ball 2006) and in nondirectional ranking of proteins in protein networks 

http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml
http://taxonomy.zoology.gla.ac.uk/rod/rod.html
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(Weston et al. 2004). After adjusting appropriate settings for forward and reverse 
rankings, the Google PageRank can also be used by the author’s team in protein 
ranking in a network with signal/information flow directions (Du et al. 2012). Sys-
tematic difference has been identified between signal emission and signal receiving 
in the cellular protein network. The top-ranked proteins involved in signal transduc-
tion have been identified. These eight proteins (ACVR1, CDC42, RAC1, RAF1, 
RHOA, TGFBR1, TRAF2, TRAF6) are evolutionarily very conserved and are in-
volved in many pathways, including signaling pathways, cell division, and cancer 
pathways (Du et al. 2012). Most of these top-ranked proteins are involved in cancer 
pathways and play key roles in inhibiting or stimulating cancerous cell growth (Du 
et  al. 2012). Therefore, the PageRank can be an approach not only for assisting 
basic research in signal transduction in a protein network but also for generating 
information useful for applied research in drug development.

Du et al. (2012) conducted forward ranking and reverse ranking using the Pag-
eRank approach (Brin and Page 1998), which can be explained as follows: Let A 
be the adjacency matrix of the protein network, and let N be obtained from A by 
dividing each entry in A by its out-degree, then the basic PageRank (PR) satis-
fies ,tPR N PR=  where PR is the eigenvector of matrix N t (the transpose of A), 
corresponding to the eigenvalue 1. In the scaled version of PageRank, let α  be a 
scale factor (a.k.a. damping factor) between 0 and 1. Use a new matrix ( )ij n nG g ×=  

to replace ( )ij n nN n ×=  as follows: 
1 ,ij ijg n

n
αα −

= +  where n is the dimension of 

A. Hence, the scaled PageRank (PR) satisfies tPR G PR= . See Du et al. (2012) for 
more detail for the settings of scale factor alpha and the methodological difference 
in forward and reverse rankings.

Higher values are givens to proteins that receive signals from large network 
nodes in forward ranking, but given to proteins that send information to large net-
work nodes in reversing ranking. A protein’s ranking position is determined by the 
global evaluation of the protein’s role, not necessarily the specific interaction in the 
network. The order of reverse ranking positions is not a simple reverted list of the 
forward ranking positions.

15.7 � Concluding Remarks

This chapter describes methods or technical highlights for analyzing gene direc-
tions, genome size, chromosome base composition, genome size and C + G content 
correlation, RNA polyadenylation sites, allele comparison, protein domains, and 
protein networks. The methods can be used in analyzing both somatic and nonso-
matic genomes, as long as the data preparation and settings are appropriately de-
fined. Further research is required to understand the mechanisms of evolution of so-
matic genome base composition, to localize RNA poly(A) sites more accurately for 
the adenosine-type poly(A) sites, to reveal the regulation of poly(A) site selection 
during individual development, and to predict the function of variants of protein 
domains in different somatic cells. Many species have no sexual reproduction stage 
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but still have clearly evolved in both the structure and function of their genomes. A 
combination of both experimental and bioinformatic approaches is required to study 
these somatic genomes.
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