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Preface

Today modern agriculture is facing new challenges. Total yields have to be
increased due to the continuing population growth of mankind and due to changing
food consumption. However, global climate creates new problems but also new
opportunities for agriculture. For more than a decade the yearly yield increases of
major food staples have been on the decline, which is due to optimized production
systems like the application of mineral fertilizer and crop protection measures. But
also the yield increases due to genetic improvement of crops have been stagnating.
Obviously we are approaching yield barriers for a number of crops, which creates a
need for innovation in breeding systems.

There is no doubt that further genetic improvement of crops will be a key for
increasing yields in the future. Moreover, breeding must meet the demands for
increasing biomass (bioenergy) and the production of industrial raw materials. The
breeding of better-adapted and higher-yielding varieties relies crucially on the
available genetic variation. Broad genetic variation is a fundamental prerequisite
for successful breeding. Apart from other technologies like wide crosses, mutation
breeding and somatic hybridization, genetically modified plants will play an in-
creasingly important role in future breeding systems either because natural genetic
variation has been largely exploited or because natural variation is completely
lacking from the primary and secondary or even from the tertiary gene pool of a
crop species.

It is commonly agreed within the scientific community that genetically modified
plants will be important for future breeding. Adoption rates worldwide have been
increasing in the past ten years in a breathtaking manner. In the year 2008 geneti-
cally modified plants were cultivated by about 13.3 mio farmers from 25 countries
worldwide on a total acreage of about 125 mio ha (http://www.isaaa.org/). Numer-
ous investigations have confirmed that cultivation of genetically modified plants is
safe, as far as approved plants are concerned which have passed a step by step risk
assessment procedure, as is commonly applied in most countries growing geneti-
cally modified organisms (GMO) today. Instead of this, there is still a big public
debate on GM plants in a number of countries. Mainly in the European Union, the
production of GM plants is almost completely avoided. Low consumer acceptance
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is the only reason pointed out by politicians to establish legal restrictions for GMO
production, in spite of numerous studies confirming their safety towards the envi-
ronment or for food and feed use. Many scientists have been frustrated due to this
debate which is ignoring scientific facts and which is mainly directed by pressure
groups and non-governmental organizations.

This book was written with an intention to get back to the facts. In the past years
a number of books focusing on GM plants have been published. Some of these
cover all aspects, including minor crop species. So, why is there a need for a new
book? Our book tries to address all aspects of GM plants, including their employ-
ment in a plant-breeding procedure, and their socioeconomic implications. We try
to emphasize that GM plants among others are an important tool in plant breeding
to broaden the genetic variation of crop species.

The book is structured into four parts. The first part deals with technical details
of plant genetic engineering. The second part introduces characters of GM plants,
while the third part presents applications in agricultural production systems. The
last part deals with risk assessment and economic implications, which are important
aspects of GM plants. The articles are written by scientists who have a long
experience in their field of expertise. We thank the authors for their excellent
contributions, which make this book, we think, a valuable resource for the different
aspects of GM crops. We are aware of the fact that not all topics and some minor
crops could not be included in this book. We regret that this was not possible due to
size limitations. Finally we are indebted to the Springer publishing company for
supporting this book.

Kiel, Germany Frank Kempken and Christian Jung
October 2009
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Chapter 1
Plant Nuclear Transformation

John J. Finer

1.1 Introduction to Plant Transformation

“Transformation” is most simply defined as a “change”. In the plant biotechnology
community, transformation can be a little more precisely defined as the process of
DNA introduction into a plant cell, leading to a permanent change in the genetic
makeup of the target cell and its derivatives.

The ability to produce whole plants from transformed plant cells, first reported
by Horsch et al. (1985), has revolutionized the plant sciences and changed the face
of the planet, through the success and rapid adoption of genetically modified crops.
Although the transformation process itself was initially limiting, all crops of major
interest have been successfully transformed and many if not most transformation
technologies are considered routine. Some crops do remain a little recalcitrant
to transformation and improvements in the methods for production of stably-
transformed plants are still needed. The current limitations in the production of
transgenic plants for both basic research and commercial application include more
efficient production of transformed plants and obtaining more predictable insertion
and expression of the introduced DNA.

1.1.1 DNA Introduction Basics

DNA introduction can impact and modify any of the organelles within the plant cell
that also contain DNA. Suitable targets include the nucleus, plastid and mitochon-
drion. Plastid transformation is presented in the next part of this chapter while this
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portion of the chapter focuses exclusively on nuclear transformation. Transforma-
tion of the mitochondrion has been reported for some organisms (Johnston et al.
1998) but has not yet been reported for higher plants.

For (nuclear) transformation to be successful, DNA must first be introduced into
the target cell. The DNA molecule is sufficiently large so that a physical entry point
through the cell wall and cell membrane must be established and this can compro-
mise the health of the targeted cell. After passage through the plant cell wall and
membrane, the introduced DNA must then proceed to the nucleus, pass through the
nuclear membrane and become integrated into the genome. It is believed that the
introduced DNA can function for a short time in the nucleus as an extrachromo-
somal entity, but integration into the genetic material of the target cell is necessary
for long-term functionality and expression.

To recover a transgenic plant, the single cell that is the recipient for DNA
introduction must be capable of either forming a whole plant or contributing to
the zygote, through either the pollen or the egg. Therefore, successful recovery of
transgenic plants largely relies on the ability to either transform the pollen/egg
directly (Ye et al. 1999) or the non-gametic cells (somatic cells; Horsch et al. 1985),
which must be subsequently manipulated to form whole plants. In most cases, plant
transformation relies heavily on the ability of the plant cells and tissues to form
whole plants through the tissue culture process. Efficiencies, or at least the ease of
transformation, would be tremendously increased if regeneration processes were
improved. As things now stand, the methodologies for transformation that are
described in this book are consistent and workable but improvements are always
desirable.

1.2 Transient Expression

Transient expression is exactly what the phrase suggests: a short-term expression
of the introduced DNAC(s). Directly following the introduction of DNA into the
nucleus, that DNA starts to function. Transient expression is usually studied using
scorable marker genes, which report their expression via direct production of a
detectable colored/fluorescent compound or an enzyme that can convert a non-
pigmented substrate into a pigmented form. The most commonly used scorable
markers are B-glucuronidase (GUS) from Escherichia coli which converts a color-
less substrate into a blue form (Jefferson 1987) and the green fluorescent protein
(GFP) (Chalfie et al. 1994) which fluoresces green upon excitation by high-intensity
UV or blue light. Although expression from the gus gene is relatively simple and
inexpensive to detect, the GUS assay itself is toxic and can therefore only be used
for single time-point expression assays. In contrast, proper analysis of expression of
the gfp gene requires costly instrumentation but gene expression can be continually
observed in the target tissues over time.

Transient expression represents the first indication of successful gene introduc-
tion and function. In the development of new DNA introduction methodologies,
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observation of a single blue GUS-expressing cell or a few GFP spots is usually all
that is needed to suggest further investigations of an approach. Transient expression
in a cell should be very clear following visualization of GUS or GFP. Expression is
most often limited to the targeted cells and a demarcation of expressing and non-
expressing areas should be apparent. Faint or diffuse expression of the marker genes
(if regulated by the appropriate promoter) is usually an indication of improper assay
conditions.

Most transformation procedures were developed based on optimization of DNA
delivery using transient expression analyses. Transient expression for GUS is typically
observed 24 h post-introduction (Klein et al. 1988) while GFP expression can be
observed as early as 1.5 h after delivery (but peak expression usually occurs at 8—24 h;
Ponappa et al. 1999). Although studies of transient expression itself are not common,
these studies do provide information on the early fate of the introduced DNA.

1.2.1 Optimization of Transient Expression

Since transient expression is a direct measure of successful DNA introduction and
function, development of methods to improve transient expression has often been
used as a means of optimizing the transformation process itself (Klein et al. 1988).
This approach has been quite useful and successful over the years. However,
transient expression is only a measure of successful short-term transgene expres-
sion and it may not always perfectly reflect the ability of the cells to integrate the
introduced DNA to generate stable events. As stated earlier, as the DNA molecule
is so large, the process of DNA introduction itself requires that the integrity of
the cell be compromised in some way. Target tissues and cells can therefore be
sufficiently damaged by the DNA delivery process so that they express the trans-
gene at high levels but not survive over the long term. This point of diminishing
returns cannot be precisely defined for the different systems but it does exist.
Optimization of transient expression is quite useful for the initial development of
transformation methods but the efficiency of stable transformation and stability of
transgene expression should be the ultimate goals of most transformation efforts.

1.2.2 Transient Expression to Study Gene Expression and
Stability

In addition to using transient expression to optimize transformation and DNA
introduction methods, this type of rapid transgene expression can also be used
to facilitate speedy analysis of factors that influence the strength and stability of
transgene expression (Sheen 2001; Dhillon et al. 2009). Once transient expression
is optimized and standardized for a specific target tissue, the effects of factors that
influence the level and profile of transgene expression can be reliably determined.
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Quantification of transient expression, required for this type of analysis, involves
either the extraction of the gene product from the targeted tissues (Klein et al. 1987)
or the use of image analysis for continual monitoring of gfp gene expression over
time (Finer et al. 2006). Tracking of GFP expression coupled with image analysis
has tremendous advantages over tissue extraction as gene expression in the same
piece of tissue can be followed over time.

Transient expression analysis has been utilized to study the relative strengths of
different promoters and promoter fragments (Chiera et al. 2007) and to evaluate
genes that modulate the introduced transgene via gene silencing (Chiera et al.
2008). Surprisingly, promoter analysis using transient expression does not appear
to reflect promoter tissue-specificity (Finer, unpublished data), which suggests that
large amounts of pre-integrative DNAs do not behave exactly like single- or low-
copy integrated genes. However direct promoter strength comparisons do appear to
be transferable from transient expression studies to expression in stably trans-
formed tissues (Hernandez-Garcia et al. 2009). Promoter isolation and evaluation
could increase tremendously with the increased availability of genome sequences
from a number of different plants. Since the production of stably transformed plants
can take from weeks to months, the use of transient expression may be desirable
when rapid promoter analysis is needed.

Transient expression has been used to evaluate factors that influence the stability
or consistency of gene expression (Dhillon et al. 2009). As gene expression
variability among different events is a significant limitation in the production of
transgenics, this approach may be quite useful as a preliminary evaluation tool
for transgene stabilization work. The final determination of factors that modulate
transgene expression must ultimately be made only following introduction to plant
cells for stable transformation.

1.3 Agrobacterium Background

Agrobacterium tumefaciens is a soil-borne bacterium that causes crown gall disease
in plants. Infected plants display a gall on the stem which is composed of prolifer-
ating plant cells that were transformed with bacterial DNA. The wild-type bacterial
pathogen has the special ability to invade accessible areas of the target plant, adhere
to certain types of plant cells and insert some of its own DNA (Bevan and Chilton
1982). This DNA is coated with different bacterial encoded proteins, which protect
the DNA from degradation, direct transport to the nucleus and assist with the
integration of bacterial DNA into the plant genomic DNA. The bacterial DNA
that is transferred (T-DNA) is located in the bacterial cell on a native plasmid,
called the tumor-inducing plasmid (Ti plasmid). In the wild-type bacterium, the
T-DNA contains genes for synthesis of nitrogen-rich opines (which are metabolized
by associated bacteria) and plant hormones, which cause rapid cell proliferation
leading to the formation of galls.
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This brief background on Agrobacterium is significant as the current era of plant
biotechnology was born after Mary-Dell Chilton (Bevan and Chilton 1982) and
Jeff Schell (Zambryski et al. 1983), along with scientists at Monsanto (Horsch et al.
1985), found that they could replace the native opine- and hormone-producing
genes in the T-DNA with any gene(s) of interest and introduce those genes into
plant cells. With the opine- and hormone-producing genes removed, the T-DNA
becomes “disarmed”. A large number of additional discoveries enabled Agrobac-
terium to become the transformation vehicle of choice for many if not most plant
transformation systems.

1.3.1 A String of Improvements for Agrobacterium

The use of Agrobacterium, in its original form, for the transformation of plant cells
was both inefficient and unwieldy. First, the Ti plasmid was difficult to manipulate
for introduction of genes of interest as it was so large. In addition, the bacterium
was originally only able to infect and transform a limited number of plants and even
specific cells within those plants. Due to perceived host-range limitations, grasses
and monocots in general were thought to be unresponsive to Agrobacterium-
mediated transformation. Last, wounding of the target tissue was deemed absolutely
necessary as an entry point for the bacteria.

To make DNA introductions and manipulations simpler, binary vector systems
were developed for use with Agrobacterium (DeFramond et al. 1983; Bevan 1984).
The wild-type Ti plasmid contains both the T-DNA and a virulence (vir) region that
encodes for genes involved in the T-DNA transfer machinery. Binary vectors allow
for the separation of function on different plasmids; the Ti plasmid retains the vir
region (T-DNA is removed) and the modified T-DNA is placed on the smaller
binary vector, which can be more easily manipulated in the laboratory. The vir
genes act in trans, leading to the processing of the T-DNA from the binary vector,
for delivery to the targeted plant cells.

The host range limitations, originally associated with this biological pathogen
and vector, have been largely overcome. As with most pathogens, different patho-
vars exist, which show different infectivity on different plants and cultivars of
plants. Various Agrobacterium strains, which were selected for their high virulence,
are now routinely used for plant transformation. The single advance, which had the
greatest impact on increasing the host range for Agrobacterium, was the discovery
that wounded plant tissues produced acetosyringone (Stachel et al. 1985), which
subsequently induced some of the vir genes to initiate the T-DNA transfer process.
Acetosyringone is now routinely included in the plant/bacterial co-culture medium
at 100200 uM. This chemical inducer of T-DNA transfer shows no deleterious
effects on plant growth and development and it is always best to include this
compound during co-culture, rather than risk the chance of obtaining inefficient
transformation. As an alternative to including acetosyringone, Agrobacterium has
been generated which constitutively expresses the vir genes (Hansen et al. 1994),
which can give similar results.
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1.3.2 Agrobacterium— Plant Interactions

The molecular mechanisms for the T-DNA transfer process have been described in
detail in numerous excellent review articles (Zambryski 1992; Tzfira and Citovsky
2006) and are not presented again here. But, in order to better appreciate transfor-
mation methods that are Agrobacterium-based, it is best to have a basic understanding
of the interaction of the bacterium with the target plant cells.

In order to transfer its T-DNA to the plant cell, the bacteria must obviously be in
very close proximity to the target cell. It is well established that Agrobacterium
binds to the plant cell and forms a pilus, which is the conduit for the transfer of
DNA. It is also widely recognized that bacterial infection is mediated in most cases
through wounding of the plant tissue. Wounding serves two different functions;
it leads to the release of acetosyringone (in many plants) and allows the bacterium
access to many different tissues. Simple preparation of the explant for culture
is normally sufficient for wounding (Horsch et al. 1985) but additional wounding
of some tissues with a scalpel blade is often helpful (Hinchee et al. 1988). More
controlled wounding can lead to even higher transformation rates through the
production of large numbers of small entry points for the bacteria (Bidney et al.
1992; Trick and Finer 1997).

Once the bacteria “enter” wounded plant tissue, it is not exactly clear where they
go. In some cases, the bacteria enter the intercellular space that exists within most
plant tissues and simply bind to the outside of the cell (Ye et al. 1999; Vaucheret
1994). In certain cases where the cell wall has been stripped from a plant cell, the
bacteria bind to the outside of the regenerating cell wall (Deblaere et al. 1985). In
the majority of cases, where the target tissue is wounded, it remains unclear whether
the bacteria migrate to the intercellular spaces between cells, adhere to portions of
torn/wounded cell walls, or actually colonize wounded plant cells to transform
adjacent living cells (Trick and Finer 1997). Since the ultimate goal of transforma-
tion scientists and plant biotechnologists is to produce transgenic plants, the precise
location of the bacteria during the transformation process is not really a nagging
question. However, it is often helpful to visualize bacterial binding and the trans-
formation process itself, when working to produce transgenic plants.

1.3.3 Reducing Agents

Although the Agrobacterium strains that are in common use for transformation have
been engineered to achieve enhanced transformation rates, they are still perceived
by many plant tissues as a pathogen. In response to pathogen invasion, plant tissues
display high peroxidase activity to inhibit the growth of the pathogen and initiate
localized plant cell death, so that the pathogen cannot spread through dying plant
cells. During transformation with Agrobacterium, pathogen infection is actually
desirable and inclusion of reducing agents can be used to alleviate the effects



1 Plant Nuclear Transformation 9

of oxidizing agents and cell death (Olhoft et al. 2001; Finer and Larkin 2008).
Reducing agents such as ascorbate, cysteine, silver nitrate and dithiothreitol have
been successfully used to minimize the effects of oxidizing agents and to improve
transformation efficiency.

1.3.4 Agroinfiltration

If there were a model plant family for Agrobacterium-mediated transformation and
transgenic plant regeneration, it would be the Solanaceae. Arabidopsis is a special
case and is presented in the next section. For the production of stably transformed
plants, Nicotiana tabacum was often used in the early years of transformation as it
is quite susceptible to Agrobacterium and it can be easily regenerated from almost
all types of tissue (Bevan 1984; Deblaere et al. 1985). In some cases, the production
of whole transgenic organisms may not be needed if a large number of cells within
a plant can be uniformly and consistently transformed. During agroinfiltration
(Vaucheret 1994), an Agrobacterium suspension is injected or infiltrated into leaves
of N. benthamiana. The bacteria enter the intercellular air spaces within the leaf and
transform a very large percentage of the internal mesophyll cells. The bacteria can be
introduced into the internal leaf spaces by active pushing using an Agrobacterium-
loaded syringe or by dipping the plant in an Agrobacterium suspension and then
applying a vacuum. Agroinfiltration can give rise to very high levels of transgene
expression in leaves of infiltrated plants when the T-DNA is modified to contain
viral gene components to launch the viral amplification and transfer machinery
(Lindbo 2007). This method can be used to rapidly generate a chimeric plant,
where a large number of leaf cells contain the gene of interest. Unfortunately,
this approach is not widely applied to different plants and is even limited
among Nicotiana species. Inheritance of the transgene in agroinfiltrated plants
does not occur.

1.3.5 Arabidopsis Floral Dip

Due to the small size of the genome and ease of transformation, Arabidopsis
continues to serve as the model for plant genomics. The Arabidopsis floral dip
method is a unique transformation method among plants. It was developed specifi-
cally for Arabidopsis (Clough and Bent 1998) and it has been shown to consistently
work with very few other plants (Lu and Kang 2008). During floral dip, the
Arabidopsis plant is first submerged in an Agrobacterium suspension, similar to
one form of agroinfiltration (above). Inclusion of the wetting agent Silwet in the
suspension and the application of vacuum, encourage the uptake of Agrobacterium
by the plant. As the plant grows, the bacteria co-exist within the plant, eventually
transforming the unfertilized egg within the ovule (Desfeux et al. 2000).
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During the co-culture period, the Agrobacterium appear to proliferate at low
levels within the plant. Plant infection does not lead to plant death nor does the
plant invoke the hypersensitive response to limit the spread of the bacteria. The
infecting Agrobacterium could transform leaf, petiole and other somatic cells of
the plant but these transformation events are not passed onto the subsequent
generation and are of limited value. The real benefit of the Arabidopsis floral
dip is the rapid production of transgenic seed without the need to use tissue culture
and in vitro regeneration from a single cell. The method is ideal, because the
single cell that is targeted for transformation (the egg) is already destined to
become a whole plant.

Since Arabidopsis can rapidly produce a large number of seeds and the plants are
so small, space requirements are minimal and any inefficiencies in transformation
is compensated by the ability to screen large numbers of seeds/seedlings. Seeds are
simply plated on selective media, or seedlings/plants can be screened for certain
characteristics or phenotypes to recover whole transgenic plants. Each transgenic
seed usually represents an independent transformation event.

The inability to apply the Arabidopsis floral dip method to most other plants is
not from lack of effort. In fact, successes using the same general approach with
other plants have been reported but almost all of these have not been confirmed or
repeated. It remains unclear why this method has not been widely applied to
all plants. The transformation community remains cautiously optimistic that this
approach will eventually be utilized for the transformation of all plants.

1.4 Particle Bombardment

Although Agrobacterium has become the method of choice for the transformation
of plants, most of the first commercialized transgenic plants were generated using
particle bombardment (Koziel et al. 1993; Padgett et al. 1995). Particle bombard-
ment is a physical method for DNA delivery and the complexities of biological
incompatibilities that are frequently encountered with Agrobacterium are completely
avoided. This is also a direct DNA introduction method and it is therefore not
necessary to use Agrobacterium-based binary vectors. DNA can be introduced as
intact plasmids, isolated fragments, or PCR-generated amplicons. However, binary
vectors containing genes of interest can also be used. With direct DNA introduc-
tion, DNA in any form can be utilized.

During particle bombardment, DNA is initially precipitated on small dense
particles, usually 0.6—1.0 pm tungsten or gold. The particles are accelerated at
high speed towards the target plant tissue and penetrate through the cell wall to
eventually lodge adjacent to, or directly in the nucleus (Yamashita et al. 1991;
Hunold et al. 1994). The DNA, which was initially precipitated onto the particles, is
released into the cell, finds its way to the nuclear DNA and becomes integrated into
the genome.
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1.4.1 Gene Guns

Particle bombardment does require appropriate instrumentation to propel the
particles towards the target tissue. This instrumentation should provide a means
to direct the DNA-coated particles, hold the target tissues in place for particle
delivery and offer a mechanism for directing and controlling the force needed to
accelerate the particles. With the original gene gun, that accelerative force was
generated from a 0.22 caliber powder load (Klein et al. 1987) and the devices that
are used today for particle bombardment are fittingly called “gene guns”. Numer-
ous gene gun designs have been published but the two main versions in use today
are the commercially available BioRad PDS1000He and the particle inflow gun
(PIG; Finer et al. 1992).

The BioRad device utilizes very high-pressure helium to accelerate a lightweight
mylar disc, which is layered on one side with DNA-coated gold particles. The mylar
disc (macrocarrier) is accelerated into a stopping screen, which retains the mylar
disc but allows the particles to pass. The PIG utilizes low-pressure helium to
accelerate DNA-coated tungsten particles directly in a stream of helium. Helium
is used in both cases because it is inert and its expansion coefficient is high,
which means that the compressed helium gas is accelerated rapidly into a vacuum.
A vacuum is not absolutely required but use of a vacuum chamber for particle
bombardment is beneficial, as air drag on the accelerating particles is reduced.

1.4.2 Optimization of DNA Delivery

Particle bombardment, as with many of the DNA introduction methods, is rough on
the target cells, as the integrity of the cell must be compromised to introduce the
large DNA molecule. To get a more accurate picture of the scale of participants,
the particles that enter the cell are in the range 0.6—-1.0 um while the target plant
cells are usually 20-30 pm. If multiple particles or clumps of particles enter the
same cell, damage to the target tissue increases. Ultimately, transient expression
studies can be used to gauge the success of DNA introduction; living cells display
transient expression while dead or severely damaged cells do not. It is unclear
how many cells are moderately damaged and express transiently prior to cell
death. For the optimization of DNA delivery through transient expression analysis,
parameters that are evaluated usually include the following: DNA concentration,
helium pressure, distance from point of particle acceleration to target tissue, DNA
precipitation conditions and particle size.

The damage to the target tissue can be partly overcome through either chemical
or physical drying, resulting in plasmolysis of the cells (Vain et al. 1993). Plant
cells, which are normally hypertonic, push their cytoplasm through any large gaps
in the cell wall. But plasmolyzed cells retain their cytoplasm following bombardment,
resulting in higher transient expression and stable transformation.
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1.4.3 Control of DNA Integration Patterns

One of the most interesting outcomes from particle bombardment-mediated trans-
formation is the DNA integration pattern that can result from the introduction of
plasmid DNA. Although the introduction of cassettes or amplicons is preferred over
intact plasmids, the DNA integration patterns resulting from the introduction of
whole plasmids has provided valuable information on the mechanism of integration
following direct DNA uptake.

If intact plasmids are used for particle bombardment or any of the other methods
of direct DNA deliver (see later in this chapter), the DNA integration pattern can be
quite complex. Integration patterns show that plasmids can mix via both homolo-
gous and illegitimate recombination, resulting in the integration of high copy
numbers of full-length plasmids, as well as pieces and parts (Finer and McMullen
1991). In addition, although the introduced DNAs segregate as a unit and are
physically linked, introduced DNAs are often interspersed with plant DNA
(Pawlowski and Somers 1998). One can envision the integration of introduced
DNA into the plant genome using the native DNA replication and repair machinery
working with the DNAs that are locally available (mixing of introduced DNAs and
native genomic DNA). If desired, large amounts of DNA can be introduced (Hadi
et al. 1996) and the co-introduction of two or more different pieces of DNA can be
extremely efficient, leading to co-integration.

Introduction of either large amounts of different DNAs or high copy numbers
of the same gene are generally undesirable as it leads to gene silencing. The use of
low concentrations of isolated cassettes, generated via PCR, yields more predict-
able gene integration and transgene expression patterns (Agrawal et al. 2005).
Apparently, the use of fragments for DNA introduction minimizes homologous
recombination and concatemer formation, and the concentration of DNA used for
bombardment can be reduced significantly, without reducing the recovery of
transgenic events.

1.5 Other Direct DNA Uptake Approaches

The most commonly used method for direct DNA uptake (or naked DNA introduc-
tion) is particle bombardment. However, other methods have also been developed
which are based on the same principle of passing DNA though large pores or holes
in the cell wall or membrane. Some of these methods are very efficient in the
introduction of DNA but inefficient for the recovery of transgenic plants. Other
methods may not be very amenable for DNA introduction but generation of
plants from the target tissue is more straightforward. These methods were devel-
oped either for purely scientific reasons, for unique applications, or to avoid the
intellectual property restrictions of current DNA introduction methodologies.
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1.5.1 Protoplasts

Protoplasts are plant cells with their cell wall removed. Since the cell wall presents
the most formidable barrier to the introduction of large molecules, removal of the
cell wall increases the possibilities for DNA insertion. For cell wall removal, tissues
are incubated with commercial mixes of cellulases and pectinases. During proto-
plast liberation, protoplasts are suspended in a salt solution containing sufficient
amounts of osmotic stabilizers to prevent bursting (Cocking 1972). Protoplasts can
be prepared using any starting material but the selection of tissues depends on the
desired outcome of the experiments. Protoplasts have been very successfully used
in transient expression studies for fast analysis components that influence gene
expression (Sheen 2001). For transient expression studies, leaf tissues as well as
rapidly proliferating non-regenerable suspension cultures are suitable for the isola-
tion of protoplasts. If transgenic plant recovery is desired, embryogenic suspension
cultures are the preferred starting material.

Although protoplasts are devoid of their cell wall, the introduction of DNA
molecules into these cells still requires that the DNA crosses the membrane. The
two main methods for passing DNA through the membrane of plant protoplasts are
electroporation (Fromm et al. 1985) and polyethylene glycol (PEG) treatment
(Lazzeri et al. 1991). Both methods lead to temporary membrane destabilization,
resulting in pore formation, which allows the DNA to pass. For electroporation, an
electric charge is applied to the protoplasts, while the PEG treatment involves
gradual application and subsequent dilution of a concentrated PEG solution to a
protoplast/DNA suspension.

DNA introduction into plant protoplasts is relatively straightforward and effi-
cient. Because the procedures for direct DNA uptake into protoplasts can be harsh,
protoplast survival is a concern but roughly half of the surviving cells take up the
foreign DNA. In spite of the difficulties associated with plant recovery from
protoplasts, protoplast transformation remains a useful tool for transient expression
studies. Since plant recovery from protoplasts is so technically demanding, this
procedure is not often used for the recovery of transgenic plants.

1.5.2 Whole Tissue Electroporation

To avoid the technical difficulties encountered with the manipulation of protoplasts,
the introduction of DNA through electroporation of whole tissues has been
explored. Attempts to electroporate DNA into completely untreated target tissues
have not been reliable. Although seemingly positive results have occasionally been
obtained, these have not been consistent. Whole-tissue electroporation is achiev-
able following partial digestion or removal of cell wall material (D’Halluin et al.
1992) using a nominal enzyme treatment. With a reduced or eliminated cell wall,
the membrane is exposed and osmotic stabilizers are needed to prevent cell rupture.
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Electroporation of treated tissues in the presence of naked DNA causes pore forma-
tion and results in the uptake of DNA by the plant cells. Although this approach
would seem to offer many advantages over protoplast transformation in the ease of
plant recovery from more “intact” tissue, very few valid reports of whole tissue
electroporation exist in the literature (D’Halluin et al. 1992).

1.5.3 Silicon Carbide Whiskers

Silicon carbide whiskers are long thin rigid microscopic rods (1 pum wide,
20-30 pum long) that are used in the ceramics industry. They can be used as a
vehicle for plant cell transformation when they are added to a mixture of plant cells
and DNA and subsequently shaken at high speed (Kaeppler et al. 1990). Although
silicon carbide whiskers were originally used with a laboratory vortexer, the back-
and-forth motion obtained with a paint can mixer may work as well or better. The
basic concept behind this method is to penetrate the plant cell wall with the
whiskers, which carry DNA along into the cell. It appears that this penetration
occurs as a result of a rod being lodged between cell clusters when they collide
during the mixing. An alternate suggestion, that the silicon carbide whiskers act like
flying spears to penetrate the cell wall, seems less likely as the mass of the rods is so
low. This method has been successfully and consistently used but the mixing
treatment is fairly harsh and the target tissues are limited to cell cultures.

1.5.4 Nanofiber Arrays

The use of nanofiber arrays for DNA introduction into plants is a relatively new
approach for DNA introduction into plant cells and few reports of this method exist
(Finer and Dhillon 2008). Nanofiber arrays are precisely arrayed thin fibers, which
are grown directly on a silica chip (Melechko et al. 2005). When viewed using
electron microscopy, these chips resemble a “microscopic bed of nails”. DNA is
either precipitated onto, or chemically bound to the arrays and the chip is pressed to
the target tissue. Alternately, cells or clusters of cells can be forced onto the DNA-
coated nanofiber array by centrifugation (the arrays are immobilized on the bottom
of the centrifuge tube; McKnight et al. 2003). This approach has been more
successfully employed for the introduction of DNA into animal cells as the plant
cell wall barrier presents an additional hurdle for this approach. Nanofiber arrays
represent a very young and inefficient technology for DNA introduction into plant
cells but the approach seems logical and preliminary results look reasonable (Finer
and Dhillon 2008).
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1.5.5 Pollen Tube Pathway

In all fields of the sciences, premature claims are made which are often inade-
quately substantiated. The plant transformation sciences is certainly not exempt
from this type of activity as new or more efficient methods for transformation are
valuable and any success can accelerate career development. This “rush to publish”
mentality has yielded numerous reports of new and exciting transformation methods
which have not stood the test of time. The mixing of pollen with DNA and injecting
DNA into the meristem and ovules have yielded some very provocative results
which have not been repeated.

One method of transformation which enjoyed some major attention during the
early days of plant transformation, and has seen resurgence, is transformation via
the pollen tube pathway (Luo and Wu 1988). Soon after this early report with rice,
the method was informally confirmed by others working with different crops. These
follow-up early reports were never published. Over the years, transformation via the
pollen tube pathway has been both ridiculed and praised but it has neither seen wide
adoption nor been swept under the scientific carpet. This method is currently being
actively used by one laboratory in China, which is quite aggressive with publication
efforts (Yang 2009a, b).

For transformation via the pollen tube pathway, pollen is placed on the stigma
and allowed to germinate and grow down the style to the ovary. The growing pollen
tube contains the pollen nuclei and once the pollen tube grows down to the egg, one
pollen nucleus fuses with the egg to form the zygote. When the pollen tube reaches
the egg, the style is severed using a scalpel, supposedly leaving an open pollen tube.
The success of this procedure is grounded in the concept of using a hollow pollen
tube as a transport vehicle for direct DNA introduction into the freshly-fertilized
egg. It is not clear whether the pollen tube is actually hollow. It is also unclear
whether any DNA is able to enter the ovule. The timing of the cutting of the pollen
tube and subsequent DNA introduction must be very precise, to have the DNA enter
the cell with the pollen nucleus. The reported efficiency of the process is inexplicably
high, considering that <1% of cells that contain DNA introduced via particle
bombardment are able to integrate that DNA into their genome. Extensive analysis
of soybean plants obtained through the pollen tube pathway suggests that this
method is not reproducible (Shou et al. 2002).

In spite of these problems, the pollen tube pathway continues to receive positive
validation in peer-reviewed literature, often in respected journals. Two recent
reports (Yang 2009a, b) deserve special attention here, as the results should raise
major concerns of scientific rigor. One of these papers reports a comparison of
transformation via the “ovary drip” method (variant of the pollen tube pathway) and
the pollen tube pathway (Yang et al. 2009a) while the other paper reports the results
of a pollen tube pathway study (Yang et al. 2009b). In spite of reportedly using
different methods and different maize lines in the two papers, the authors show the
exact same image of a GFP-expressing root in both papers, as one piece of evidence
for transformation. Further scrutiny of these papers reveals additional problems but
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this one duplicated image is indicative of a basic problem with scientific accuracy.
It appears that the pollen tube pathway method for DNA introduction has not yet
been convincingly validated.

1.6 Evidence for Transformation

The premise behind DNA introduction into plant cells is the recovery of a pheno-
type from the activity of foreign gene(s). This phenotype is usually the ultimate
goal of transformation scientists but some phenotypes can be difficult to discern;
and additional means of confirming gene presence and function are necessary to
determine whether a gene has been successfully introduced and is active. Proof of
DNA presence and function should be relatively straightforward but the evidence
can be misinterpreted. Tissues should be analyzed at a number of different levels:
from the presence of the DNA, to the activity of the gene, to an altered phenotype in
the transgenic plant or tissue.

1.6.1 DNA Presence

The simplest method of confirming the presence of foreign DNA is through the
polymerase chain reaction (PCR). PCR is a very powerful and useful tool for
amplifying fragments of DNA, using DNA primers designed to precisely bind to
sites within a strand of DNA. The DNA used as a starting point for PCR can be used
at low concentrations; and DNA quality issues are not paramount. PCR products are
run on a gel or directly sequenced to show the appropriate size or composition of the
products. PCR is an extremely reliable preliminary evaluation tool for determining
the presence of DNA. However, because PCR allows the detection of extremely
low concentrations of DNA, contamination is problematic and must be avoided or
minimized. PCR alone is insufficient to prove transformation but it can be used as
an efficient screening tool to select lines of interest for additional studies.

The best method for confirming the presence of introduced DNA is Southern
hybridization analysis. For Southern analysis, DNAs are extracted from plant
materials, digested, electrophoresed in a gel, blotted onto a membrane and finally
hybridized to a labeled fragment of DNA which is complementary to the introduced
DNA. The use of appropriate restriction enzymes generates precise hybridization
results or patterns, which is strong evidence for successful DNA introduction.
While PCR results suggest the presence of the introduced DNA, Southern analysis
can also show DNA integration, which is a necessary indicator for successful
transformation. In addition, Southern hybridization provides information on the
number of copies of introduced DNA per nuclear genome, as well as the number of
sites in the genome that the DNA integrates. To obtain meaningful results, Southern
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hybridization analysis should be performed after careful assessment of appropriate
restriction enzymes, which usually recognize one site within the introduced DNA.
Use of the proper restriction enzyme yields sizes and patterns of hybridization
signals that are unique for each transformation event. Digestion with restriction
enzymes which are expected to generate uniformly sized fragments are of very
limited value. The intensity of hybridization signal(s), as well as their size and
shape, provides additional information on the validity of results. Although Southern
analysis of PCR products is occasionally presented in the literature, results from
this approach are prone to misinterpretation and should not be considered evidence
for transformation.

1.6.2 Gene Expression

After the presence of the introduced DNA is verified, it is necessary to evaluate
the expression of the introduced gene. This can be performed by testing for the
presence of RNA, protein or an altered phenotype. Although it is not absolutely
necessary to test for gene expression at all levels, an appropriate combination of
analyses is usually needed. For the analysis of RNA, Northern hybridization or
RT-RCR is used. For Northern analyses, the basic principles are the same as with
Southern analysis but RNA is extracted instead of DNA. The hybridization signal
should be a predicted size, which corresponds to the RNA transcript. For RT-PCR,
DNA is generated from isolated RNA and the resulting amplicons are evaluated
following electrophoresis. Again, the size and intensity of the resulting bands
are important.

When the introduced DNA is a scorable marker gene, validation of gene
expression is sometimes extremely simple and effective, especially if GFP is
the marker. With the appropriate detection instrumentation, GFP can be directly
observed in transgenic plant material. The fluorescent green color is usually unmis-
takable but inappropriate in-line filters and illumination can make interpretation
difficult. Expression of GFP, as well as other transgenes, is dependant on the
promoter used to regulate the gene. Transgene expression always shows some
type of patterning, based on tissue type and inducibility. Even the use of “constitu-
tive” promoters like the CaMV35S promoter show some patterns of gene expres-
sion. For example, expression occurs along developing cell lines, showing more
intense activity in regions parallel to the longitudinal axis of the root, or close to the
veinal tissue of the leaves. If the marker gene appears to weakly express throughout
the tissue with no pattern, this suggests background expression or problems with the
detection system.

If the gene of interest (GOI) is expected to give rise to a new phenotype, this
analysis is ultimately needed. Some phenotypes can be difficult to gauge and any
changes should also be clearly associated with the presence and expression of the
transgene in primary transgenics and segregating progeny.
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In the primary transgenics, all plants should contain the introduced DNA in a
heterozygous state. Multiple copies of the transgene are commonly obtained but
these copies often integrate into the same integration site, behaving like a single
gene in the heterozygous condition. In the T1 progeny from single insertion events,
the transgene segregates in a 1:2:1 ratio, with 25% of the progeny not containing the
transgene, 50% heterozygous and 25% homozygous transgenic. When analyzing
simply for the presence of the transgene, the transgene should be present in 75% of
the T1 generation progeny (1:3). If ratios other than this are obtained, this suggests
integration of the transgene into multiple sites (more than 75% of progeny contain
the transgene) or lethality of the transgene in germ line cells or in the homozygous
condition (less than 75% of progeny contain the transgene). If a very low percent-
age of the progeny contains the transgene, this suggests additional problems, which
are a cause for concern.

1.7 Conclusions

The production of transgenic plants via transformation has tremendously impacted
agriculture and the face of our planet. Through improvements in technology for
DNA introduction, production of transgenics is no longer as limiting as it once was.
Determination of potential GOIs as well as evaluation of transgenics is becoming a
new bottleneck in plant biotechnology. However, improvements in DNA introduc-
tion methodology as well as developing predictable transgene expression models
are still needed. Transformation efforts should not be curtailed until all plants of
interest can be transformed with the same ease as Arabidopsis.
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Chapter 2
Plastid Transformation

Heribert Warzecha and Anna Hennig

2.1 Introduction

The genome of eukaryotic cells is unevenly distributed and kept in different
subcellular compartments. While the vast majority of genetic information is shel-
tered in the nucleus, small portions of DNA reside in organelles, namely the
mitochondria and — in the case of plants — in the plastids. These unique organelles
which in their most prominent manifestation are called chloroplasts, developed
from cyanobacterial ancestors in a process described by the well accepted endo-
symbiosis theory (Gould et al. 2008). In brief, a pre-eukaryotic cell must have
engulfed and taken up an ancestor of today’s cyanobacteria and subsequently
formed a close endosymbiotic relationship with the newly developing organelle.
Residues of this evolutionary ancestry are still apparent today in certain prokaryotic
characteristics retained by the plastids. There is for example the genome organiza-
tion in operons, as well as the transcription and translation machinery with their 70S
ribosomes, to name only a few features which resemble those of today’s bacteria.
However, during the adaption process which lasted several billion years the plastids
lost their autonomy in that they transferred the majority of their genetic information
and the capacity for its regulation. Genes were either lost or transferred to the
nucleus, accompanied with the assembly of a regulatory network which operates
most of the metabolic processes in plastids. What is present in contemporary
plastids is a highly reduced genome retaining some integral features like DNA
replication and protein biosynthesis. Furthermore, plastids and especially chloro-
plasts have a unique role in that they provide the primary energy source for the
plants via photosynthesis and synthesize important compounds like aromatic amino
acids. It has only recently become evident that plastids also have crucial roles in
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plant development and therefore additionally regulate processes in the cellular
metabolism. Several reports provide evidence that plastid genes encode functions
which reach beyond its borders, for example, chloroplast protein synthesis is
mandatory for regular leaf development and its knock-down will result in aberrant
phenotype (Ahlert et al. 2003).

Consequently, the genetic manipulation of chloroplasts became a major focus
since it provides the option to study the function of this unique organelle in great
detail. Also, the application of chloroplast transformation in biotechnology has
advanced due to characteristics which make plastids a promising vehicle for the
high-level production of recombinant proteins. The most prominent difference to
nuclear genes is the mere number of transgenes which could be introduced into a
single cell by transformation of the chloroplast genome. Usually, in green tissue
every cell contains up to 100 chloroplasts. Every chloroplast itself contains up to
100 identical copies of the circular plastid DNA, organized in nucleoid structures of
about ten aggregated copies (Thomas and Rose 1983). In total this makes up to a
10 000 copies of any gene, outnumbering every nuclear gene by far. This is one
reason why chloroplast transformation often results in extraordinarily high levels of
recombinant protein accumulation.

However, chloroplast transformation makes high demands on vector design,
transformation method as well as plant regeneration. This is exemplified by the
so far not solved problem to generate fertile transplastomic lines of the model plant
Arabidopsis thaliana (Sikdar et al. 1998), an example depicting the obstacles of this
technique which need to be overcome to gain broad applicability. On a routine
basis, so far only tobacco chloroplasts are transformed, and therefore most exam-
ples given in this chapter refer to tobacco chloroplast transformation. Nevertheless,
great progress has been made in expanding the range of this technique to other plant
species. Today, there are reports of successful plastid transformation in about
16 species (Table 2.1) and studies with transplastomics give valuable insight into
genetics and biochemistry of this unique organelle.

2.2 Delivery of Transforming DNA to the Chloroplast

Delivery of foreign DNA to the chloroplast requires its transport through several
physical barriers: the cell wall, the cytoplasma membrane, and the chloroplast
double-membrane system. Since no bacterial or viral pathogen is known which
could be utilized for DNA delivery, transgene transmission needs to employ rather
rigid physical methods. The most effective and widely used system utilizes micro-
projectile bombardment with plasmid-coated gold or tungsten particles, the
so-called biolistic method, which was first used to transiently transform onion
epidermal cells (Klein et al. 1987). Subsequent refinement of the technique eventu-
ally enabled the transformation of smaller cell types as well as subcellular targets,
like plastids in the unicellular algae Chlamydomonas (Boynton et al. 1988) or in
tobacco (Svab et al. 1990). Other sophisticated methods have also been developed,
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Table 2.1 Plant species for which plastid transformation has been achieved. Common and
scientific names are given, with the transgenes integrated so far, as well as the efficiency of the

transformation process.

Species Transgenes  Explants per Reference
integrated bombardment
(efficiency)

Tobacco (Nicotiana tabacum aadA + 1/1 (100%) Zoubenko et al. (1994)*
Petit Havana SM1) uidA¢

Potato (Solanum tuberosum aadA + gfp  3/104 (2.8%) Sidorov et al. (1999)
FL1607; S. tuberosum cv aadA + 14/435 (3.2%) Nguyen et al. (2005)
Desiree) gfp

Tomato (S. lycopersicum var. aadA 1-3/20 (5-15%) Ruf et al. (2001)
TAC-Santa Clara)

Petunia (Petunia hybrida var. aadA + gusA 3/31 (9.6%) Zubko et al. (2004)
Pink Wave)

Soybean (Glycine max L. cv aadA 11/80 (13.7%) Dufourmantel et al.
“Jack™) (2004)

Lettuce (Lactuca sativa L. cv aadAlgfp 5/85 (5.8%) Kanamoto et al. (2006)
Cisco)

Lesquerella fendleri aadA + gfp  2/51 (3.9%) Skarjinskaia et al. (2003)

Carrot (Daucus carota L. cv aadA + badh 1/7 (14%) Kumar et al. (2004a)
Half Long)

Cotton (Gossypium hirsutum) aphA-6 + 1/2.4 (41.6%) Kumar et al. (2004b)

nptll

Poplar (Populus alba) aadA + gfp  44/120 (36.6%) Okumura et al. (2006)

Sugar beet (Beta vulgaris ssp. aadA + gfp  3/40 (7.5%) De Marchis et al. (2008)
vulgaris)

Rice (Oryza sativa japonica) aadA + gfp  2/100 2%) Lee et al. (2006)

Cabbage (Brassica oleracea L.  aadA + uidA 3-5/150 (2-3%) Liu et al. (2007)
var. capita L.)

Canola (B. napus) aadA + 4/1000 (0.4%) Hou et al. (2003)

crylAal0

Cauliflower (B. oleracea var. aadA 1/5° Nugent et al. (2006)
botrytis)

Arabidopsis thaliana ecotype aadA 2/201 (0.9%) Sikdar et al. (1998)

RLD

“For tobacco, numerous more transformations have been reported
"Transformation was achieved by PEG-mediated transformation

like polyethylene glycol (PEG)-mediated transformation of protoplasts (Golds et al.
1993) or even the direct injection of DNA into the organelle via a femtoliter syringe
(Knoblauch et al. 1999). Although plastid transformation with PEG requires some
experience in the enzymatic digestion of the cell wall and the treatment of proto-
plasts as well as the regeneration of plants, it can be basically performed with
standard laboratory equipment. Micromanipulation of cells on the other hand
requires specialized equipment, which is limiting for its use; and so far no reports
have shown the successful regeneration of transplastomic plants from this particular
gene transfer method. However, the most widely and successfully used method
is the biolistic transfer of DNA, depicted by the successful transformation of the
plastids of numerous plant species (Table 2.1).
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@ wild type plastid genome

(O transgenic plastid genome

Fig. 2.1 Schematic drawing of the plastid transformation and regeneration process. An explant,
usually a leaf, is bombarded with DNA-coated tungsten or gold particles. When the DNA is
delivered to one chloroplast, integration of the transgene takes place, generating a heteroplastomic
cell in which a small number of plastid genomes are transgenic (open circles). Subsequent
differentiation and shoot regeneration from this cell results in a heteroplastomic plantlet. To obtain
a homoplastomic transgenic plant requires several cycles of regeneration under selection

Once the transgene DNA has been delivered to the chloroplast (Fig. 2.1), stable
integration via homologous recombination has to take place (see below) to generate
a stable transgenic trait which will be passed on after plastid division to its descen-
dants. Every chloroplast harbors up to a hundred copies of its genome, grouped in
nucleoids representing aggregates of 7-10 copies. Since cells can contain up to
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100 chloroplasts, a single integration event creates a transplastomic cell in which
only a minority of genomes is altered, the so-called heteroplastomic state. For the
generation of a stable transplastomic plant, wild-type plastid genomes have to be
winnowed. As the sorting of plastid DNA during cell division in shoot-regeneration
is a stochastic process a small percentage of altered homoplastomic plants can be
generated in the absence of selection pressure (5.6%; Lutz and Maliga 2008). To
increase the efficiency of transformation routinely, a homoplastomic state of the
engineered plants is reached by successive regeneration under strong selective
pressure with an appropriate antibiotic. It is estimated that it takes between 20
and 30 cell divisions to deplete the undesired wild-type chloroplast genomes
(Maliga 2004; Verma and Daniell 2007). Since this number could not be reached
in a single plant regeneration process, explants have to go through several cycles of
regeneration under selection (Fig. 2.1). So far a given plants ability to regenerate
from fully differentiated tissue is the biggest obstacle for applying the plastid
transformation to a large number of plant species. Tobacco is by far the best
analyzed system regarding plastid transformation, and therefore most experiments
referred to in this section are made in tobacco.

2.3 Vector Design

2.3.1 Flanking Regions

Agrobacterium-mediated transformation utilizes universal vector systems (Lee and
Gelvin 2008; see also Chapter 1) in which the transgene expression cassette is
flanked by two rather short sequence stretches, termed left border (LB) and right
border (RB). These sequences facilitate almost random insertion of the transgene
cassette into the host genome, resulting in multiple individual lines differing in site
and numbers of transgene integration. In absolutely contrast, insertion of foreign
DNA into the chloroplast genome relies on targeted integration of transgenes by
homologous recombination, facilitated by a bacterial recombination system inher-
ited from the plastids cyanobacterial ancestors (Cerutti et al. 1992). Hence, a
transgene could be targeted to virtually any site in the chloroplast genome by
designing the flanking regions according to the desired location. This is not only
a big advantage for the positioning of expression cassettes to defined locations but
also enables the targeted inactivation of plastid genes for functional studies and
gene knock-outs. For the former, preference is naturally given to intergenic regions
to circumvent deleterious effects and interference with endogenous gene expres-
sion. For gene knock-out, the targeted sequence is mutated in vitro and reinserted
into the plastome. In the case of tobacco, numerous studies describe the targeted
knock-out of plastidal genes for functional studies (reviewed by Maliga 2004).
Additionally, a total of 13 sites on the plastome has been utilized for the integration
of an expression cassette (Fig. 2.2), demonstrating that modification and integration
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Nicotiana tabacum

chloroplast genome

155,943 bp

Fig. 2.2 Graphic map of the Nicotiana tabacum plastid genome (GeneBank accession number
NC_001879), made with the web-based program OGDRAW (Lohse et al. 2007). Genes on the
outside of the circle are transcribed counter-clockwise, those on the inside clockwise. IRA Inverted
repeat A, IRB inverted repeat B, LSC large single copy region, SSC single copy region. Numbered
arrows Transgene integration sites. Dashed arrows (numbers 8—13) Site of integration into the
inverted repeat region; therefore integration sites are in duplicate. First published reports are given:
1 Carrer and Maliga (1995), 2 Bock and Maliga (1995), 3 Huang et al. (2002), 4 Svab and Maliga
(1993), 5 Huang et al. (2002), 6 Kuroda and Maliga (2003), 7 Suzuki and Maliga (2000) and
Klaus et al. (2003), 8 Zoubenko et al. (1994), 9 Staub and Maliga (1993), 10 Svab et al. (1990),
11 Muhlbauer et al. (2002), /2 Huang et al. (2002) and Zou et al. (2003), /3 Koop et al. (1996) and
Eibl et al. (1999)

of heterologous genes can be performed at many given sites in the circular plastid
genome.

One of the unique features of the chloroplast genome is the presence of two large
inverted repeat regions (IRA and IRB in Fig. 2.2). Integration of the transgene into
this particular region leads under selection to a doubling of the gene by a process
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called copy correction. Especially, sites in the rrn operon have been frequently
chosen for transgene integration and gene expression from these sites has proved to
be high in many cases (Verma et al. 2008).

To facilitate efficient recombination, flanking regions of about 1-2 kb endoge-
nous DNA should frame the sequence to be inserted. The question whether a
transformation vector for a certain plant species requires strain-specific flanking
regions was clearly negated by Lutz et al. (2007). This is due to the sufficiently high
sequence homology of plastid genomes between species to facilitate homologous
recombination. In fact, vectors designed for transgene integration into the tobacco
plastome could be also used for transformation of tomato (Ruf et al. 2001;
Chapter 25), potato (Sidorov et al. 1999; Chapter 20), and petunia (Zubko et al.
2004; Chapter 19). Two recent papers describe convenient vector systems designed
for chloroplast transformation (Lutz et al. 2007; Verma and Daniell 2007).

2.3.2 Promoters and UTRs

For the expression of heterologous genes, the choice of promoters and regulatory
sequences is highly important. In general, chloroplasts mainly utilize a prokaryotic
transcription and translation machinery, a heritage from their cyanobacterial ances-
tors. Gene organization in operons, an eubacterium-type RNA polymerase as well
as sigma-like factors, and a specific codon-usage in the open reading frames are
highly similar to those found in bacteria. However, during evolution novel mechan-
isms of gene organization and regulation of expression also evolved in plastids.
Processes like intron splicing and RNA editing can be found in chloroplasts which
are absent in bacteria. Aiming for the high-level expression of a given gene,
regulatory sequences are required which provide efficient transcription, translation,
and RNA stability. The strongest promoter described so far is the 6'°-type promoter
of the ribosomal RNA operon (Prrn; Svab and Maliga 1993; Kuroda and Maliga
2001a, b). In the majority of vectors used to date, this particular promoter is used to
drive the expression of the marker gene aadA (see below) to provide sufficient
expression for selection of transformed cells. Another promoter in use is the
endogenous pshbA promoter (driving expression of the abundant DI1-protein;
Zoubenko et al. 1994).

In plastids there is also a high degree of translational control of gene expression
which is in clear contrast to prokaryotes. Therefore, the 5-UTRs and 5'-regulatory
sequences have proven indispensable for RNA stability and efficient translation
initiation. While in Eubacteria virtually all mRNAs contain a Shine-Delgarno
sequence for accurate translation initiation, only 40% of chloroplast mRNAs
contain such sequences, indicating that alternative pathways of regulation exist
(Hager and Bock 2000). Numerous studies have investigated in detail the effect
of swapping different regulatory sequences and determined the consequence on
protein accumulation. For example, Eibl et al. (1999) could show that such variations
in 5°-UTRs result in up to 100-fold differences in protein accumulation in the case
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of the reporter gene uidA (encoding beta-glucoronidase). Not only the 5-UTR
but also the first codons of the open reading frame (the so-called “downstream
box’’) seems to contribute to translation efficiency (Kuroda and Maliga 2001a, b),
demonstrating that a high variability of expression levels could be expected for
any given sequence and expression cassette. The highest expression level
reported so far was over 70% of the total soluble protein (TSP) of a phage
derived lytic protein driven by the rrn promoter fused to the Escherichia coli
phage T7 gene 10 (T7gl0) 5-untranslated region (Melanie Oey 2008). This
extraordinarily high content of recombinant protein almost exhausted the protein
biosynthesis capacity of the chloroplasts and resulted in plants with impaired
growth. Although extraordinarily high amounts of protein are often aspired,
several proteins have been reported to be toxic to the plastid at elevated levels
(Hennig et al. 2007), and therefore certain threshold levels might exist which
should be taken into account to preserve the plants’ viability.

2.4 Transgene Stacking and Control of Gene Expression

A demanding task in the generation of transgenic plants is the option of simulta-
neously introducing two or more genes into an organism. Conventional approaches
require the combination of separate expression cassettes each containing a promoter
and terminator region framing the gene of interest. In contrast, plastids are thought
to offer an unique option of combining multiple ORFs under the control of one
promoter, yielding a polycistronic transcript from which translation can be initiated
independently (Staub and Maliga 1995). However, except for a few examples like
the cry2Aa2 operon from Bacillus thuringiensis (De Cosa et al. 2001; Quesada-
Vargas et al. 2005), this technique has not been utilized for the simultaneous
production of two or more recombinant proteins so far. This is probably due to
the hitherto unpredictable secondary structure interactions in polycistronic tran-
scripts, which determine the translatability and processing into monocistronic
mRNAs and subsequently result in poor protein accumulation. Although the simi-
larities between transcription and translation in bacteria and in plastids are striking,
one cannot generally extrapolate results obtained in bacteria to plastids. For
instance, an operon encoding for hemoglobin o- and B-subunits, which worked
well in E. coli, did not lead to detectable expression when integrated into plastids
(Magee et al. 2004). A recent study identified a so-called intercistronic expression
element (IEE), a short sequence that mediates the cleavage of a polycistronic pre-
cursor into stable monocistronic transcripts (Zhou et al. 2007). It will be interesting
to see whether this novel element leads to concerted high-level expression of
recombinant proteins.

Another challenge is the regulation of gene expression in plastids, as it is state of
the art in E. coli. It would be highly desirable to avoid deleterious or toxic effects of
recombinant proteins on plant metabolism by initiating expression at will. Most
promoters used so far are more or less constitutive (like the Prrn) or regulated by
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factors which could be hardly used for targeted expression initiation. In photosyn-
thetically active chloroplasts especially the 5'-UTRs of several transcripts contribute
to the regulation of translation. It has been shown that light regulates the translation
of the pshA mRNA (Kim and Mullet 1994) while RNA levels are kept relatively
constant (Shiina et al. 1998). However, since light cannot be withheld until the
desired transgene expression needs to be initiated, it would be highly advantageous
to have instead an inducible system at hand which relays on chemical or other
physiological triggers. A sophisticated approach is to put the transgene under the
control of the phage T7 promoter, which is per se not active in plastids. Expression
can be only initiated by the appropriate T7 RNA polymerase, which needs to be
introduced by genetic crossing with a plant line carrying the gene in the nucleus and
fused to a plastid signal peptide (McBride et al. 1994). To add a regulatory element
to this system, other studies used inducible nuclear promoters to control expression
of the nuclear gene, e.g. the salicylic acid-inducible PR-/a promoter from tobacco
(Magee et al. 2004) or an ethanol inducible promoter (Lossl et al. 2005). The
disadvantage of this particular approach is that two subsequent transformations
of different cellular compartments or genetic crossing of different transformants
are necessary to obtain the final plant. Also the E.coli lac control system has
been adopted for plastid expression. Therefore, the lacl repressor needed to be co-
expressed together with the heterologous gene (gfp) under control of a modified rrn/
T7g10 promoter inside the plastids (Muhlbauer and Koop 2005). Spraying of plants
with isopropyl thiogalactoside (IPTG) indeed induced GFP-formation, but it needs to
be established whether this method is applicable on a large scale.

2.5 Selection

2.5.1 Antibiotic Resistance Markers

For the selection of plastid transformants, aminoglycoside antibiotics have proven
highly useful, and especially spectinomycin has become indispensable as a selec-
tive marker. Its mode of action is plastid-specific as it binds to the prokaryotic-type
plastid ribosomes and inhibits protein synthesis. Mutations in the 16S rRNA, one
of the target sites of spectinomycin, confer resistance to the antibiotic and early
transformation vectors contained such mutant genes (Svab et al. 1990). Since the
mutant form of an endogenous gene is recessive until the homoplasmic stage is
reached, transformation efficiency with such marker genes is low. The use of a gene
encoding an antibiotic detoxifying protein, namely the aminoglycoside-3"-adenyl-
transferase (AAD, encoded by the aadA gene) as a marker greatly expedites the
development of transplastomic plants (Svab and Maliga 1993).

Several more resistance markers have been tested for their applicability in plastid
transformation, especially as it was observed that spontaneous spectinomycin
resistant lines were formed under strong selection. For kanamycin, no spontaneous
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resistance in higher plants was reported and thus this particular marker was also
adapted for selection of plastid transformants. First successful attempts using the
neo gene (encoding for neomycin phosphotransferase II, NPTII) generated trans-
plastomic tobacco, but at a lower efficiency than with aadA (Carrer et al. 1993).
Koop and co-workers used the aminoglycoside phosphotransferase gene (aphA-6)
gene from Acinetobacter baumannii, which yielded a much higher transformation
efficiency (Huang et al. 2002). Both selection markers are in use, even in combina-
tion (Kumar et al. 2004a, b) but have not displaced the aadA gene as the most
frequently used antibiotic resistance marker.

2.5.2 Other Selection Markers

Another approach is to insert a gene which confers resistance to a toxic compound,
for example herbicides. This approach is widely used for nuclear transformation
(see Chapters 3, 9), and it is thought to be also functional in plastid transformation.
Resistance against glyphosate could be obtained via 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS; Ye et al. 2001), and integration of the bar gene
made tobacco plants resistant to phosphinothricin (Lutz et al. 2001). However, all
expression cassettes also contained the aadA gene for initial selection on spectino-
mycin and herbicide resistance was only observed when nearly homoplastomic
plants were obtained.

Another novel selective agent was used for plastid transformation, namely
betaine aldehyde, for which a detoxifying gene was linked to the heterologous
gene. The introduction of the spinach gene encoding for betaine aldehyde dehy-
drogenease (BADH) into tobacco chloroplasts proved to be an useful marker
(Daniell et al. 2001). Since this marker gene is of plant origin, its use is thought
to obviate the concerns about the use of antibiotic resistance in plant genetic
engineering. Although this approach is highly promising there is still a lack of
studies confirming the broad applicability of the BADH gene as a marker in plastid
transformation (Maliga 2004). For the sake of efficient and reliable generation of
transplastomic plants it seems to be wise to use antibiotic resistance markers and —
after establishment of the transgenic plant line — remove the gene by marker gene
excision.

2.6 Marker Gene Excision

In principle, any marker gene becomes dispensable as soon as the homoplastomic
stage is achieved. Sophisticated protocols to subsequently remove the marker flank
the sequence to be removed by two directly oriented recombinase target sites.
Examples include the 34-bp loxP sites, which are recognized by the Cre recombi-
nase derived from the P1 bacteriophage (Corneille et al. 2001; Hajdukiewicz et al.
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2001), and the attP (215 bp) and attB (54 bp) sites, recognized by the phiC31 phage
integrase Int (Lutz et al. 2004). As long as no integrase is present, the genomes
harboring those sites are stable. To initiate excision, a second, nuclear transforma-
tion step has to be performed. Using a construct in which the recombinase is
genetically fused to a chloroplast transit peptide will target the protein to all
chloroplasts and initiate site specific excision of the unwanted genes. Further
backcrosses are required where also the nuclear transgene is removed to obtain a
marker-free plant line. Several more methods have been described for marker gene
removal, and an excellent overview is given by Lutz and Maliga (2007).

It needs to be emphasized that, in plastids, homologous recombination takes
place between virtually all directly oriented sequences of sufficient length. This
effect can also be used for marker gene excision (Iamtham and Day 2000), but more
often it is the cause of unwanted rearrangement and transgene loss in transformation
experiments (Svab and Maliga 1993). Initially this effect was observed when the
integrated expression cassette contained two homologous sequences oriented in
the same direction, e.g. duplicate promoter or terminator sequences, or when
homologous sequences integrated were in the same direction as endogenous plastid
genome sequences. When the choice of regulatory elements to be used is limited, it
might be advisable to utilize interspecies regulatory elements to avoid unwanted
recombination products (Nadai et al. 2008).

2.7 Analysis

Initial plastid transformation and subsequent regeneration of transplastomic plants
need to be carefully monitored by different techniques. While presence of the
transgene can be easily checked by PCR, no precise statement about the integration
site can be made with gene-specific primers. To rule out an accidental insertion of
the expression cassette into the nuclear genome, a PCR with a primer combination
bridging the transgene/genome border is advisable. Differentiation between the
homoplastomic and heteroplastomic states can be made by restriction fragment
length polymorphism (RFLP) analysis. Restriction digestion of plastid genomes
eventually generates fragments of variable length, regarding the integration of the
transgene, and therefore resulting in a specific pattern on a subsequent DNA blot
hybridized with a specific probe. The gradually disappearance of the wild-type
signal and attainment of the homoplastomic condition can be monitored with this
technique. However, the occurrence of promiscuous plastid DNA in the nucleus
sometimes feigns a heteroplastomic state and generates a need for isolating chloro-
plast DNA prior to analysis (Ruf et al. 2000). An unambiguous test for plastid
transformation is testing for maternal inheritance of the resistance trait. Transgenic
plants pollinated with wild-type pollen generate uniformly green seedlings on a
selective medium only if they are homoplastomic.

Testing the gene expression usually gives highly heterogeneous results, depending
on the expression cassette and the gene itself. Accumulation rates inside the
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chloroplast also greatly depend on the stability of the given protein to proteolytic
degradation (Birch-Machin et al. 2004).

Once a transplastomic line has been established there is in principle no need for
screening numerous other lines, as would be necessary for Agrobacterium-mediated
nuclear transformation. This is due to the targeted integration of the transgene,
resulting in uniformly modified plant lines.

2.8 Conclusions

During the past years tremendous progress has been made in developing and
improving plastid transformation techniques and in expanding the methodology
to various plant species. Although the method is time-consuming and tedious, it can
be established without great effort. Especially for the production of recombinant
proteins, plastid transformation has become a valuable tool, notably due to the
enormous rate of protein accumulation reported. The next years will show whether
this particular technique can be applied to more crop plant species as a standard
method.
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Chapter 3
Concepts of Marker Genes for Plants

Josef Kraus

3.1 Introduction

Historically, plant breeding has been based on trial and error. While environmental
factors originally determined selection, pre-agricultural men eventually developed
a more purposeful extension of this process. This meant that selection was mainly
based on appearance, yield, vigorous growth, taste and smell. Especially the past
century resulted in new breeding programs that led to exceptional increases in both
the quality and quantity of crops. In recent years genetic transformation techniques
have been developed which complement classic breeding as it represents an addi-
tional way of generating new genetic diversity. This new technology is based on the
introduction of DNA into the plant cell, followed by regeneration of the trans-
formed cells to an entire plant (see Chap. 1). Marker genes, more exactly named
selectable marker genes, are absolutely essential for the production of such trans-
genic plants. Despite optimization of the transformation efficiency of many crops, it
is a fact that (even after three decades of agricultural biotechnology, also in model
plants like Arabidopsis) the insertion of genes is restricted to a few cells among
thousands of untransformed ones. Marker genes are required to identify, to “mark”
the introduced genes and finally to enable the selective growth of transformed cells.
These genes are co-transformed with the gene of interest (GOI); they are linked to
the GOI and therefore remain in the transformed cell. However, once transgenic
cells have been identified und regenerated to whole plants, the marker genes are no
longer needed. For this reason new concepts of marker genes are discussed with
regard to the safety of genetically modified plants, both for the environment and
the consumer. Therefore this chapter reviews the most important marker genes
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available for gene transfer to plants, focusing particularly on recent advances, and
discusses new systems for marker gene-free transformation techniques as well as
marker gene deletion.

3.2 Criteria for Choosing the Marker Gene System

The most common type of selectable marker genes used for the efficient transfor-
mation and regeneration of plant cells are antibiotic resistance genes or herbicide
resistance genes (Miki and Hugh 2004). The criteria for choosing these genes are
the efficiency of the systems, their applicability to a wide range of plant species and
of course their availability for the scientific community. Nonetheless criteria have
changed within recent years, especially for the development of new varieties and
new traits for the market. Furthermore the marker gene systems have to fulfil the
requirements of regulatory and market acceptance (see Fig. 3.1).

Over the years, general opinion has accepted that using conventional transfor-
mation methods, including conventional vectors, can cause problems. Extra
copies of transgenes or residual selection marker genes and their regulatory
elements can increase the frequency of homology-based post-transcriptional and
transcriptional gene silencing (Que and Jorgensen 1998). That implies problems
due to the variability and instability of transgene expression (Matzke et al. 2000).
The extra gene copies can be a result of both multi-copy insertions (during the
transformation process) and trait stacking. Herbicide tolerance and insect resis-
tance (Bt) often are introduced simultaneously to a crop in one transformation
event or the combined traits are a result of re-transformation or crossing two
single events. For example the third most commonly grown transgenic crop was
stacked insect-resistant/herbicide-tolerant maize. Combined herbicide and insect
resistance was the fastest growing GM trait from 2004 to 2005, grown on over 6.5
million hectares in the United States and Canada and comprising 7% of the global
biotech area (GMO-Compass 2007). For the 2008 planting season quad stacks
have been announced that protect the corn crop against both corn borer and corn
rootworm while providing tolerance to various herbicides. This second generation
of traits and the upcoming third generation of “output trait” products provide
multi-resistance to pests and several types of pathogens, providing new products
from metabolic engineering, offering new benefits to farmers and consumers
(Halpin 2005).

However, that also means that the complexity of the GMO will increase in
total because this includes the interaction between numerous genes. This multiple
stacking of traits, also called “pyramided” traits with potential new management
requirements or possible negative synergistic effects, may evoke an additional
environmental safety assessment (http://www.inspection.gc.ca/english/plaveg/bio/
dir/dir9408e.shtml). It will be necessary to control these multiple genes, by devel-
oping new technologies for the coordinated manipulation of such traits. This
includes cutting-back the complexity of the GMO. The more complex, the longer
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- Simple efficient plant transformation system
o Efficient method of plant transfer
= Direct DNA transfer
»  Agrobacterium-mediated transfer
o Optimal identification or selection system
= Technically simple
= Fast
= Economical
= Removable selection marker
- Optimum performance of the GMO comparable with standard varieties
= Substantial equivalence
- Process of deregulation dependent on:
o Acceptance by the responsible authorities
o Biosafety
o Complexity of the GMO
» One or only a few insertions
= No marker genes or completely harmless ones
= No additional unnecessary sequences

o Complete characterization: molecular analysis, biochemical
analysis

o Provision of quality control systems

Fig. 3.1 Criteria for the development of new plant varieties by gene technology

the time for trait commercialization will be. In reality product development and
deregulation will need a minimum of 10-15 years. Therefore, there is a demand
both from the authorities and from the scientific community to improve the trans-
formation systems, to avoid additional unnecessary sequences, to abstain from
marker genes, to eliminate marker genes or to use only completely harmless ones.
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3.3 Availability of Selectable Marker Gene Systems
and Alternatives

There are different categories of selectable marker and alternative systems
available, as shown in Fig. 3.2.

3.3.1 Positive Selection Marker

There are sometimes different and confusing definitions in using the terms “positive
selection marker” and “negative selection marker”. At present, positive selection
systems are those that enable the growth of transformed cells, whereas negative
selection systems kill the transformed cells (see Sect. 3.3.4).

3.3.1.1 Antibiotics

The most widely used selection marker systems are based on aminoglycoside-
modifying enzymes. These amino glycoside-modifying enzymes confer resistances
against antibiotics as kanamycin, neomycin, gentamycin, paramomycin, strepto-
mycin and spectinomycin.

- Positive selection marker systems by using:

o Toxic antibiotics
o Toxic herbicides
o Metabolic analogues

o Non-toxic agents
- Negative selection marker
- Alternatives
o Selectable marker gene elimination by:

= Co-transformation
= Recombinase induced elimination
= Homologue recombination

. . O Screenable marker genes
Fig. 3.2 Overview of &

selection systems o Marker-free transformation
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Neomycin Phosphotransferase 11

Within the aminoglycoside-modifying enzymes the neomycin phosphotransferase
II (nptll), originated from transposon Tn5 of Escherichia coli K12 (Garfinkel et al.
1981), is the most used selectable marker gene. There are many advantages in using
nptll in comparison with other selectable marker genes:

— The gene confers resistance against different antibiotics: kanamycin, neomycin,
paramomycin, geneticin.

— The gene is efficient in model plants such as Arabidopsis, Petunia or Nicotiana
tabaccum but also in most of the cultivated plants, both in monocots and dicots,
in legumes and Gramineae.

— Reproducible protocols are available for the transformation of most of these crops.

— NPTII is available in combination with various regulation sequences, e.g.
promoters.

— There are mutated forms of the nptll gene that encode enzymes with reduced
activity.

— By using an intron-containing nptlI gene only eukaryotic organisms will be able
to process the gene (Paszkowsky et al. 1992; Maas 1997; Libiakova 2001).
Accordingly, the potential risk of horizontal gene flow of antibiotic resistance
genes from transgenic plants to bacteria is eliminated.

— NPTII can be used not only as a selectable marker but also as a scorable marker,
as a reporter gene for studying gene expression and regulation. In vitro assays
(ELISA or use of radioisotopes) for quantitative or semi-quantitative analysis of
the NPTII activity are available (McKenzie 2000; Ziemienowicz 2001).

— The patent on the nptll coding sequence combined with regulatory sequences
will expire soon (Konig et al. 2003).

Most of the first-generation transgenic crops contain nptll, and to this date nptll
is the best studied selectable marker with regard to safety. Already in 1994, the use
of nptll as a marker and as a food additive for transgenic tomatoes, oilseed rape, and
cotton was evaluated by the United States Food and Drug Administration (FDA).
The FDA found the use of nptll as a selection marker safe (FDA 1994). The
conclusion was based on data from Calgene (1993), Redenbaugh et al. (1994),
Fuchs et al. (1993), Nap et al. (1992), Flavell et al. (1992), Kasid et al. (1990) and
Blease et al. (1990), among others. But unattached, without reference of scientific
evaluation, the presence of antibiotic resistance genes, mainly NPTII, increases
public and consumer criticism and still is dogged by controversy.

Mainly the concerns about the potential spread of antibiotic resistance genes
through horizontal gene transfer led to the final recommendation that antibiotics
widely used for clinical or veterinary use may not be used as selectable markers in
plants (Miki 2004; FDA 1998). Also in Europe the use of antibiotics as selection
marker was acknowledged as a problem and resulted in Directive 2001/18/EC,
which requires the step by step phasing out of antibiotic resistance genes which may
have adverse affects on human health and environment by the end of 2004 (EFSA
2004). However the European GMO Panel came to the conclusion in 2004 that the
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use of the nptll gene as selectable marker in GM plants (and derived food or
feed) does not pose a risk to human or animal health or to the environment.
These safety assessments were confirmed by the EFSA in 2007 again in the light
of all relevant reviews and expert consultations: Ramessar et al. (2007), Goldstein
et al. (2005), Miki and McHugh (2004), Working Party of the British Society for
Antimicrobial Chemotherapy (Bennett et al. 2004), FAO/WHO Consultation on
Foods Derived from Biotechnology (FAO/WHO 2000), Scientific Steering Com-
mittee of the European Commission (SSC 1999), Zentrale Kommission fiir die
Biologische Sicherheit, DE (ZKBS 1999), The Advisory Committee on Novel
Foods and Processes, UK (ACNFP 1996), Nap et al. (1992).

But again, in contrast, in 2005 the WHO classified kanamycin and neomycin as
critically important antibiotics (WHO 2005). To sum up there is no recommenda-
tion of a general ban of antibiotic markers, only a restricted use, but there are
disagreements concerning the classification of antibiotics (mainly for kanamycin)
whether they are of high, minor or no therapeutic relevance in human medicine.

Hygromycin Phosphotransferase

Cloning of the hygromycin phosphotransferase (hph) gene and fusion with eukary-
otic promoters resulted in the development of vectors that permit selection for
resistance to hygromycin B in both prokaryotic and eukaryotic cells (Elzen et al.
1985). Besides kanamycin, hygromycin B is the most frequently used antibiotic for
selection. In comparison with kanamycin, hygromycin is more toxic and therefore
kills sensitive cells faster. However, hygromycin is the preferred antibiotic resis-
tance marker for the selection of monocotyledonous plants, although it is not user-
friendly. Extreme care has to be taken when handling hygromycin B as it is very
toxic by inhalation, in contact with skin and if swallowed.

Antibiotic Resistance Genes Beside npt/I and hph

There are a lot of other marker genes, for example antibiotics like streptomycin
(Maliga et al. 1988), spectinomycin (Svab and Maliga 1993), bleomycin (Hille et al.
1986) and chloramphenicol (de Block et al. 1984), which have been used in plant
transformation experiences or are at least part of used transformation vectors. But
most of them are under the control of a bacterial promoter and have been used for
selection in bacteria not specified for selection in plants. In the end the genes are
mostly integrated outside the left and right border regions of the used transforma-
tion vectors and therefore not part of the transgenic plants.

3.3.1.2 Herbicides

Millions of hectares are being planted with transgenic herbicide resistant plants (see
also Chap. 9), meanwhile often “stacked” with insect resistance in the same seeds to
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enhance their value. The database summary Global status of approved genetically
modified plants of AGBIOS (2009) shows 80 records for the trait herbicide toler-
ance. So, by far, herbicide tolerance is still the most used selection criteria.
The advantages of the systems are the usage of the herbicide tolerance both as a
desired trait in the field and as a selection marker (Goldstein et al. 2005) during
developmental period. The most used systems comprise 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS, resistance to glyphosate), phosphinothricin acetyl
transferase (bar/pat, resistance to glufosinate) acetolactate synthase (ALS, resis-
tance to chlorosulfuron) and bromoxinil nitrilase (Bxn, resistance to bromoxinil)
in descending order of AGBIOS records. In 2006 glyphosate-resistant crops
have grown to over 74 million hectares in five crop species in 13 countries (Dill
et al. 2008).

Meanwhile new and improved glyphosate-resistant crops are being developed.
These crops will confer greater crop safety to multiple glyphosate applications and
these glyphosate-resistant plants are expected to continue to grow in number and
hectares planted. But there is no guarantee that new molecular stacks conferring
resistance to glyphosate and ALS-inhibiting herbicides or glyphosate with glufosi-
nate will prevent the development of resistant weeds in the future. There are already
several weed biotypes with confirmed resistance to glyphosate. So the question
arises whether the presence of herbicide selection markers like glyphosate resis-
tance in some years may be undesirable when the trait is no longer necessary or
inapplicable for product function. Apparently, the same conclusion is valid for
herbicide resistance marker genes as for other marker genes, needed in the first
place but undesirable shortly afterwards.

There are alternatives to the most used herbicide resistance genes, for example
selectable marker genes which mediate resistance against the herbicides cyanamide
(Weeks et al. 2000), Butafenacil (Li et al. 2003; Lee et al. 2007), Norflurazon (Inui
et al. 2005; Arias et al. 2006; Kawahigashi et al. 2007) or Gabaculine (Gough et al.
2001). However, by today, most of these alternatives have not been subjected to
regulatory consideration for international approvals.

3.3.1.3 Metabolic Analogous, Toxic, Non-Toxic Agents

Many other new approaches comprise manipulating the plant’s metabolic or bio-
synthetic pathways. This is done by using metabolic analogous, toxic agents, non-
toxic elements such as phytohormones, or carbon supplies which are natural to the
plant. There is a wide range of used genes. XylA, dog, ipt, tps and manA are only a
choice of new genes which were used to develop additional selection systems.

2-Deoxyglucose-6-Phosphate Phosphatase

The deoxyglucose (DOG) system is based on the sugar 2-deoxyglucose (2-DOG)
which is phosphorylated by hexokinase yielding 2-DOG-6-phosphate (2-DOG-6-P)
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in plant cells. 2-DOG-6-P is toxic to plants, since it inhibits respiration and cell
growth. Over-expression of the gene enzyme 2-deoxyglucose-6-phosphate phos-
phatase (dog®1) in plant cells results in resistant plants (Kunze et al. 2001).
Transgenic potato plants have been tested under field conditions with the result
that no differences were found between the transgenic plants and the control plants.
Whether the system can be applied without safety concern in the future has to be
investigated further (GMO-Safety 2005).

Xylose Isomerase

The xylose isomerase (xylA) system is based upon selection of transgenic plant
cells expressing the xylA gene from Streptomyces rubiginosus, which encodes
xylose isomerase, on medium containing xylose (Haldrup et al. 1998). In contrast
to antibiotic or herbicide selection, the system is generally recognized as safe
because it depends on an enzyme which is already being widely utilized in specific
food processes, especially in the starch industry. But to this day selectable markers
like xylA have not yet appeared in approved food plants.

Isopentenyl Transferase

The enzyme isopentenyl transferase (ipt) is a more often used selection marker. The
gene, encoded by the T-DNA of Agrobacterium tumefaciens, catalyzes the synthe-
sis of isopentyl-adenosine-5’monophosphate, which is a precursor of the phytohor-
mone cytokinin. Over-expression of ipt by using the gene under the control of a
constitutive promoter yields enhanced cytokinin levels in transgenic plants. Cyto-
kinins stimulate organogenesis; therefore due to the enhanced cytokinin concentra-
tions the regeneration of transformed shoots is promoted. The combination of the
ipt gene together with the kanamycin selection system enhances the transformation
efficiency(Ebinuma et al. 1997; Endo et al. 2001).The system, also called the MAT
system, is usable as a visible selection system since the transformed shoots lose
their apical dominance and the ability to root. These abnormal morphologies of the
shoots, so-called “extreme shooty phenotype” (ESP) prevented the development of
ipt as a selectable transformation marker in practice, because it is only usable in
combination with inducible artificial promoter systems (Kunkel et al. 1999;
Zuo et al. 2002) or with marker elimination systems (Ebinuma et al. 2000, 2001).
The use and removal of ipt were demonstrated in different plant species but the
efficiency of the system was low, therefore further optimization of the selection
system is required. Recently new publications (Rommens et al. 2004, 2006;
Bukovinszki et al. 2006; Richael et al. 2008) give hope for an improved system.
New methods (e.g. “All-native DNA transformation”) for the production of trans-
genic plants utilize isopentenyl transferase cytokinin genes in negative selection
against backbone integration (e.g. see Sect. 3.4.3 and Chap. 4).
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Phosphomannose Isomerase

The manA gene codes for the enzyme pmi (phosphomannose isomerase). Many
plants are normally not able to use the sugar mannose as a source of carbohydrate.
When plants are forced to grow on mannose as the only carbon source they first
convert mannose to mannose-6-phosphate, which is no longer utilizable for the
plants. Transformed with the pmi gene, the plant converts mannose-6-phosphate
to fructose-6-phospate, which can be used in the plant metabolic pathway from
there. Thus mannose can function as the only carbon source (Joersbo et al. 1998;
Privalle et al. 1999). Species which have been successfully transformed using
mannose as selective agent, among others, are sugar beet (Joersbo et al. 1998;
Lennefors et al. 2006), sunflower, oilseed rape, pea, barley (Joersbo et al. 1999,
2000), sorghum (O’Kennedy et al. 2006), sugarcane (Jain et al. 2007), rice (Lucca
et al. 2001; Ding 2006), tomato and potato (Bfiza et al. 2008), apple (Degenhardt
2006), papaya (Zhu 2005), torenia (Li et al. 2007) and citrus (Ballester et al. 2008).
Ballester and co-workers compared various selection systems with the same Citrus
genotypes: nptll, ipt and pmi systems. The highest transformation rates were
obtained with the pmi/mannose system, which indicates that this marker is also
an excellent candidate for citrus transformation. So at the moment, beside the
kanamycin and the glyphosate selection system, the pmi system is the most suc-
cessful one. Regulatory approvals have been received for environment, food and
feed with transgenic maize varieties in Mexico, Australia, Japan, Canada and the
United States.

3.3.2 Alternative Systems

The rising demand both from the authorities and the public for genetically modified
plants containing only foreign sequences needed for the immediate function
encouraged the development of alternative systems, including:

¢ Subsequent elimination of marker genes by co-transformation techniques, trans-
poson usage, specific recombination systems or homologous recombination

e Marker-free transformation without usage of any selection marker

¢ Combinations of different systems, e.g. usage of screenable marker, recombina-
tion systems and/or positive/negative selection in the same system

3.3.2.1 Selectable Marker Gene Elimination

Co-Transformation

Among the techniques developed to eliminate selectable marker genes, co-trans-
formation is the simplest one. The method is based on the strategy to introduce the
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marker gene and the gene of interest into plant genome as unlinked fragments.
In the progeny the selectable marker gene is segregated from the gene of interest.
The introduction of the genes can occur either by using two Agrobacterium strains
(mixed strain method), each with a binary vector (one carrying the selectable
marker gene, the other carrying the gene of interest; Framond et al. 1986; McKnight
et al. 1987), or by using a single Agrobacterium strain with two plasmids (dual
binary vector system or binary vector plus cointegrate vector; Komari et al. 1996;
Sripriya et al. 2008), or by using a single Agrobacterium strain with one binary
plasmid carrying on the plasmid two T-DNAs (two-border vector system;
McCormac et al. 2001; Breitler et al. 2004), one with the selectable marker gene
and the second with the gene of interest. There are some prerequisites to make
co-transformation functional: the efficiency of the co-transformation should be high
and in the progeny the segregation efficiency should be also high. Both require-
ments are dependent on each other and respectively are dependent from the used
co-transformation system. Comparing the systems, the mixed strain method reduces
the co-transformation efficiency but enhances the integration into separate loci
whereas the two border system enhances the co-transformation efficiency and
reduces significantly the segregation efficiency. Overall the predisposition of
plant cells for the simultaneous integration of T-DNAs naturally supports the
multicopy insertions and reduces the probability to identify single copy events.
Additional factors which can affect the systems are the plant varieties which have to
be transformed, the Agrobacterium strains (nopaline or octopine strains), the size of
the Ti-plasmids or the ratio of amount of used Ti-plasmid with the selection marker
to the amount of the Ti-plasmid with the gene of interest (Yoder and Goldsbrough
1994; de Block 1991; Mathews et al. 2001).

To overcome some of the problems, co-transformation systems are combined
with the additional usage of screenable marker genes or negative selection marker.
Combination of the kanamycin resistance gene with the negative selection marker
codA (cytosine deaminase) on one T-DNA enables the automatic elimination of the
unwanted plants after segregation by 5-fluorcytosine treatment (Park et al. 2004).
Another interesting strategy to improve or to speed up co-transformation technolo-
gy is the usage of androgenetic segregation. Plant breeders require homozygous
plants to ensure that the traits are passed on to all progeny. Subsequent to co-
transformation with uncoupled T-DNAs, unripe pollen is isolated from the regen-
erated plants, androgenetic development is induced and the cells of the pollen’s
haploid chromosome set can spontaneously divide, diploidize and finally regenerate
to completely homozygous doubled haploid plants (Goedeke et al. 2007; GMO-
Safety 2007). Co-transformation technology is not restricted to Agrobacterium-
mediated transformation but can also be used for particle bombardment. Integration
of vector backbone sequences or additional unnecessary vector sequences can be
avoided by applying minimal constructs containing only the promoter, coding
region and terminator.

This “clean DNA transformation” using two minimal gene cassettes, one with
the selectable marker gene, one with the gene of interest, was successful in various
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crops (Fu et al. 2000; Breitler et al. 2002; Romano et al. 2003; Vidal et al. 2006;
Zhao et al. 2007).

The advantage of the co-transformation system is based on the simplicity of the
technique, the possibility to use standard vectors and the fact that no additional
genes or elements are needed. But the technology is not suitable for all plant species
because segregation and recombination occurs only during sexual reproduction of
the plants. Therefore, this method is not applicable for cultivated plants propagated
by vegetative methods or for plants with extreme long generation times, like
some trees.

Recombinase-Induced Elimination

Beside the co-transformation technology, the site-specific recombinase-mediated
excision of marker genes is the most used method to get rid of marker genes. The
strategy is based on the use of a two-component system comprising a specific
enzyme and two short DNA sequences. The enzyme, which is a recombinase,
recognizes the specific short DNA target sites and catalyzes the recombination/
elimination of the sequence between the target sites. The most common systems
used for the production of marker-gene-free transgenic plants are the bacteriophage
P1 Cre/loxP system (Sternberg et al. 1981; Dale and Ow 1991), the FLP/FRT
system from Saccharomyces cerevisiae (Cox 1983; Kilby et al. 1995) and the R/RS
system from Zygosaccharomyces rouxii (Zhu et al. 1995; Sugita et al. 2000). All
systems, reviewed by Ow (2002), Hare and Chua (2002) and Ebinuma and
Komamine (2001), require the expression of the enzyme in transgenic plants.
This expression can be achieved by crossing two transgenic plants: one allocates
the recombinase, the other owns the gene of interest and the marker gene to excise.
After segregation the next generation of recombinase- and marker-free plants are
obtained (Hoa et al. 2002; Arumugam et al. 2007; Chakraborti et al. 2008). To
improve and speed up the system new basic approaches were proposed, including
transient expression of the recombinase and the introduction of the recombinase
gene into transformed plants in combination with a negative selection marker,
inducible promoters or germline-specific promoters.

Feasibility was proven for the expression of Cre under the control of chemical
induction (Zuo et al. 2001; Sreekala et al. 2005) under the control of heat-shock
promoters (Hoff et al. 2001; Zang et al. 2003; Cuellar et. al. 2006; Luo et al. 2008)
and for the transient expression of Cre recombinase by PVX-Cre and TMV-Cre
recombinant viruses (Kopertekh et al. 2004). Quite recently published results from
various authors give hope that, with new modified site-specific recombination
vectors, it appears to be possible not only to excise the selectable marker gene
but also to get single copy insertion, backbone-free integration or even marker-
gene-free and homozygous plants together in one step. Verweire (2007) presented
an approach where it is possible to get marker-gene-free plants via genetically
programmed auto-excision without any extra handling and in the same time frame,
as compared to conventional transformation without marker gene elimination. The
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basic idea of the approach is to control the Cre recombinase by a germ-line-specific
promoter. As a consequence of auto-excision of the marker gene in the male and
female gametes, the plants of the next generation are marker-free. The University of
Connecticut (Luo et al. 2007) has also recently developed a new technology, called
“gene deletor”, or also called “GM gene deletor”. The system functions through
combination and interactions of the bacterial phage Cre and the Saccharomyces
cerevisiae FLP recombinases with the flanking recognition sites loxP and FRT as
it was proven already by Srivastava and Ow (2004). The technology could be used
to remove selectable marker genes but also all transgenes from any organs of a
transgenic plant when the functions of transgenes are no longer needed or their
presence may cause concerns. Results obtained by Mlynarova et al. (2006) and Bai
et al. (2008), by using microspore, pollen or seed-specific promoters, also demon-
strated the function of these auto-excision vectors. One advantage of all these auto-
excision systems is that all extraneous DNA and multi-copy insertions (e.g. flanked
by Lox/FRT sites in direct orientation) is eliminated. Therewith complex transgene
loci can be simplified. Similar results were reported by Kondrak et al. (2006), who
removed marker genes by using a binary vector carrying only the right border (RB)
of T-DNA, the Zygosaccharomyces rouxii R/Rs recombination system and a codA-
nptll bi-functional, positive/negative selectable marker gene. In a first step the
whole plasmid was inserted as one long T-DNA into the plant genome and, after
positive and negative selection, it was shown that by recombinase enzyme activity
both the bi-functional marker genes as well as the backbone of the binary vector
have been eliminated.

Even though a lot of work has been invested to obtain marker-free plants by
site-specific recombination, the practical suitability still leaves a lot to be desired,
among others due to the complex and complicated systems, due to the inefficient
inducer transport, due to insufficient promoter specificity or due to insufficient
Cre expression, or expression at the wrong time or at the wrong place. But, in
contrast to many other marker elimination systems, regulatory approval has
already been received for such a system. The maize line LY038 with enhanced
lysine level, from which the selectable marker was excised by using Cre/Lox,
received approval for food and feed in the United States, Canada and Japan
(AGBIOS 2008).

Transposon-Based Elimination

Some 25 years ago, Goldsborough et al. (1993) reported first about marker gene
elimination by transposon usage. The most used system is the maize Ac/Ds trans-
posable element system. The Ac transposase is able to reposition marker genes or
the gene of interest located between Ds elements. When these plants are crossed
with other plants, they produce progeny which, as a result of naturally occurring
segregation processes, carries either only the target gene with minimal Ds
sequences at both ends or the marker gene with the Ac gene. When the selectable
marker gene is flanked with Ds elements, the system can also be used for
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vegetatively propagated plants, because very often there is excision of the elements
without subsequent reintegration (Ebinuma et al. 1993). Furthermore marker-free
transgenic plants containing insect-resistant Cry/b gene between the Ds elements
have been produced (Cotsaftis et al. 2002). Also in sugar beet it has been demon-
strated in a research project that the Ac/Ds transposon system works in principle
(GMO-Safety 2006). However, a few questions still need to be answered before a
practical application of the system is possible. This includes questions concerning
imprecise excisions, deletions/alterations in the DNA sequence because of many
insertion and excision cycles, and low efficiency of the system.

Homologous Recombination

Various methods have been tested to increase the efficiency of gene targeting by
homologous DNA recombination in plants. One possibility is to insert DNA at
specific points with the help of targeted double-strand breaks in the plant itself. The
double-strand breaks are generated by a rare cutting restriction enzyme, I-Scel,
which can enhance homologous integration frequency at the target site (Puchta
et al. 2002). By using cutting sites of the I-Scel enzyme in the transgene construct
before and after the marker gene, it is possible to induce double-strand breaks on
each side of the marker gene following expression of /-Scel in the plant. Thereby
the marker gene can then be removed. Another approach for the future can be the
use of zinc-finger nucleases to target specific DNA sequences for gene modification
(Lloyd et al. 2005; Wright et al. 2005). These methods can be powerful tools to
modify plants genetically, but today their efficiency in plants is still not high
enough for routine applications.

3.3.3 Screenable Marker Genes

Screenable markers encode a protein which is detectable because it produces a
visible pigment or because it fluoresces or modifies the phenotype elsewhere under
appropriate conditions. Screenable markers include galactosidase (lacZ; Herrera-
Estrella et al. 1983), f-glucuronidase (GusA; Jefferson 1987), luciferase (luc; Ow
et al. 1986), green fluorescent protein (gfp; Haseloff and Amos 1995), red fluores-
cent protein (rfp; Campbell et al. 2002) and isopentenyl transferase (ipt; Ebinuma
et al. 1997). Screenable marker genes can be used as independent genes or as fusion
constructs. They cannot be used for positive selection but they can help to improve
transformation efficiency, they can be used as visual marker of transformation and
they allow the enrichment of transformed tissue and therefore speed up the whole
transformation process. Screenable markers are usable within the T-DNA, outside
T-DNA on the backbone or as part of the co-transformation vector. In the mean-
while the integration of screenable marker genes outside the T-DNA borders is an
often used strategy to identify vector backbone sequences in order to limit the
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production of events with superfluous DNA. In a similar manner the usage of ipt can
serve as a visual screenable marker of backbone integration within the plant
genome (Bukovinszki et al. 2006).

3.3.4 Negative Selection Marker

Comparable with screenable marker genes, so-called negative selection markers are
used to optimize transformation efficiency. Thereby negative selection systems kill
the transformed cells. This allows new strategies to limit the production of vector-
backbone-containing plants by flanking the T-DNA with negative selection marker
genes. The most used negative selection marker gene is the codA gene from E. coli
encoding cytosine deaminase. The usefulness of codA as a conditional toxic
gene was explored in different Agrobacterium-mediated transformation protocols
(Koprek et al. 1995; Schlaman 1997). Plant cells which are transgenic for codA
show sensitivity to 5-fluorocytosine (5-FC) at different developmental stages. The
negative selection marker confers a lethal phenotype on the transformant and is
therefore often part of co-transformation systems. Co-transformation with codA is a
viable method for the production of easily distinguished, selectable marker gene-
free transgenic plants (Park et al. 2004). As described by Verweire et al. (2007) the
cytosine deaminase gene can be used as a counter-selectable marker. In this system
CodA is a component of a germline-specific auto-excision vector, in which codA is
present in tandem with the recombinase and the positive selection marker between
lox sites. After auto-excision of the whole Lox-cassette, marker-free regenerates can
be identified by growing on medium containing 5-fluorocytosine.

Often mentioned in literature concerning marker genes are the tms2 and the daol
gene as negative selection marker genes (Upadhyaya et al. 2000; Erikson et al.
2004). The marker gene, daol, encoding D-amino acid oxidase (DAAO) can be
used for either positive or negative selection, depending on the substrate. D-Alanine
and D-serine are toxic to plants, but are metabolized by DAAO into non-toxic
products, whereas D-isoleucine and D-valine have low toxicity but are metabolized
by DAAO into the toxic products respectively. Hence, both positive and negative
selection is possible with the same marker gene.

3.3.5 Marker-Free Transformation Without Usage
of Any Marker Gene

De Vetten et al. (2003) reported first about transformation of potatoes without the
usage of any selectable marker. Transgenic plants were analyzed and identified
exclusively by PCR. In another study marker-free tobacco transformants with
efficiency up to 15% of the regenerants were produced by agroinfiltration
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(Jia et al. 2007). Genetic transformation of apples was also achieved without using
selectable marker genes (Malnoy et al. 2007).

In summary there is proof that marker-free plants can be produced by a single-
step transformation without marker genes. Whether the methods are applicable to
other crops has yet to be shown.

3.4 Conclusions and Perspective

There have been many excellent reviews concerning selectable marker genes and
marker gene elimination including biosafety aspects in recent years (Miki and Hugh
2004; Darbani et al. 2007; Ramessar et al. 2007; Sundar et al. 2008). This report is
only an extract of the most important usable techniques, the marker systems which
are available, but as a result it manifests how difficult it is for the user to decide
which system will be the right one. The criteria for choosing the marker gene
system including the marker gene elimination systems have changed within recent
years. There are new requirements from the users, from the authorities and from the
consumers concerning technical, regulatory and biosafety aspects. To combine all
this aspects within one marker system is one of most difficult problems. A variety of
selection systems seem to be essential for different plant species because no single
marker gene works well in all situations. Many marker genes exist and many new
marker genes have been tested in recent years, but only a few of them are widely
used and still fewer have received approval from the authorities for food and feed.
To this day that is the case mainly for the genes nptll, pat, Cp4epsps and gus. In an
overall picture there is a wide range of marker genes in theory but in reality only
some of them are used and are accepted.

Regulatory requirements for selectable marker genes in the European Union
was one of the main reasons to think about the removal of marker genes from the
plants once the genes have done their job. Several strategies have been developed,
including co-transformation systems, site-specific recombination systems and
transposon-based elimination systems, often in combination with screenable mark-
er or negative selection marker systems. Co-transformation is technically simple
but needs high transformation efficiency and the technique is usually not suitable
for use in vegetatively propagated crops. Many site-specific excision systems have
been proved and show promising developments for the future. But very often
the problem arises that complicated systems for the marker gene elimination are
needed in order to achieve the goal to simplify the GMO. Whether all these new
systems can be applied without safety concern in the future is to be investigated
further. The development of additional new marker technologies, including marker
gene elimination technologies, will continue to be important in the production of
transgenic plants.

In the end, everyone has to keep an eye on the insight that the replacement of old
technologies (e.g. the use of antibiotic-resistant marker genes, herbicide-resistant
marker genes) by new systems only makes sense if these new technologies can at
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least ensure the same degree of scientific knowledge and safety like the old
technologies.
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Chapter 4
Precise Breeding Through All-Native DNA
Transformation

Caius M. Rommens

4.1 Introduction

There is a continued need for agriculture to reinvent itself, striving towards enhanced
productivity, cost-efficiency, and crop quality. Farmers employ increasingly com-
plex crop management systems and eagerly adopt new varieties that promise higher
yields. Such varieties need to display a combination of exceptional traits that protect
against a multitude of stresses, ensure crop uniformity and storability, and are
demanded by consumers. Plant breeders attempt to combine these traits by using
methods that rely on random genome modifications such as double-bridge crosses,
somatic hybridization, chemical mutagenesis, and y-radiation. However, such methods
are often too imprecise to remove unwanted plant characteristics while they can also
substantially compromise the integrity of genomes (Rommens 2008). They can also
result in obscure alterations linked to reduced food quality. For instance, transfer of
“high starch” and “crisp chip” traits from Solanum chacoense to cultivated potato (S.
tuberosum) increased glycoalkaloid levels in the resulting variety “Lenape”
to almost twice the maximum allowed concentration (354 pg kg™'; Zitnack and
Johnson 1970).

One new extension of the plant breeding process specifically alters the expres-
sion of one or several of the plant’s own genes without affecting the overall
structure of the plant’s genome. This new “intragenic” approach to genetic engi-
neering employs marker-free systems to introduce all-native transfer DNAs into
plants (Nielsen 2003; Rommens et al. 2004, 2007). For instance, it increases the
expression of a key gene in a biosynthetic pathway by linking this gene to the strong
promoter of a different native gene. Alternatively, a silencing construct is used to
down-regulate the expression of a gene that is linked to an undesirable trait.
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In this review, we provide an update on efforts to develop and implement
methods for the intragenic modification of important solanaceous and cruciferous
crops as well as alfalfa (Medicago sativa), perennial ryegrass (Lolium perenne),
and apple (Malus domestica). Most of the genetic elements and marker-free
transformation methods employed are available to the scientific community for
research purposes.

4.2 Examples of the Intragenic Modification in Potato

Despite the importance of potato as the most frequently consumed vegetable, issues
such as inbreeding depression, a high degree of heterozygosity, and poor fertility
have hampered efforts to improve the yield and quality of this crop. Each year,
millions of potato plants are evaluated in the United States for the basic input and
storage traits required by the industry. The few clones selected through this rigorous
process are subsequently processed and assayed for sensory traits associated with
taste, texture, and color. There are currently only about ten potato varieties that
display most of the traits required by the French fry, potato chip, and retail indus-
tries. Together, they occupy ~70% of the total potato acreage in the United States.
Interestingly, the predominantly grown variety is also the oldest: this century-old
“Russet Burbank” displays unsurpassable storage and processing characteristics,
but it suffers from multiple bacterial, viral, and fungal diseases, while also display-
ing high levels of sensitivity against environmental stresses including salt, drought,
and frost. Farmers generally prefer to grow higher-yielding and more stress-tolerant
and uniform varieties. However, each variety has its own issues, most of which
translate directly into specific risks for growers, processors, and retailers.

Given the urgent need for potato improvement, it may not be surprising that
intragenic methods were first applied to the farmers’ favorite variety “Ranger
Russet”. This variety combines superior yield with disease resistance, adaptability,
tuber uniformity, and high levels of starch. However, Ranger Russet is particularly
sensitive to tuber discolorations linked to impact-induced bruise, and it also accu-
mulates high levels of glucose and fructose during cold storage. These reducing
sugars react with amino acids during high-temperature processing of potato to
produce Maillard reaction products that darken the color of French fries from
golden-yellow to brown. The main weaknesses of Ranger Russet were turned into
strengths by transforming it with a specific potato-derived transfer DNA (Rommens
et al., 2006). This plant-derived transfer (P-)DNA carried a silencing construct
designed to simultaneously silence the tuber-expressed polyphenol oxidase (Ppo),
phosphorylase-L (PhL), and starch-associated R/ genes (Rommens et al. 2006).
Tubers of the resulting intragenic plants were down-regulated in Ppo gene expres-
sion and, consequently, displayed resistance to black spot bruise. Additionally,
the silencing of genes involved in starch phosphorylation and degradation lowered
the formation of reducing sugars during cold storage. This reduced cold-sweetening
not only extended tuber storability but also limited French fry discoloration.



4 Precise Breeding Through All-Native DNA Transformation 63

Interestingly, the slight modification of potato tuber starch was found to enhance
crispness and French fry taste as well (Rommens et al. 2006).

The second intragenic modification of potato addressed one of the most impor-
tant issues of the processing industry. This issue relates to the accumulation of large
amounts of asparagine in tubers. Upon heat processing, the amide amino acid reacts
with glucose and other reducing sugars to produce neurotoxic acrylamide (Fig. 4.1).
Dietary intake levels of acrylamide have been rising in the Western world since the
early 1900s, in part because of the increased consumption of French fries and potato
chips, and are currently estimated at 40 pg person' day™'. Indeed, acrylamide has
become a signature ingredient of the modern Western diet and may represent a
minor factor in the emergence of certain “modern” diseases.

A preferred route to lowering the accumulation of acrylamide would shift
to crops that are naturally poor in acrylamide precursors. However, there are
currently no varieties available that also display all the additional input, processing,
and quality traits demanded by the processing industry. Therefore, methods were
developed to reduce the acrylamide potential of existing varieties through intra-
genic modification (Rommens et al. 2008a). These methods were based on the
finding that simultaneous tuber-specific silencing of the asparagine synthetase-1
and -2 genes lowered asparagine levels by up to tenfold. The dramatic decrease of
tuber asparagine levels was associated with slightly elevated levels of glutamine but
did not affect the production of other amino acids, and also did not alter total protein
yield. Both French fries and potato chips from the intragenic potatoes accumulated
much less acrylamide than was present in controls. This modification did not alter
the color, texture, and taste of the final product. Furthermore, preliminary green-
house data indicated that the intragenic lines displayed the same agronomic features
as their untransformed counterparts. If confirmed by follow-up studies, all-native
fry and chip products with very low levels of acrylamide may be offered as a new
market choice within the next five years. Given the important role of processed
potato products in the modern Western diet, a replacement of current varieties with
intragenic potatoes would reduce the average daily intake of acrylamide by almost
one-third (Rommens et al. 2008a).

A third application of intragenic potato modification is directed towards enhancing
the crop’s antioxidant potential. Until recently, this quality trait was not considered
in potato breeding programs. New initiatives to produce colored high-antioxidant
potatoes still need to overcome many issues associated with the genetic complexity
that underlies antioxidant product formation. For instance, several powerful flavo-
nols such as kaempferol and quercetin are mainly produced in the anthers, where
they support the production of viable pollen (Guyon et al. 2000). It is difficult to
divert the underlying biosynthetic pathway to tubers by simply relying on random
recombination processes. However, recent experiments have shown that this path-
way can be activated in tubers through overexpression of the transcription factor
gene StMtfI™ (Rommens et al. 2008b). The subsequent down-regulation of flavo-
noid-3’,5’-hydroxylase gene expression limited the formation of anthocyanins
and, instead, resulted in a 100-fold increased accumulation of kaempferol, to
0.27 mg g dry weight (DW; Fig. 4.2). This genetic modification did not alter
tuber yields and also had no effect on the sensory characteristics of processed food.
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Fig. 4.1 Toxicity of heat-induced acrylamide formation in starchy foods (a) Nitrogen is acquired
from the environment via nitrate reduction or ammonia uptake, and assimilated through the action
of enzymes such as glutamine synthetase (GS), ferredoxin-dependent glutamate synthase
(GOGAT), aspartate aminotransferase (ASPAT), asparagine synthetase (AS), asparaginase
(ASPASE), and glutamate dehydrogenase (GDH). GLN Glutamine, «KG o-ketoglutarate, OXA
oxaloacetate, ASP aspartate. (b) Asparagine plays a role in the long-distance transport of nitrogen,
and in the storage of this compound in sink organs such as tubers and seeds. (c¢) At temperatures
exceeding 120°C, the o-NH, group of asparagine reacts with the carbonyl group of reducing
sugars to produce a Schiff base which, especially under high moisture conditions, forms the
Amadori compound N-(D-glucos-1-yl)-L-asparagine. This unstable compound then forms acryl-
amide through decarboxylative deamination. (d) Upon intake of processed starchy foods, acryl-
amide is readily absorbed and distributed among tissues. Some acrylamide is detoxified (detox.)
whereas another part is converted to glycidamide. Both acrylamide and glycidamide bind DNA
and proteins to form adducts. This adduct formation is linked to various diseases

Fig. 4.2 Potato phenotypes. An untransformed Bintje potato tuber (left) is compared with two
tubers from plants expressing StM1fI™ (middle pair) and a tuber that expresses StMtfI™ but is
silenced for the F3'5’h gene (right). This last tuber contains kaempferol levels that are 12-fold
higher than those of the primary transformant and almost 100-fold higher than the untransformed
control
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Given the large amounts of potatoes that are consumed on a daily basis, estimated
at 171 g person', replacement of currently available commodity potatoes by
varieties overexpressing StMtf1™ would, on average, double the average daily
intake of kaempferol (Rommens et al. 2008b).

Another important target for intragenic modification relates to the lingering
presence of plant-produced toxins or allergens in crops including potato. It is
estimated that 0.2% of Americans are allergic to potatoes. Furthermore, consump-
tion of potato products can occasionally result in the intake of glycoalkaloids at
levels that are acutely toxic. Regulatory agencies oppose the intentional employ-
ment of genes that are known to produce allergens, toxins, or anti-nutritional
compounds (Kaeppler 2000) but can do little to prevent the unchecked transfer of
such genes through conventional breeding (Bradford et al. 2005). Many plant-
derived toxins are effective against plant pathogens and insects, and breeders may
have unknowingly selected for the presence of such genes by seeking to enhance
disease tolerance levels. However, given the advances in integrated strategies to
control diseases and pests, it may be possible now to start lowering toxin levels in
the edible parts of food crops. Although some allergen-encoding Patatin genes
could be inactivated through mutagenesis, it would be difficult to eliminate all these
functional genes from potato. In contrast, a carefully designed silencing approach
was recently shown to substantially reduce the formation of all Patatin storage
proteins in potato tubers (Kim et al. 2008).

The above examples demonstrate the significance of intragenic crop modifica-
tion for quality improvements. However, it is also important to support breeders
in their efforts to enhance potato’s tolerance to various biotic and abiotic stresses.
One of the most important diseases that threatens the potato industry is late blight.
Breeding programs have not been able to markedly increase the level of resistance
of current potato varieties, and chemical control is under pressure as late blight
becomes increasingly aggressive and there is societal resistance against the use
of environmentally unfriendly fungicides. Consequently, groups of scientists at
Wageningen University, the United States Department of Agriculture, Simplot,
and elsewhere have embraced intragenic approaches to transfer multiple resistance
(R-)genes from wild potatoes to important varieties with proven adaptation, such as
Desiree and Atlantic. Two R-genes of particular interest are the Rpi-blbl and
Rpi-blb2 genes from Solanum bulbocastanum (van der Vossen et al. 2003, 2005;
see also Chap. 20). Unlike other known R-genes, this gene combination appears to
provide durable resistance to potato.

4.3 Requirements for the All-Native DNA Transformation
of Potato

An important aspect of the new approach to genetic modification is that it omits the
use of bacterial selectable marker genes (see also Chap. 3). Initially developed
procedures simply exclude a selection step, yielding potato transformation
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frequencies below 0.1%. These frequencies were increased to 2% by applying
supervirulent Agrobacterium strains such as AGLO (de Vetten et al. 2003). An
alternative method was developed by employing two different transfer DNAs, one
carrying a positive and negative selectable marker gene and the other one compris-
ing the DNA of interest. A transient positive selection step for marker gene expres-
sion followed by a negative selection step against marker gene integration yielded
plants containing only the desired DNA with frequencies of about 15% (Rommens
et al. 2004; Kondrak et al. 2006). The newest and most preferred method for marker-
free transformation includes a quality-control mechanism that also selects for
backbone-free DNA transfer (Richael et al. 2008). This method employs vectors
containing the bacterial isopentenyltransferase (ipf) gene as backbone integration
marker. Agrobacterium strains carrying the resulting ipr gene-containing vectors
were used to infect explants of various solanaceous plant species. Upon transfer to
hormone-free media, 1.8-6.0% of the infected explants produced shoots that
contained a marker-free P-DNA while lacking the backbone integration marker.
Because of the very high frequency of left border skipping in potato, these frequen-
cies equal those for backbone-free conventional transformation.

The absence of antibiotic or herbicide tolerance genes facilitates the regulatory
approval process and may also alleviate some consumer concerns about the perma-
nent introduction of foreign DNA into the food supply. Another advantage of the
use of cytokinin vectors is that the temporary formation of the natural cytokinin
isopentenyl adenosine in Agrobacterium-infected explants is highly effective in
inducing regeneration. In fact, regeneration frequencies are tenfold higher for
explants on hormone-free media that were infected with an Agrobacterium strain
carrying a cytokinin vector than for conventionally infected explants on hormone-
containing media. Interestingly, the new method is immediately applicable to other
dicotyledonous plant species and may represent a new step towards the develop-
ment of genotype-independent transformation methods (Richael et al. 2008). The
utility of ipt-based transformation has already been demonstrated for nightshades
and canola and may likely be extended to other crops, such as rice (Oryza sativa),
sunflower (Helianthus annuus), and pineapple (Citrus sinensis), that are known to
respond to ipt gene overexpressing by producing adventitious shoots (Endo et al.
2002; Molinier et al. 2002; Ballester et al. 2007). In future studies we will further
extend the applicability of the cytokinin vector method, not only by using hormone-
free media but also by testing the utility of media containing small amounts of
auxins. This modification may be required for some genotypes that need exoge-
nously applied auxins for the regeneration of proliferated cells.

The second characteristic of the intragenic approach is, as mentioned above,
that the employed transfer-DNAs are derived from within the target crop itself.
The potato sequence used to support DNA transfer was isolated from pooled DNA
of wild potato species that are sexually compatible with potato (Rommens et al.
2004). Its original size of 1.6 kb was reduced, through deletion of an internal
fragment, to obtain a 0.4-kb P-DNA with several unique restriction sites. The
25-base pair (bp) StO1 border-like elements that delineate this P-DNA were more
effective than conventional T-DNA borders in mediating plant transformation
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(GenBank accession AY566555; Rommens et al. 2004). Efficient initiation of
DNA transfer could also be accomplished by linking a second border-like element
from potato, St02, to a GC-rich region derived from DQ235183 (the inverse-
complement of nucleotides 256-329; Rommens et al. 2005). Vector pSIM781,
which carries this right border region, promotes similar frequencies of tobacco
transformation as either a T-DNA vector or a vector containing the original P-DNA
from potato. The same border-like element facilitates the termination of DNA
transfer as well if linked to the 79-bp AT-rich DNA region from AF216836
(nucleotides 3231-3310) in pSIM1141.

One of the most frequently used elements for tuber-specific gene expression is
the promoter of the granule-bound starch synthase gene (Visser et al. 1991). This
promoter has been used extensively in transgenic research, because it delivers
high levels of gene expression. Other well-known tuber-specific promoters
include the patatin promoter (Jefferson et al. 1990) and the promoter of the
ADP glucose pyrophosphorylase (Agp) gene (Du Jardin et al. 1997). For most
yield-associated traits, it may be important to express the associated target genes
not just in the tuber but throughout the potato plant. Examples of such traits
include salt, drought, and frost tolerance. The most effective near-constitutive
promoters that can be used for these purposes are the ubiquitin-3 (Ubi3) and
ubiquitin-7 (Ubi7) promoters (Garbarino and Belknap 1994; Garbarino et al.
1995). The standard terminator used for the construction of gene expression
cassettes was isolated from the Ubi3 gene (Garbarino and Belknap 1994). This
terminator is as effective as the frequently used bacterial terminator of the nopa-
line synthase (nos) gene.

4.4 Intragenic Tomato (S. esculentum): Concentrating
the Quality Potential of Tomato into its Fruit

Tomato is one of the most important horticultultural crops and represents an
important source of vitamins, minerals, and antioxidants. Intragenic methods for
tomato were first applied to redesign Calgene’s “FlavrSavr”. The transgenic crop
contained an extended Agrobacterium T-DNA region with an extra copy of the
polygalacturonidase (Pg) gene inserted in the antisense orientation between the 35S
promoter of cauliflower mosaic virus and the terminator of the Agrobacterium
tml gene. It also carried a bacterial expression cassette for the neomycin phospho-
transferase (nptll) gene. Despite its extended shelf life, opposition from non-
governmental organizations resulted in an eventual withdrawal of FlavrSavr
tomatoes from the market.

The intragenic version of the extended-shelf life concept was developed by first
creating a silencing construct comprising Pg gene fragments inserted as an inverted
repeat between convergently oriented promoters. The marker-free transfer DNA
used to introduce this construct into tomato contained two copies of the 25-bp
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border-like Le02 element (Rommens et al. 2005), positioned as a direct repeat. This
element is more effective as right border than either LeO1 or Le03 in supporting
tobacco transformation when linked to a 164-bp fragment from tomato AY850394
(nucleotides 42723-42886). The complementing left border region was created by
fusing the second copy of Le02 to a 189-bp AT-rich region similar to AP009548
(reverse sequence of 10345-10532). A binary vector carrying both the left and right
tomato-derived border regions, designated pSIM894, was used for marker-free
transformation to incorporate the new quality trait.

Future applications may support efforts to unleash the full quality potential of
tomato. For instance, tomato plants evolved to produce high levels of antioxidant
flavonols in anthers and pollen only. Replacement of the promoter of the chalcone
isomerase (Chi) gene by a fruit-specific promoter extended flavonol production to
the edible parts of tomato (Muir et al. 2001). There is a variety of promoters that
can be used to direct gene expression to fruit tissues. These promoters include the
ethylene-responsive fruit-ripening E8 gene (Deikman et al. 1992) and the fruit-
specific 2A11 gene (Van Haaren and Houck 1993). The most frequently used
promoter for near-constitutive expression was isolated from the tomato ubiquitin-3
(tUbi3) gene (Hoffman et al. 1991).

4.5 Exploring the Diversity of Solanaceous Crops

Potato and tomato belong to the family of nightshades, which represent economi-
cally important plants for food, drugs, alkaloids, and ornamentals, while some
species are also used in academic research. The immense genetic diversity in
quality traits that evolved within this group of plant species offers tremendous
potential for intragenic modification. A 1.1-kb P-DNA for petunia (Petunia
hybrida) was recently assembled by linking fragments from three different DNA
fragments together (Conner et al. 2007). Effective transfer of this P-DNA from
Agrobacterium to petunia was confirmed by PCR-based plant genotyping.

Pepper (Capsicum annuum) is another potential target for intragenic modifica-
tion. Despite the availability of border-like elements, however, a full pepper-
derived P-DNA has not yet been constructed. There are also not yet any reliable
promoters for either constitutive or fruit-specific gene expression available for
either pepper or any of the molecularly less well characterized solanaceous crops
such as eggplant (Solanum melongena) and tamarillo (Cyphomandra betacea), and
further research is required to develop the minimum toolboxes for the intragenic
modification of these crops. Based on the homology among nightshades, it may not
be difficult to isolate the homologs of promoters that have proven efficacious in
potato and tomato. Preliminary data indicate that the cytokinin P-DNA vectors can
also be used for marker-free transformation of the recalcitrant plant species pepper
when small amounts of auxins are added to the tissue culture media (M, Kalyaeva,
personal communication).
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4.6 Intragenic Modification of Alfalfa: Optimization
of a Forage Feed

Alfalfa is the most productive and widely adapted forage species for dairy cows; it
provides fiber that effectively stimulates chewing while also functioning as impor-
tant source of energy and protein for milk production. Moreover, this perennial crop
plays an important role in field rotations, contributing up to 100 kg ha™' year™ of
soil nitrogen. Its close relative fodder crop barrel medic (Medicago truncatula) has
emerged as a model legume due to its short generation time, diploid nature and
small genome, representing a valuable system for studies on nitrogen fixation and
forage quality traits. Despite intensive efforts to develop improved alfalfa varieties
through traditional plant breeding, the nutritional value of this forage crop is still
limited by the large quantities of lignin that complex with proteins and restricts their
usability (Reddy et al. 2005).

To address alfalfa’s quality issues, we developed a new marker-free transforma-
tion method for an alfalfa-derived transfer DNA (Weeks et al. 2007). This P-DNA
is more efficient than the T-DNA of Agrobacterium in promoting transfer.
Agrobacterium plasmids carrying this transfer-DNA can be used to transform
alfalfa by first cutting 2-day-old seedlings at the apical node. These seedlings are
cold-treated and then vigorously vortexed in an Agrobacterium suspension also
containing sand as an abrasive. About 7% of the infected “decapitated” seedlings
produce intragenic shoots that transfer their P-DNA to the next generation. Efficacy
of the seedling method resembled that of the Arabidopsis in vivo flower bud
transformation method (Bent 2006). This “floral dip” procedure is based on dipping
immature floral buds into a suspension containing Agrobacterium, 5% sucrose, and
0.05% surfactant L77 (see also Chap. 1). It has only been applied successfully to
Arabidopsis and a few related Brassicaceae (Liu et al. 1998). The Arabidopsis
transformation method is physiologically different from the new method for alfalfa
because the former method targets the interior of the developing gynoecium
(Desfeux et al. 2000) whereas the latter procedure is directed towards apical
meristematic cells. Given the phenotypic similarities among seedlings of different
species, the vortex-mediated Agrobacterium transformation method should be
broadly applicable to other plant systems as well. Preliminary experiments
applying this approach to other species have achieved relatively low transforma-
tion frequencies to date for canola and sugarbeet (Beta vulgaris; T. Weeks,
personal communication).

The vortex-mediated seedling transformation method was applied to transform
alfalfa with an all-native P-DNA comprising a silencing construct for the caffeic
acid o-methyltransferase (Comt) gene (Weeks et al. 2007). The intragenic plants
obtained from this experiment were down-regulated in expression for the Comt
gene and, consequently, accumulated reduced levels of the indigestible fiber
component S-lignin that lowered forage quality.

Another important issue in alfalfa breeding relates to the fact that yield improve-
ment has remained stagnant for the past 20 years. Any genes involved in yield
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enhancement could be linked to the strong and near-constitutive histone H3
promoter (Kelemen et al. 2002). The alternative 1.0-kb promoter of the alfalfa
plastocyanin gene mediates high levels of foliage-specific expression that equal
those obtained with the 35S promoter of figwort mosaic virus (Weeks et al. 2007)
and could be used to overexpress genes involved in biomass production. Further-
more, the alfalfa PRP2 promoter directs gene expression to roots and has been used
effectively to increase root biomass and enhance salt tolerance through overexpres-
sion of the alfalfa Alfinl gene (Winicov 2000). The 0.4-kb 3’ sequences of the
alfalfa small subunit ribulose-1,5-biphosphate carboxylase (rbcS) gene represents a
reliable terminator that is more effective than the standard terminator of the
Agrobacterium nopaline synthase (nos) gene (Weeks et al. 2007).

4.7 Exploiting Native Genetic Elements for Canola Oilseed
Improvements

Rapeseed (Brassica napus) is the second largest oilseed crop after soybean (FAO
2007). The value of the vegetable oil from this crop is based on relatively high
levels of oleic acid (~61% of total fatty acid content), which is stable during heat
processing but does not represent a saturated oil. Some of the most interesting
rapeseed cultivars contain less than 2% erucic acid and are trademarked by the
Canadian Canola Association as “canola” (Sovero 1993). There are numerous
avenues in additional improvements of canola oil characteristics, depending on
specific application of the final product. For example, further increasing oleic acid
levels and simultaneously reducing amounts of polyunsaturated fatty acids leads to
the development of cooking oil with a higher oxidative stability without the need
for a partial hydrogenation, which leads to the formation of unhealthy trans fatty
acids that, although enhancing the heat stability of oil, are undesirable for human
consumption. Additionally, in order to remain competitive with soybean, canola
also needs other agronomic and quality improvements, such as increasing the seed
size, pod-shatter resistance, and oil quality, as well as seed yield enhancements.
Although conventional breeding was somewhat successful in developing improved
canola cultivars with better oil quality characteristics, it still remains limited to the
identification and use of appropriate germplasm to enhance even further the quality
of oil. This constraint on traditional plant breeding became obvious in limiting the
progress in development of canola varieties with very low levels of saturated fatty
acids due to the lack of genetic diversity for this trait within Brassica species
(Scarth and Tang 2006).

Various genetic elements for high levels of either constitutive or seed-specific
gene expression have been isolated predominantly from rapeseed B. napus and
characterized in transgenic canola. This list includes constitutive promoter such as
the fad2D gene promoter (Shorrosh 2003) as well as several seed-specific promo-
ters isolated primarily from the genes encoding seed storage proteins, such as the
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oleosin gene promoter (Keddie et al. 1994), the cruciferin (Crul) gene promoter
(Sjodahl 1995), or the NapA promoter isolated from the napin gene (Kohno-Murase
et al. 1994). Furthermore, a native canola terminator (cruT) was used to terminate
gene transcription in transgenic canola (Shorrosh 2000). More recently, two new
transcription terminators (E9T, cabT) were isolated from the canola small subunit
rubisco and chlorophyll a/b binding protein genes. Both these terminators were
found to be at least as effective in terminating transcription as the nos terminator in
transgenic plants. A Brassica P-DNA was developed by isolating a fragment that
contained a 25-bp border-like element, designated here as BoO1, as well as flanking
sequences known to support efficient DNA transfer. This fragment represents base
pairs 112744-112889 of GenBank accession AC183493. Upon substitutions of
three base pairs of BoO1, the fragment was used to replace the entire right border
region of a binary vector. The resulting vector was shown to initiate DNA transfer
as efficiently as the original T-DNA vector in both tobacco (Nicotiana tabacum)
and canola. Isolation of a second DNA fragment (nucleotides 112865-113068 of
AC183493) yielded a left border region delineated by Bo02. The efficacy of this
region in terminating the DNA transfer process was optimized through four nucle-
otide substitutions in the border-like sequence. In tobacco, the Brassica left border-
derived region mediated similar frequencies of backbone-free DNA transfer as
conventional T-DNA vector. Transformation vector pSIM1346 carries both the
left and right border regions from Brassica and was found to support effective
transfer of the neomycin phosphotransferase (nptll) selectable marker gene
from Agrobacterium to tobacco and canola cells in proof-of-concept experiments.
Current efforts employ pSIM1346 derivatives carrying constructs designed to
silence fatty acid desaturase genes to increase oleic acid levels to greater than
85% (O. Bougri, unpublished data).

Arabidopsis thaliana, a weed-like member of the family Cruciferae, offers
multiple advantages for basic and applied plant research. Its short life cycle and
fully sequenced small genome, combined with an extensive knowledge on its
molecular biology, make Arabidopsis an ideal model for related plant species
belonging to the genus Brassica. An Arabidopsis P-DNA was constructed by
adding a chimeric right border to a fragment from chromosome 3 that already
contained an intact left border-like sequence (Conner et al. 2007). Transforma-
tion of Arabidopsis with a P-DNA carrying an acetohydroxyacid synthase gene
expression cassette yielded chlorsulfuron-resistant transformed plants (Conner
et al. 2007).

4.8 Drought-Tolerant Perennial Ryegrass

Perennial ryegrass is one of the most important temperate pasture grasses and forms
the biological foundation of the important meat, dairy, and wool export-based
sectors of New Zealand. For this reason, a large genomics program based on the
use of native genes and regulatory elements for the enhancement of ryegrass and
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white clover is funded by the New Zealand government and the pasture-based
primary industries. The targets are: (i) drought tolerance and extended geographical
range and long-term viability of pasture farming under climate change, (ii) elevated
dry matter yields under temperate and typical farming through increased produc-
tivity and persistence, and (iii) improved quality of forages provided to sheep and
cattle. Ryegrass is an obligate outcrosser and so the challenge is to fix the greatest
improvements. While good progress has been made via conventional breeding,
molecular marker technologies are beginning to be applied to enhance genetic gains
(Gill et al. 2006).

Intragenic approaches will be mandatory to achieve certain targets. For instance,
plants are transformed with a P-DNA carrying an expression cassette for the
ryegrass Avpl-like gene to enhance the plant’s tolerance against drought (Bajaj
et al. 2006; www.isb.vt.edu/articles/aug0601.htm). The native promoters used to
ensure high constitutive gene expression levels were isolated by employing a novel
GeneThresher gene sequencing approach combined with SAGE transcriptome
analysis (Sathish et al. 2007).

4.9 Bruise-Tolerant Apple

Various research groups developed tool boxes for the intragenic improvement of
apple (see Chap. 17). This important fruit tree is currently being transformed with a
P-DNA carrying a silencing construct for polyphenol oxidase (Ppo) genes to limit
the formation of dark quinone complexes and, consequently, develop bruise toler-
ance (www.okspecialtyfruits.com). The right border region of this P-DNA was
obtained by linking a synthetic 22-bp sequence, which represents the part of the
border that is not transferred, to an apple DNA fragment from CV630416 (inverse
complement of nucleotides 339—405). A second DNA fragment derived from apple
CQO754245 (nucleotides 272—-334) was fused to the trinucleotide sequence CCG to
create a left border region. This region was optimized by substituting the 24th base
pair of the border (from C to T). Resulting plants promise to produce non-browning
apples, which translates into less shrinkage and enhanced display appeal.

4.10 Native Markers for Intragenic Transformation

Various studies have shown that some plant genes themselves can be used as
transformation markers. For instance, the acetohydroxyacid synthase gene from
Arabidopsis has been used to develop intragenic Arabidopsis plants displaying
chlorsulfuron tolerance (Conner et al. 2007). Another interesting native marker
system is based on protoporphyrinogen oxidase genes. When the plastidic proto-
porphyrinogen I oxidase gene from Arabidopsis was overexpressed under the
control of the cauliflower mosaic virus 35S promoter in tobacco, the overproduction
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of protoporphyrinogen oxidase rendered plants resistant to the action of herbicide
acifluorfen (Lermontova and Grimm 2000). Maize (Zea mays) transformants
expressing a modified protoporphyrinogen oxidase were produced via butafenacil
selection using a flexible light regime to increase selection pressure (Li et al. 2003).
Successful tobacco chloroplast transformation with a spinach betaine aldehyde
dehygenase gene (Daniell et al. 2001) suggests that native genes involved in the
conversion of betaine aldehyde can also be used as markers for plant transforma-
tion. Several additional native markers function effectively but trigger cytokinin
responses, which confer an undesirable phenotype to the transformed plant (Sun
et al. 2003).

It should be mentioned, though, that the presence of native marker genes in an
intragenic crop may complicate the regulatory approval process. Governmental
agencies only allow deregulation when the marker gene employed does not pose
any biosafety issues. One way to avoid this issue is by placing the genes-of-interest
and marker gene on separate binary vectors that are compatible in the same
Agrobacterium strain. If the associated transfer-DNAs integrate at unlinked sites
in co-transformed plants, they can be physically segregated in their progenies
(Miller et al. 2002). Unfortunately, marker-removal methods are labor intensive
and often too inefficient to allow their widespread use in commercial product
development programs, especially in asexually reproducing or vegetatively propa-
gated crops and in cases where large numbers of primary transformation events are
required.

4.11 Intragenic Crops Are at Least as Safe as Those
Developed Through Traditional Methods

Intragenic modifications improve the agronomic performance or nutritional char-
acteristics of crops but do not introduce traits that are new to the sexual com-
patibility group. The modified plants lack selectable marker genes, powerful
insecticidal genes, or any other foreign genes that are new to agriculture or the
food stream. Furthermore, the altered expression of one or several native genes is
not expected to trigger phenotypic, biochemical, or physiological variation that is
not already present in the sexual compatibility group (Rommens et al. 2007). One
argument for this assumption is that any modification accomplished through all-
native DNA transformation could, at least theoretically, be created by conventional
breeding. Furthermore, any intragenic modification of gene expression levels is
likely to fall within the extensive allele-specific differences that evolved naturally
(Kliebenstein et al. 2006). At one end of the spectrum are the knock-out, or loss-
of-function mutations, that can be isolated for many non-essential genes in natural
populations and are obtained at higher frequency using either natural or chemical
mutagens. Individuals with enhanced gene expression, at the other end of the
spectrum, may be recovered during plant selection, such as those adapted to specific
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environmental stresses. Both classes yield rare phenotypes pursued by breeders that
can often be developed using intragenics.

Thus, new varieties developed through intragenic modification represent low-
risk crops that could be cleared through the regulatory process in a timely and
cost-effective manner. For example, whilst a case-by-case approach remains the
pragmatic option, approval for release should not require extensive studies on
potential environmental effects but should rather confirm that the nutritional profile
falls within the range established for untransformed plants that belong to the same
sexual compatibility group. Any increases in the amount of important toxins that
exceed the biochemical variability of a species and/or recommended maximum
concentrations would require further assessments. Similarly, decreases in the con-
centration of valuable compounds including vitamin C and essential amino acids
would trigger studies on the potential impact of these changes on the nutritional
value of the crop.

4.12 Conclusions

Traditional methods in plant breeding rely on random genome modifications and
are often difficult to apply to either eliminate undesirable features or activate
dormant traits. This issue is effectively addressed by precisely recombining native
elements in vitro and inserting the resulting expression cassettes into plants using
marker-free and all-native DNA transformation. The intragenic method is exem-
plified by potato varieties displaying enhanced flavor and tolerance against black
spot bruise and cold-induced sweetening while accumulating greatly reduced
amounts of neurotoxic acrylamide. By employing the plant’s own DNA and
excluding foreign DNA transfer, intragenic plants are at least as safe as those
developed through traditional plant breeding. American regulatory agencies are
currently considering a revamp of the regulatory approval process, by assigning
new modified products and crops into risk categories. If assigned as low risk,
intragenic technologies could be readily applied for numerous improvements of
specialty crops.
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Chapter 5
Gene Silencing in Plants: Transgenes
as Targets and Effectors

Andreas E. Miiller

5.1 Introduction

Unlike animals and other non-plant systems, and with the notable exception of
moss, plants lack an efficient homologous recombination system that can be used
for gene targeting approaches to disrupt or replace endogenous genes by modified
transgenic versions (for methodology, see Chaps. 1, 2) with altered patterns of
activity or functionality (Tzfira and White 2005). While for model plants such as
Arabidopsis thaliana and a few other species this limitation was overcome (at least
in part) by the development of large T-DNA or transposon insertion mutant collec-
tions that can be conveniently screened for allelic variants and loss-of-function
alleles of a gene-of-interest (Dstergaard and Yanofsky 2004; Candela and Hake
2008; Jung et al. 2008), resources such as these are generally not available for crop
species. A valuable alternative that is more widely pursued for applications in crop
plants is the use of non-insertional mutagenesis, e.g. by the chemical agent ethyl-
methane sulphonate and mutation detection by TILLING (Slade and Knauf 2005;
Comai and Henikoff 2006). The random nature of mutational approaches, however,
is unfavorable to the engineering of “traits by design” according to the specifica-
tions of intended applications in agriculture, horticulture, or forestry.

Genetic modification methods that do not rely on mutation in one way or another
involve changes in gene expression. The level and regulation of gene expression
over time and space is a major determinant of the phenotypic manifestation of a trait
that a gene is causally involved with. Not surprisingly then, gene expression is
controlled by elaborate regulatory pathways that ensure appropriate expression
during development and under changing external conditions, and that also include
mechanisms to turn off or “silence” a gene as part of developmental programs, in
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response to environmental cues, or as a defense strategy against the propagation of
foreign (e.g. viral) sequences. Gene-silencing processes in plants are epigenetic in
nature, i.e. they do not alter the sequence of their targets, but act through modifica-
tions of DNA and its structural context within chromatin, or by RNA-mediated
control mechanisms. This chapter reviews the natural mechanisms in plants that
silence gene expression and are thought to also act on transgenes, and thus attempts
to highlight some of the pitfalls of genetic engineering by transgenesis. The chapter
also includes a brief overview of the technical advances that have converted the
natural phenomenon of gene silencing from an obstacle to genetic modification into
one of the most powerful tools in biotechnology, RNA interference. Because of the
vast body of research on gene silencing and the limited space available for this
chapter, the reader is referred to more detailed reviews whenever possible.

5.2 Mechanisms of Gene Silencing

Gene silencing can be broadly attributed to processes that occur at the transcrip-
tional (transcriptional gene silencing, TGS) or post-transcriptional level (post-
transcriptional gene silencing, PTGS; now also referred to as RNA silencing).

Down-regulation of gene expression by TGS:

1. Involves inhibition of primary transcription by epigenetic mechanisms and
generally correlates with DNA methylation of the promoter and chromatin
condensation (heterochromatinization),

2. Is frequently induced and/or maintained by small RNA-mediated processes
including RNA-directed DNA methylation and RNA-directed chromatin
condensation,

3. Is not graft-transmissible, which was suggested to be due to the nuclear com-
partmentalization of TGS (Mourrain et al. 2007),

4. Is mitotically and meiotically heritable but may also be reversed, a process that
is accompanied by loss of DNA methylation, can occur gradually over several
generations, and is often observed when the initial trigger of silencing is
removed.

Down-regulation of gene expression by PTGS:

. Acts on mRNA in the cytoplasm and generally results in transcript degradation,

. Is a sequence-specific process that is mediated by small RNA molecules,

. Can spread systemically and is graft-transmissible,

. Is meiotically not heritable in the absence of the initial trigger but in some cases
may be maintained throughout the lifespan of a plant even when the trigger of
silencing is removed,

5. Caninvolve RNA-directed DNA methylation of the transcribed region of a gene.

AW N =

TGS and PTGS can also be distinguished by distinct enzymatic machineries
and inhibitors, although some proteins appear to be involved in both processes.
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While the terms TGS and PTGS have often been used to categorize silencing
events, it is now well established that these processes are strongly interrelated
and exert mutual effects on one another, and it has been suggested that both derive
from a common ancestral mechanism (for recent reviews on RNA silencing and
regulatory crosstalks between transcriptional and post-transcriptional processes in
plants, see Grant-Downton and Dickinson 2005; Brodersen and Voinnet 2006;
Henderson and Jacobsen 2007; Huettel et al. 2007; Eamens et al. 2008a; Hollick
2008; Pikaard et al. 2008). In particular, small RNA molecules that are an essential
intermediate of PTGS are also effectors of DNA methylation and TGS, and —
conversely — transcription of methylated templates is required for the maintenance
of PTGS (Eamens et al. 2008b and references therein). The following section will
therefore briefly review the production and significance of small RNAs as inter-
mediates of gene-silencing pathways.

5.2.1 The Role of Small RNAs

Small RNA (sRNA) molecules entered center stage in 1999 when Hamilton and
Baulcombe discovered that the presence of SRNA approximately 25 nt in length
correlates with PTGS in different experimental systems in plants. The authors
proposed that these molecules represent the sequence specificity determinant of
PTGS. Since then, further extensive and often impressive research has confirmed
this idea and revealed that there are in fact a number of different classes of SRNA
molecules ranging in size from ~20 nt to ~25 nt and associated with several related
but distinct RNA-mediated silencing pathways (for reviews, see Brodersen and
Voinnet 2006; Chapman and Carrington 2007; Eamens et al. 2008a; Ramachandran
and Chen 2008). These pathways can be distinguished according to their triggers,
(sub-)specialized enzymatic activities, the sizes of the sSRNA species involved,
and their downstream targets, but in essence they all share a common cascade of
events. In brief, SRNAs are produced from partially self-complementary or double-
stranded RNA (dsRNA) that is formed as part of natural gene regulatory processes
or defense mechanisms against plant pathogens. The dsSRNA molecules are cleaved
into sSRNA duplexes by members of a family of ribonuclease III enzymes, termed
Dicer-like (DCL) 1-4 in A. thaliana. The duplexes are unwound into single-
stranded SRNA molecules and incorporated into an “RNA-induced silencing com-
plex” (RISC). This complex contains a member of the SRNA-binding family of
Argonaute proteins (of which there are ten in A. thaliana, AGO1-10) and is guided
to single-stranded target RNA with perfect or near-perfect sequence complemen-
tarity to the SRNA component of the complex. In plants, a major mode of action
following pairing of guide and target RNA is endonucleolytic cleavage by the
ribonuclease activity of some Argonaute proteins and degradation of the target
RNA, although translational repression of the target RNA also appears more
widespread than previously recognized (Brodersen et al. 2008). Both modes of



82 A.E. Miiller

sRNA action effectively silence target genes by preventing the synthesis of target
gene-encoded proteins.

The biological functions of natural SRNA-mediated silencing pathways in plants
range from endogenous gene regulation to host defenses against plant pathogens
and formation of heterochromatin. Correspondingly, the dsSRNA molecules that are
the substrates for the SRNA production cascade outlined above originate from
various sources (Sects. 5.2.1.1-5.2.1.4).

5.2.1.1 MicroRNA Genes

An abundant class of endogenous genes are transcribed into partially self-
complementary primary transcripts with characteristic secondary structures that
are further processed (in a pathway which includes DCL1) into a subclass of
21/22-nt sSRNA molecules termed microRNA (miRNA; Mallory et al. 2008).
Plant miRNAs have been found to silence target genes involved in developmental
regulation but may also have functional roles in plant metabolism and environ-
mental adaptation (Brodersen and Voinnet 2006; Jones-Rhoades et al. 2006).

5.2.1.2 Natural Sense-Antisense Gene Pairs

Genome-wide analyses have identified more than 1000 putative sense-antisense
gene pairs in Arabidopsis (Wang et al. 2005; Jin et al. 2008). DsRNA from these
gene pairs is generated by transcription from opposite strands of a single genomic
locus, producing complementary pairs of sense transcripts and “cis-natural anti-
sense transcripts” (cis-NATSs). DsSRNA can also be formed following transcription
of sense and antisense transcripts from different loci, with the latter then being
referred to as trans-NATs (Wang et al. 2006). Recent data suggest that one function
of natural antisense transcripts is the regulation of the corresponding sense genes in
response to environmental and developmental cues via a subclass of 24-nt SRNA
molecules that in Arabidopsis are produced by DCL2 and have been dubbed nat-
siRNA (natural antisense transcript — short interfering RNA; Borsani et al. 2005; Jin
et al. 2008). Nat-siRNAs have also been implicated in regulation of plant immunity
against bacterial pathogens (Katiyar-Agarwal et al. 2006; Jin 2008).

5.2.1.3 Viral Genomic RNA, Transcripts, and Replication Intermediates

During virus infection, secondary structures within viral RNA genomes, sense-
antisense transcript pairs, and double-stranded RNA replication intermediates may
all provide the dsRNA precursors of the sSRNAs (21-24 nt) referred to as viral
siRNAs or viRNAs (Ding and Voinnet 2007; Mlotshwa et al. 2008; Obbard et al.
2009). All four DCL proteins in Arabidopsis function in anti-viral defense path-
ways, although DCL4 appears to play a major role. A striking additional source of
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dsRNA results from the activity of plant-encoded RNA-dependent RNA poly-
merases (RDRs; Wassenegger and Krczal 2006; Voinnet 2008). At least one mem-
ber of this protein family in Arabidopsis, RDR6, is thought to recognize “aberrant”
features of transcripts as they may be found in transcripts encoded by viral and other
non-plant genes (including transgenes) and to use such transcripts as a template for
complementary RNA synthesis. RDRs are also thought to provide one component
of a self-reinforcing amplification loop of RNA silencing. According to a current
model, SRNA molecules anneal to their single-stranded target RNA and serve as
primers for RDR-mediated production of the complementary strand, thereby again
generating dsRNA. The sRNA molecules that are processed from the newly
generated dsRNA are referred to as secondary siRNAs and in some cases may
also target sequences without homology to the initial trigger of silencing, a process
known as transitive silencing (for details, see Voinnet 2008).

5.2.1.4 Heterochromatic and Repetitive Sequences

Finally, dsRNA is also produced from transposons and other repetitive sequences in
heterochromatin, i.e. cytologically distinct and gene-poor chromosomal regions
that remain condensed throughout the cell cycle (reviewed by Matzke et al. 2007,
Girard and Hannon 2007; Huettel et al. 2007; Chan 2008). The sequence of events
is believed to include transcription of methylated sequences by the plant-specific
putative RNA polymerase Pol IV (Pol IVa), although the exact mode of action of
this enzyme is still subject to investigation (Pikaard et al. 2008). Pol IV and the
RNA-dependent RNA polymerase RDR2 by their combined action produce dsSRNA
and act in the same RNA silencing pathway as DCL3. The 24-nt sSRNAs produced
by this pathway direct DNA methylation and/or heterochromatin formation at the
repeated sequences they were derived from and copies thereof elsewhere in the
genome. The presumed role of Pol IV in sRNA biogenesis from methylated
sequences may be part of a self-sustaining cycle that maintains the methylated
and heterochromatic state of repetitive sequences and thus provides one line of
defense against unchecked proliferation of transposable elements. At least at some
heterochromatic loci in the Arabidopsis genome, this cycle also requires low-level
transcription by a second plant-specific polymerase which is now referred to as
Pol V (formerly Pol IVb; Wierzbicki et al. 2008).

5.2.2 Epigenetic Silencing of Transcription

Although many silencing phenomena are now known to involve sRNAs, it is also
abundantly clear that epigenetic suppression of transcriptional activity is a potent
second constituent of gene silencing. The two fundamental pillars of epigenetic
regulation of transcriptional activity are chromatin modification and DNA methyl-
ation (reviewed by Chan et al. 2005; Grant-Downton and Dickinson 2005; Pfluger
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and Wagner 2007; Zilberman 2008) and several hundred genes have been impli-
cated in these processes in plants (Gendler et al. 2008). A distinctive feature of
epigenetic modifications is their heritability through mitosis and meiosis, while
they also retain the capacity to be reversed. The prime example of genomic regions
which are subject to repressive epigenetic modifications are transposons and other
repetitive sequences in heterochromatin. Both initiation and maintenance of trans-
poson silencing are now thought to also involve sSRNA-mediated processes (see
Sect. 5.2.1.4). However, mutations in genes required for chromatin remodelling and
DNA methylation result in reactivation of transposon activity, thus highlighting the
importance of epigenetic modifications for stable repression (Lippman et al. 2003,
2004; Kato et al. 2004).

Prominent examples of endogenous genes whose transcriptional activity is
silenced by epigenetic mechanisms include the Arabidopsis gene FLC, a key
regulator of floral transition (reviewed by Sung and Amasino 2005; Dennis and
Peacock 2007; Henderson and Jacobsen 2007), and several imprinted genes,
including FWA and MEDEA (reviewed by Zilberman 2008). In brief, FLC acts as
a repressor of flowering but can be silenced in response to prolonged exposure
to cold over winter. Epigenetic silencing of FLC transcription involves post-
translational histone modifications at the FLC locus including histone deacetylation
and histone methylation, and further stabilization by structural protein complexes
that bind to modified histones. Because these modifications are stably maintained
through mitotic cell divisions upon return to warmer temperatures they provide a
memory of winter, which allows the plant to flower under inductive conditions in
the following spring. In contrast to mitotic divisions, however, FLC expression is
reset by a yet unknown mechanism during meiosis.

FWA is a good example that demonstrates the importance of DNA methylation
in epigenetic regulation of gene activity. FWA expression is regulated by genomic
imprinting, i.e. parent-of-origin-dependent expression of only one of the parental
alleles at a given locus. At the FWA locus, methylation of the promoter is the default
state of both alleles in vegetative tissues and correlates with inactivity of the gene
(Soppe et al. 2000). In the endosperm, however, only the paternal allele is silent and
methylated whereas the maternal allele is expressed and non-methylated (Kinoshita
et al. 2004). The significance of methylation for silencing of FWA was further
demonstrated by the isolation of a hypomethylated epi-allele of FWA that is
ectopically expressed (Soppe et al. 2000) and by the detection of paternal FWA
transcripts in the endosperm of a mutant that is impaired for DNA methylation
activity (Kinoshita et al. 2004). Importantly, the latter study also showed that
differential regulation of methylation and expression of maternal and paternal
alleles in the endosperm depends not on the de novo methylation of the paternal
allele, but on the active demethylation of the maternal allele. Although these studies
convincingly demonstrate the importance of methylation in FWA silencing, repres-
sion of FWA transcription also involves chromatin modifications that at least in part
resemble those described for the FLC locus (Jiang et al. 2007). It should also be
noted that, while the examples above involve epigenetic silencing at the transcrip-
tional level, it is likely that SRNA-mediated processes contribute to gene regulation
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at these loci. For FLC, this in fact was recently suggested (Swiezewski et al. 2007;
Zhai et al. 2008).

5.3 Silencing of Transgene Expression

The intricate natural gene-silencing mechanisms described in Sect. 5.2 provide the
backdrop against which also the silencing of transgenes is to be understood.
Transgene expression levels frequently follow a bi-modal distribution, with a
small subset of plants showing high transgene expression but a majority of trans-
formants in which the transgene is silenced or only weakly expressed (Butaye et al.
2005 and references therein). In addition, transgenes that are initially expressed in
the primary transformants may be subject to silencing during plant development or
in subsequent generations. The following sections discuss a number of risk factors
that are thought to render a transgene the target of gene silencing. Induction of
silencing can occur in cis, i.e. by processes at the transgene locus, or in trans by
mechanistic pathways that require the presence of sequences with homology to the
transgene locus (for an overview see Fig. 5.1).

5.3.1 Cis- and Trans-Silencing Of Multi-Copy Transgenes

It is now widely accepted that integration of multiple transgene copies into a host
genome leads to an increased risk of transgene silencing (for early references, see
Jones et al. 1987; Matzke et al. 1989; Hobbs et al. 1990). Multiple transgene copies
often integrate as direct or inverted repeats or undergo additional rearrangements
resulting in complex transgene structures at the insertion site. An early compelling
example of repeat-induced cis-silencing in Arabidopsis was provided by Assaad
et al. (1993), who reported that direct repeats of a transgene were silenced whereas
the transgene was expressed in recombinant lines with only a single-copy of the
gene at the same chromosomal position. Perhaps more frequently, however, silent
transgene loci were found to be arranged as inverted repeats (for examples, see
Muskens et al. 2000). Transgene repeat loci are often methylated and packaged into
dense chromatin, the hallmarks of transcriptional silencing, but are also frequently
found to produce dsSRNA and sRNA, the occurrence of which is associated with the
capacity of these loci to silence homologous genes in trans (e.g. Fojtova et al. 2006;
Mourrain et al. 2007).

Indeed, directly or invertedly repeated transgene loci (whether the result of
complex integration events or by design of the transgene construct) are often
efficient effectors of sSRNA-mediated frans-silencing if effector and target genes
share homology within transcribed regions (e.g. Waterhouse et al. 1998; Muskens
et al. 2000; Ma and Mitra 2002; Fojtova et al. 2006; Xu et al. 2009). Today of
course they are also the basis of a standard implementation of RNA interference
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Fig. 5.1 Transgenes as targets and effectors of gene silencing. Cis-silencing effects are shown in
a, trans-effects in b. Transgene integration sites in the plant genome can carry direct repeats, a
single-copy insert, or inverted repeats of the transgene (depicted from left to right in a). All
configurations may be subject to silencing. For simplicity, cis-silencing effects are only shown for
single-copy inserts. Cis-silencing can be induced by integration and position effects, and in these
cases involves DNA methylation (dotted arrows) and transcriptional silencing, or by high level
and/or aberrant transcription, e.g. from strong or cryptic promoters. The risk of high transcript
accumulation may be enhanced in multi-copy transformants such as those with directly repeated
inserts (left). The resulting transcripts are recognized and converted into dsSRNA by an RNA-
dependent RNA polymerase (RDR6 in A. thaliana), and further processed by Dicer-like (DCL)
proteins into short interfering RNA (siRNA). In a self-reinforcing amplification loop of RNA
silencing, siRNA molecules may anneal to single-stranded primary transcripts (dashed arrow) and
thus prime a second round of RDR-mediated dsRNA production followed by processing into
secondary siRNAs. Primary and/or secondary siRNAs may also direct DNA methylation to the
transgene insert or other homologous target loci (not shown). Transgene loci carrying invertedly
repeated inserts (right) produce partially self-complementary hairpin RNA (hpRNA). Because
hpRNA is partially double-stranded and a direct substrate of DCL proteins, transcription from
inverted repeat transgenes bypasses the upstream events required for siRNA production from
single-copy (sense) transgenes and eliminates the requirement for RDR function. Finally, siRNAs
effect sequence-specific trans-silencing by guiding an Argonaute protein (AGO)-containing RNA-
induced silencing complex (RISC) to complementary single-stranded transcripts derived from one
or more transgenic or endogenous target genes (b). Silencing occurs by nucleolytic degradation of
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technology (see Sect. 5.4). Moreover, several transgene repeat loci have been shown
to trans-silence transgenes at non-allelic positions in a promoter homology-
dependent manner, e.g. the tobacco loci Hoyp (Mette et al. 1999, 2000) and 271
(Vaucheret 1993; Vaucheret et al. 1996; Mourrain et al. 2007). These two silencer
loci consist of complex sequence arrangements including inverted and/or direct
repeats of transgene promoters and have been shown to produce promoter-derived
dsRNA and sRNAs (Mette et al. 2000; Mourrain et al. 2007). Trans-silencing
may also be induced by simple transgene inserts. A classic example for which an
elaborate phenomenology was developed is cosuppression of Chalcone synthase
(Chs) trans- and endogenes in petunia (reviewed by Jorgensen 2003; Jorgensen et al.
2007). Jorgensen and colleagues established that cosuppression does not require
the presence of inverted repeat or antisense transgenes but can also be mediated
by transgenes that carry only a sense copy of the Chs coding sequence or part
thereof. Chs cosuppression by sense transgenes results in flower pigmentation
phenotypes that are distinct from those produced by either inverted repeat or
antisense transgenes and requires high-level transcription of the transgene (Que
et al. 1997; Jorgensen et al. 2007).

The general view that evolved from detailed molecular and genetic characteri-
zation of these and other silencing events involving two or more homologous
sequences is that silenced genes that share homology within the transcribed region
are silenced post-transcriptionally and non-heritably (in the absence of the inducer
locus), and those that are homologous to each other within the transgene promoter
are silenced at the transcriptional level and in a heritable but often reversible
manner (Matzke et al. 2002). Both silencing phenomena involve sSRNAs that either
direct transcript degradation, or promoter methylation and chromatin condensation,
respectively. While dsRNA production from inverted repeat loci by transcription
across both repeat units and annealing of complementary transcript regions is
thought to be a straightforward process, the production of dsSRNA from direct
repeats or simple sense transgenes may require complementary RNA strand syn-
thesis by RDRs similar to the processes in anti-viral defense pathways (see
Sect. 5.2.1.3; Schubert et al. 2004). Post-transcriptional transgene silencing may
also be accompanied by RNA-directed DNA methylation within transcribed
regions. Although methylation within transcribed regions often has no obvious
effects on the rate of transcription (Elmayan et al. 1998; Mourrain et al. 2007;
Lunerova-Bedrichova et al. 2008), there is recent evidence that it is required for the
maintenance of post-transcriptional silencing (Eamens et al. 2008b; reviewed by
Voinnet 2008).

Fig. 5.1 (continued) the target RNA or inhibition of translation. Filled boxes Genes, gray arrows
promoters, gray boxes polyadenylation signals, white (unfilled) boxes repetitive, heterochromatic
flanking genomic sequences, white arrow cryptic promoter, black arrows transcription start sites,
dark gray box spacer fragment in inverted repeat constructs for intentional production of hpRNA,
wavy lines transcripts and RNA processing products, dotted wavy line transcripts produced from
cryptic promoters



88 A.E. Miiller

5.3.2 Silencing of Single-Copy Transgenes

Although silencing of transgenes is more frequently observed in plants carrying
multiple transgene copies, there are reports of transgene silencing in single-copy
transformants (e.g. Elmayan and Vaucheret 1996; De Wilde et al. 2001; Meza et al.
2002; De Buck et al. 2004; Eike et al. 2005). Silencing of single-copy transgenes
has been variably attributed to effects of the chromosomal integration site (“posi-
tion effects”), or induction of RNA-mediated processes.

Of all phenomena that have been attributed to gene silencing, position effects
remain among the most enigmatic. The term is used to describe effects of the
chromosomal integration site on transgene expression and are thought to be an
epigenetic phenomenon which is mediated by the spreading of transcriptionally
inactive chromatin and/or DNA methylation states from flanking genomic regions
into the transgene (Matzke and Matzke 1998). In a comparative study of transgene
expression, single-copy transgenes showed up to tenfold differences in expression
levels between inserts at different chromosomal positions in the tobacco genome
(Day et al. 2000). A convincing example of a position effect on a transgene in
Arabidopsis was reported by Finnegan et al. (2004), who showed that a transgene
integrated in the vicinity of the floral repressor gene FLC, whose expression is
down-regulated by epigenetic mechanisms in response to prolonged periods of
cold (see Sect. 5.2.2), also aquires a low-temperature response. However, several
studies (including a comprehensive analysis of >100 independent Arabidopsis
transgenic lines with single-copy T-DNA inserts) concluded that position effects
are not a major determinant of variability in transgene expression (Hobbs et al.
1990; Jorgensen et al. 1996; De Buck et al. 2004; Schubert et al. 2004; Nagaya
et al. 2005). The authors of the comprehensive study noted, however, that the
selection of primary transformants was dependent on expression of a selectable
marker gene and thus precluded the recovery of lines in which the transgene may
have been silenced by position effects (Schubert et al. 2004). Consistent with this
notion, a comparison of the genome-wide distribution and expression level of
T-DNA integration sites between transgenic Arabidopsis plants or suspension
cells identified with or without a requirement for marker gene expression sug-
gested that selection pressure might shift the fraction of T-DNA inserts that are
recovered into transcriptionally active regions of chromatin (Francis and Spiker
2005; Kim et al. 2007) and, by extrapolation, that transgenes inserted into
transcriptionally inert heterochromatic regions may be prone to silencing by
position effects. Moreover, recent data by Fischer et al. (2008) suggest that the
chromosomal position in Arabidopsis also affects the susceptibility of simple
transgene inserts to RNA-directed DNA methylation and transcriptional silencing
induced by a trans-silencing locus, with low-complexity repetitive sequences in
the vicinity of a transgene insertion site promoting silencing. Finally, given the
large genome size of many crop plants and their comparatively high content of
heterochromatin, position effects may be a more frequent occurrence in these
species than in Arabidopsis.
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In a small number of reports, single-copy transgenes appear to be silenced by
processes other than those mediating position effects. In one study, Day et al.
(2000) directed integration of a gusA transgene to a previously introduced single-
copy transgenic target site in the tobacco genome by Cre-mediated site-specific
recombination. Surprisingly, only some of the independent integrant lines for a
given target site gave rise to the expected pattern of transgene expression (i.e. for
the specific viral promoter used in this study, expression throughout the plant in
vascular tissue), whereas the remaining integration events at the same locus resulted
in various degrees of silencing that correlated with methylation of the integrated
DNA. Models to account for the observed differences in transgene expression
include somaclonal variation as a result of differential induction of methylation
activity in integrants by environmental stress during regeneration in tissue culture.
As alternative explanations, Day and colleagues suggested that either the integrant
DNA might be particularly susceptible to methylation, possibly due to secondary
structures formed prior to or during integration, or that transient production of RNA
from the extrachromosomal DNA prior to integration could lead to RNA-directed
DNA methylation of the newly integrated transgene. The apparent stochastic nature
of silencing may derive from considerable differences in the number of DNA mole-
cules entering individual recipient cells during the polyethylene glycol-mediated
protoplast transformation procedure used in this experimental system, with cells
having high initial copy numbers of extrachromosomal DNA molecules being more
prone to RNA-directed methylation of the incoming DNA (Ow 2002). Because
transgene silencing was not observed following biolistic transformation of rice
in an otherwise similar experimental setup, it was proposed that the method of
transformation and the resulting different quantities of DNA that are delivered
into a recipient cell affect the probability of induction of silencing (Srivastava
et al. 2004).

Single-copy transgenes that are initially expressed in seedlings can also be
subject to post-transcriptional silencing during further plant development (e.g.
Elmayan and Vaucheret 1996). Current models assume that silencing is triggered
by transcript accumulation above a certain threshold and/or aberrant transcripts
(e.g. resulting from high-level transcription or transcription from cryptic promoters
at the transgene insertion site) that are recognized and converted into dsSRNA by
RDR6 (Brodersen and Voinnet 2006). If aberrant transcripts initiated at cryptic
promoters span the transgene promoter the transgene may also become silenced by
RNA-directed transcriptional silencing (Eike et al. 2005).

5.3.3 Reducing the Risk of Transgene Silencing

Strategies to reduce the occurrence of homology-dependent transgene silencing
include selection of single-copy transformants, site-specific recombination to
remove repeat structures at transgene loci or to target transgenes to pre-selected
integration sites that are favorable to transgene expression, and avoidance of
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sequence duplicates (e.g. promoters) within the transgene cassette (reviewed by
Butaye et al. 2005). A number of precautions may also minimize the risk of single-
copy transgene silencing as a consequence of aberrant or high-level transcription,
including a prudent design of transgene cassettes. For example, it has been sug-
gested to avoid the use of strong transgene promoters, to eliminate cryptic promo-
ters from transgene cassettes, to prevent transcriptional interference (e.g. as a result
of unintended transcription initiated outside the transgene and proceeding into the
transgene) by inclusion of transcription terminator or “blocker” sequences, and to
temporally or spatially limit transgene expression by use of appropriate promoters
(Miiller and Wassenegger 2004; Butaye et al. 2005; Eike et al. 2005; and references
therein). Alternative approaches take advantage of our increasing understanding of
the genetic basis of gene-silencing pathways. Promising strategies include the use
of gene-silencing mutants as host genotypes for transgene integration; and stable,
high-level transgene expression has indeed been demonstrated using Arabidopsis
mutants impaired for RDR6 function (sgs2) or for a putative RNA-binding activity
upstream of RDRG6 (sgs3) in the anti-viral defense pathway (see Sect. 5.2.1.3) that is
also thought to act on transgenes (Butaye et al. 2004). Although mutations in these
genes do not appear to have any other phenotypic consequences in Arabidopsis
under standard conditions in the growth chamber, their function in plant defense
pathways necessitates careful evaluation of similar strategies for potential appli-
cations in crop species.

Efforts to protect transgenes from position effects have yielded mixed results.
While a number of matrix attachment region (MAR) elements were shown to
reduce expression variability and/or increase expression of transgenes when placed
next to the transgene within an expression cassette, the extent of this effect varied
widely between individual MAR elements, reporter gene systems, and plant species
tested (Allen et al. 2000; Petersen et al. 2002; De Bolle et al. 2003; Levin et al.
2005; Zhang et al. 2009). A recent technical advance in Arabidopsis combines the
use of the PTGS mutants referred to above (sgs2 and sgs3) and MAR elements
flanking the transgene (Butaye et al. 2004; De Bolle et al. 2007; Sels et al. 2007).
This PTGS-MAR expression system showed reduced variability in transgene
expression among transformants (which included plants with multi-copy transgene
inserts) and an increased average transgene expression level. Both of these effects
were also seen in the PTGS mutant backgrounds in the absence of the MAR
elements and most likely are the result of impaired PTGS. Inclusion of MAR
elements did not further reduce expression variability but led to a significant further
increase in transgene expression levels.

5.4 Applications of RNA Interference in Transgenic Plants

Gene-silencing processes have been widely exploited as versatile experimental
and biotechnological tools for functional gene studies and transgenic approaches
to crop improvement, disease resistance, and metabolic engineering (see Chap. 11).
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These applications first and foremost rely on the trans-silencing capacity and the
sequence specificity of RNA-mediated silencing mechanisms and are often collec-
tively referred to as RNA interference (RNAi) techniques, in reference to the
related RNA silencing mechanism in Caenorhabditis elegans (Fire et al. 1998).

Homology-dependent RNA-mediated silencing techniques such as antisense
suppression or sense cosuppression have been in use for a number of years and
share a common mechanistic core (see Sect. 5.2.1). However, transcription of self-
complementary, hairpin-like RNA duplexes from inverted repeat transgenes was
shown to be a much more potent effector of target-gene silencing (Waterhouse et al.
1998; Wang and Waterhouse 2000; Smith et al. 2000). In brief, inverted repeat
transgene cassettes are engineered to contain two copies of a cDNA segment,
typically 300-800 bp in length, from a gene of interest so that they are arranged
as inverted repeats, separated by a spacer sequence, and driven by a promoter
(for details on vector construction for RNAIi in various plant species, see Wesley
et al. 2001; Meyer et al. 2004; Miki and Shimamoto 2004; Helliwell et al. 2005;
McGinnis et al. 2005; Wielopolska et al. 2005; Dafny-Yelin et al. 2007; Luo et al.
2008). Alternative approaches include the use of a heterologous 3’ untranslated
region arranged as an inverted repeat and integrated into the transcription unit of a
transgene (Brummell et al. 2003), transgenic expression of hairpin RNA with
homology to endogenous target promoters, an approach that is based on the original
discoveries by Mette et al. (1999, 2000; see Sect. 5.3.1), convergent transcription of
gene fragments arranged as inverted repeats and positioned between oppositely
oriented promoters (Yan et al. 2006), and the use of artificial miRNAs (Schwab
et al. 2006; Warthmann et al. 2008). The latter approach is a particularly promising
strategy towards maximal specificity of silencing and minimal off-target effects,
and may allow the specific inactivation of alleles or splice variants of a given target
gene. Considerations for the design of transgene cassettes and their potential for
applications of RNAI in plants have been reviewed in detail elsewhere (Miiller
2006; Ossowski et al. 2008).

The main features of RNAI that are relevant for experimental and biotechno-
logical applications and distinguish RNAi from mutagenesis approaches are:

1. Sequence specificity, which allows targeting of individual genes without the
need to generate and screen large mutant populations,

2. Genetic dominance, which allows detection of phenotypic effects in hemizygous
primary transformants and provides opportunities for applications in crop
species which are cultivated as hybrids,

3. The relative ease of generating multiple transgenic lines with different degrees
of silencing and phenotypic effects, e.g. by adequate use of transgene promoters,

4. Inducibility and temporal or spatial confinement of target gene activity,

5. The ability to target multiple related genes simultaneously, which may help to
alter phenotypes encoded by members of multigene families with redundant
gene activities or in polyploid species,

6. The ability to target multiple unrelated genes simultaneously (with distinct
RNAI effector sequences integrated into a single inverted repeat construct).
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5.4.1 Applications of RNAi for Crop Protection

As described in Sect. 5.2.1, one of the biological roles of RNA silencing is its
participation in host defense processes, and inverted repeat-induced RNAi is now
thought to act through the anti-viral defense pathway of RNA silencing (Fusaro
et al. 2006). Many successful attempts to engineer virus resistance by transgenic
approaches with virus-derived sequences, including at least some of the original coat
protein expression experiments, are based on RNA silencing (reviewed by Lindbo
and Dougherty 2005) and merely enhance natural anti-viral defense systems in plants.
Transgenic expression of inverted repeats with homology to a target virus is thought
to enable a plant to respond without delay to a virus attack, thus precluding the
counter-defense efforts that are mounted by the virus in the course of normal infec-
tions (Prins et al. 2008; Obbard et al. 2009). The high efficiency of RNAi approaches
facilitates its application in a wide range of species including those that are noto-
riously recalcitrant to transformation. The use of RNA silencing is particularly
valuable in the fight against pathogens for which natural resistance has not been
observed or is a complex genetic trait that is not encoded by a single resistance gene
(Campbell et al. 2002). Transgenic RNA-mediated resistance can be engineered
against a wide variety of both RNA and DNA viruses, although the most successful
examples to date target RNA viruses (Prins et al. 2008). Moreover, multi-virus
resistance can be achieved relatively easily by combining sequences derived from
different viruses in a single chimeric transgene (Jan et al. 2000; Bucher et al. 2006).
There are, however, several limitations to the use of RNA-mediated virus resistance:

1. RNA-mediated resistance is homology-dependent, and a sequence divergence
of >10% (as it may be found among related virulent strains) is sufficient to
render a virus insensitive to RNA degradation (De Haan et al. 1992). To some
extent, careful selection of conserved viral regions as target sequence may help
to broaden the spectrum of virus resistance.

2. Resistance may be ineffective against viruses that encode suppressors of RNA
silencing. This limitation may be overcome by targeting directly the viral
suppressor genes (Di Nicola-Negrie et al. 2005).

3. Co-infection with a virus that encodes a (different) suppressor of RNA silencing
may also abolish resistance against the original target virus.

4. There are several reports that viruses may escape RNA silencing when the host
plant is subjected to biotic or abiotic stresses, including low temperature
(Taliansky et al. 2004; Chellappan et al. 2005; Wu et al. 2008). Despite these
limitations, the capacity of RNAI to target virtually any virus certainly makes it
an exciting addition to the repertoire of crop protection tools.

The use of RNAI to engineer pathogen resistance is not restricted to anti-viral
applications. Expression of dsRNA from inverted repeat transgenes in plants
targeting genes which are endogenous to a given pest was reported to confer
resistance against the bacterial crown gall disease (Escobar et al. 2001) and was
recently shown to be a promising strategy to combat plant parasitic nematodes
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(Huang et al. 2006; Yadav et al. 2006; Fairbairn et al. 2007; Sindhu et al. 2009) and
herbivorous insects (Baum et al. 2007; Mao et al. 2007; Price and Gatehouse 2008).

5.4.2 Applications of RNAi for Crop Improvement
and Metabolic Engineering

In addition to crop protection, RNAi technology has been used successfully to
modify agronomically relevant traits such as, e.g. nutritional or pharmaceutical
value and crop toxicity (reviewed by Tang et al. 2007; Hebert et al. 2008). Many
reports on the successful application of RNAI for crop improvement take advantage
of the potential of RNAI to down-regulate multiple targets. For example, a nutri-
tionally valuable high-lysine maize variant was produced by down-regulating the
entire 22-kDa o-zein gene family (with the seven active members sharing >90%
nucleotide sequence identity in the coding sequence; Segal et al. 2003). Similarly, a
constitutively expressed RNAI effector transgene led to “decaffeination” of coffee
plants by down-regulating multiple members of a caffeine biosynthesis gene family
(Ogita et al. 2003, 2004). In another study, Allen et al. (2004) were able to generate
opium poppy plants with high levels of the pharmaceutically valuable non-narcotic
alkaloid reticuline by silencing the codeinone reductase multi-gene family that
includes the key enzymes of morphine biosynthesis. Silencing of all gene family
members was possible by a combination of targeting a highly conserved region
among gene family members and incorporating a second gene fragment specific for
a distinctive member into the same inverted repeat.

Some RNAi-based crop improvement strategies have taken advantage of the
possibility to spatially restrict the induction of RNAI, e.g. by use of tissue-specific
promoters. Examples include an alternative approach to engineering high-lysine
maize by Houmard et al. (2007), who used endosperm-specific silencing of a lysine
metabolism gene to confine increased lysine accumulation to the kernels, and the
production of high-carotenoid and high-flavonoid tomato by RNAIi of the photo-
morphogenesis regulatory gene DET with fruit-specific promoters (Davuluri et al.
2005). In contrast to the spatial confinement of these compounds, overproduction
of lysine also in other tissues (Houmard et al. 2007) and constitutive silencing of
DETI (Davuluri et al. 2004) caused severe developmental defects. In an exciting
report on genetic engineering of cotton that opens a path for the use of this crop
species both for fiber and for food production, Sunilkumar et al. (2006) disrupted
the biosynthesis of the toxic terpenoid gossypol specifically in seeds. The observed
significant reduction of gossypol in cottonseed greatly improves the value of
cottonseed for human consumption, without abolishing the toxin’s function in
plant defense in other (non-edible) plant organs where the production of gossypol
was not impaired (reviewed by Townsend and Llewellyn 2007). These reports
clearly demonstrate the benefits of spatially restricted silencing. Importantly,
although RNA silencing had been reported to be capable of spreading systemically,
silencing targeted to either fruits or seeds did not spread to any significant extent
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beyond the targeted tissues to other parts of the plant. Finally, tissue-specific RNA
silencing was also employed in recent “intragenic” approaches that only use
sequence elements that are native to the target species for plant transformation
(Rommens 2007). In one report, Rommens et al. (2008) constructed an inverted
repeat driven by tuber-specific promoters to silence two asparagine synthesis genes
in potato. The resulting transformants produced low-asparagine potatoes which
after heat-processing accumulated as little as 5% of the suspected carcinogen
acrylamide present in wild-type controls.

5.5 Conclusions

The past 20 years have seen tremendous progress in our understanding of gene-
silencing phenomena that initially were a great puzzlement. Ever more intensive
research in both plant and animal systems led to the discovery of an intricate
network of silencing pathways that revolve around small RNA molecules as the
central component and may all derive from a common ancestral mechanism to
protect a cell or organism against adverse effects of foreign nucleic acids. The
sequence specificity provided by small RNAs, their ease of mobility, and the
capacity to guide enzymatic or structural protein complexes to RNA as well as to
DNA targets may all have contributed to the evolution of multiple RNA silencing
pathways with subspecialized functions not only in plant defense, but also in the
regulation of plant development and responses to the environment. While the
processes directed towards RNA targets enable an immediate reaction to a chal-
lenge, epigenetic modifications of DNA and chromatin targets provide a second,
longer-lived line of defense that may also serve as a memory of past events. Our
growing knowledge of the mechanisms involved in the many facets of gene silenc-
ing is helping to define guidelines for the successful engineering of transgenic plants
in which either a transgene encoding a trait-of-interest is predictably and stably
expressed, or the transgene is optimized to trans-silence one or more endogenous or
pathogenous target genes with minimal or no off-target effects. The potential
applications for protection and improvement of cultivated species by gene silencing
are enormous, and some of the current examples are truly inspiring. The challenge
ahead in large part will be to fine-tune, and further develop, the techniques at hand
for applications in particular in crop species to live up to their full promise.
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Chapter 6
Breeding with Genetically Modified Plants

Christian Jung

6.1 Genetic Variation in Plant Breeding

Breeding with transgenic plants is only justified when genetic variation within
the primary and secondary gene pools of a species is too small or gene transfer
by conventional techniques is difficult and time-consuming. There are a number
of different means for increasing or even creating new genetic variation, like
species hybridization, mutation induction and protoplast fusion, which have been
frequently used to breed new varieties (Fig. 6.1). It is worth mentioning that neither
plant cultivation nor commercialization of commodities has any legal requirements
and a public discussion about these plants is also lacking.

Therefore a breeder must carefully assess the different constraints of transgenic
breeding before starting a breeding program which are the legal aspects and
acceptance by farmers, consumers and stakeholders.

6.2 Breeding Aims

Plant varieties must meet the requirements of plant production under special
environmental and economical conditions. Moreover, the demands of food and
feed industry as well as the consumers’ preferences must be regarded.

The yield potential is often the most important aim. Today’s varieties are
elites with high-yielding potential due to countless rounds of recombination and
selection. Yield potential is a typical quantitative character controlled by many
genes. Thus high yielding varieties differ substantially from their wild relatives,
landrace and any other non-adapted material. Therefore, transgenic material with
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poor-yielding capacities must be backcrossed several times with elite lines (see
Sect. 6.3). The yield potential itself is not accessible to transgenic modification due
to its polygenic nature.

Plants are attacked by numerous pathogens and pests and they suffer from
different environmental constraints like drought, heat, frost, water, salt and low
soil pH. Therefore resistances or tolerances to these stresses are needed. These
measures increase the yield stability of a crop. They are often a prerequisite for crop
cultivation mainly when technical measures like pesticides are unavailable. It
happens quite often that modern high-yielding varieties lack resistance or tolerance
genes. Transgenic technology has been tremendously successful in increasing the
genetic variation in this field, mainly for virus and pest resistance (see Chap. 10).
Excellent perspectives exist for drought tolerance and other environmental stresses
(see Chap. 8). Transgenic technology is particularly successful in breeding varieties
with tolerance or resistance to herbicides. Although non-transgenic herbicide
tolerances have been used before, the availability of these genes identified from
microorganisms tremendously broadens the genetic variation of crops (see Chap. 9).
Moreover, this character is simply inherited and can be easily selected in segregat-
ing populations. Therefore, herbicide resistances can easily be combined with
pathogen or pest resistances and a number of varieties with dual resistances are
available today, e.g. corn and soybean.

Biotic stress resistance is frequently broken by the pathogen when resistance
relies on single genes only (monogenic resistance). A simple mutation within the
pathogen’s genome can break the resistance and diminish the value of a variety.
Gene stacking of resistance genes by transgenic technology offers a perspective for
durable resistance breeding because double mutations on the pathogen’s side are
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highly unlikely (see Chap. 3). The genes can be natural ones isolated from the given
species or from related or non-related species or from artificial resistance genes not
present in the primary to tertiary gene pools of the species. An example is gene
stacking with synthetic cry/C genes which gave multiple resistances to leaffolders
and stemborers in rice. The transgenic line was used as a parent for hybrid rice
production and the hybrids proved to be resistant as well (Tang et al. 2006).

Improving the quality of harvested parts of the plant is another major aim in
many breeding programs. Often single genes have a major impact on the phenotype,
thus quality improvement is readily accessible to genetic modification. Conse-
quently, the quality of major storage components like fatty acids, protein or starch
has been improved by genetic modification (see Chap. 11). Moreover, transgenic
plants with higher vitamin and mineral content and better feeding or processing
quality have become available.

Altering the phenological development has often been a major requirement for
plant production. Transgenic technology offers new perspectives by modification of
flowering time genes. The onset of flowering is of uppermost importance for plant
production. Often early flowering is desired to avoid stress conditions. However
flowering must be avoided when the vegetative parts of a plant are harvested, like
beet roots, tubers or leaves.

The key regulators for flowering time control have been cloned from Arabidop-
sis thaliana. High conservation of regulatory pathways was found among dicot
species. Genes isolated from A. thaliana were often found to have the same function
after transformation into crop species. Likewise flowering time genes were identi-
fied for monocot species, using rice as a model. These findings offer possibilities for
shortening the generation cycle of crop species by using genetically modified early-
flowering genotypes as crossing parents. This is of major interest for introducing
genes from exotic material by repeated backcrossing (Fig. 6.2). After selfing plants
from advanced backcross generations the transgene can easily be eliminated from
the offspring, either by marker assisted selection, or by selecting for the phenotype
itself. Many plants have long generation cycles which substantially delay the
breeding progress. These are biennials with a long seed ripening phase like sugar
beet or tree species which often need many years to flower. Breeding strategies
employing short generation transgenics are presently discussed for forest tree and
fruit tree breeding (Flachowsky et al. 2007). Manipulation of flowering time
regulators also offers a possibility to produce plants with completely altered bolting
or flowering behavior (see Sect. 6.6).

6.3 Methods for Introducing Transgenes into Elite Plant
Material

Often favorable alleles are absent from the primary gene pool of a plant,
therefore exotic lines are used as parents and their offspring are backcrossed
several times with the elite recipient line to produce an elite line with a small
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introgression from the donor line. In most cases these are major genes with clear
phenotypes.

Genetically modified plants directly resulting from a transformation process are
often not adapted to local environmental conditions because standard genotypes
with inferior yielding performance but good regeneration capacity have to be used.
Thus, they must be backcrossed with recipient lines to create elites carrying the
genetic modification (Fig. 6.2).

Molecular markers derived from the transgene itself turned out to be helpful for
backcross breeding (Bernardo 2008). They are used to select for recombinant plants
in offspring generations without phenotypic analysis (marker-assisted foreground
selection). In addition markers covering the rest of the genome can be used to select
plants with a high proportion of the recipient (elite) genome, even in early back-
cross generations (marker-assisted background selection). This saves time because
several generations of backcrossing can be avoided (Fig. 6.2).

Only single-copy transgenes are desired for breeding, otherwise selection will be
complicated by complex segregation patterns. There are numerous examples for
successful introduction of transgenes into elite material or existing varieties, e.g.
resistances to insects, virus and leaf blight in rice. Existing rice varieties were also
improved for quality characters like provitamine A and ferritin content (Kang and
Priyadarshan 2007). When the transformation procedure is genotype-dependent and
elite genotypes are non-accessible for transformation, the backcrossing procedure is
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the method of choice for introducing transgenes into a desired elite genotype. This
could be an inbred line in the case of line or hybrid breeding or an inbred cultivar.

When an already existing variety has been used for transformation, the new
variety is called an essentially derived variety (EDV). To protect the breeder’s
rights the GMO breeder needs approval from the variety’s owner to commercialize
the EDV. In the EC a 95% identity threshold has been established for defining
an EDV.

For hybrid breeding the genetic modification can be introduced either into the
male sterile parent or into the restorer parent. When however the degree of
dominance is not complete, i.e. the performance of heterozygous is inferior to
that of homozygous plants, the genetic modification must be introduced into both
parents. In corn breeding, transformation is either done on a hybrid-by-hybrid basis
or only one parent is transformed (Kang and Priyadarshan 2007).

When plants are clonally propagated elite material should be transformed. Due
to the absence of recombination further improvement can only rely on extensive
selection. When however the transgene cannot be incorporated into an already
existing variety further crosses are needed and huge clone populations have to be
created. Breeding clonally propagated transgenic varieties is further hampered by
the fact that many clonally propagated plants are polyploid, which complicates
selection due to their complex segregation pattern.

Today, the perspectives for transgenic breeding are rather limited because only
single genes or a low number of genes can be transformed at one time. Quantitative
characters are not accessible to genetic modification. Gene stacking is an interesting
option to further increase genetic variability by transformation to accumulate a
number of genes in an elite plant. Transgenic plants with different transgenes are
crossed to each other. In the F, generation recombinant genotypes with both
transgenes can be selected. In the case of single genes, double homozygous plants
are expected with a frequency of one in 16, provided that the transgenes are not
genetically linked. Using molecular markers homozygous plants can be easily
distinguished from homozygous ones. After testing for homozygosity, these lines
can be used as parents for hybrid breeding. A transgenic rice restorer line has been
bred in this way, combining multiple resistances against bacterial blight and striped
stem borer together with a herbicide tolerance by repeated backcrossing and
hybridization of transgenic parents (Wei et al. 2008).

6.4 Breeding Methods

Today many crop plants can be easily transformed. However, transformation (see
Chaps. 1, 2) often depends on the genotype which requires further selection to
introduce the transgene into an elite background. Transgenic elites can then be
grown as a new variety or they can be used as parents to produce hybrid seeds. The
different methods of breeding and selection are briefly explained in this chapter,
together with specific requirements for transgenic plants and new alternatives
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offered by transgenic technologies. A deeper understanding of plant breeding
methods is available from a number of textbooks (Sleper and Poehlmann 2006;
Kang and Priyadarshan 2007; Brown and Caligari 2008).

In the following the term ‘transgene’ is used for a sequence encompassing the
gene, promoter and terminator elements and in many cases a selectable marker
gene. A transgene which is stably incorporated into the nuclear genome is inherited
as a single Mendelian gene. When the phenotype is modified by environmental
factors or by interaction with other genes the construct can be used as a molecular
marker for selecting transgenic plants among a segregating offspring.

A transgene incorporated into the chloroplast genome (transplastomic plants) is
inherited following a cytoplasmic inheritance (see Chap. 2). Typically the transgene
is inherited only by the seed parent; thus it follows that all offspring harvested on a
seed parent are transgenic. There are some important examples for cytoplasmic
inheritance in plant breeding, like cytoplasmic male sterility (CMS; see Chap. 14).

Plants obtained after transformation are hemizygous for the transgene. When the
phenotype can be determined unequivocally they can be used as crossing parents
for a backcross program because the transgene can be easily monitored in their
offspring generation. Alternatively, homozygous plants can be obtained after self-
ing the transgenic plants. Ideally transgenic doubled haploids (DH) are used for
crossing which are 100% homozygous. Generally transgenic plants with only one
insertion of the transgene are preferred due to their simpler genetic segregation
patterns.

The genetic improvement of crops is a prerequisite for crop production systems.
During domestication the phenotypes of crop plants have changed dramatically.
Men have been selecting plants for high yield capacity, yield stability or better
quality over long periods. This has resulted in landraces adapted to local environ-
mental conditions. The classical selection technique was mass selection where
favorable plants were selected by their phenotype and seeds of selected plants are
grown in the next year. Later offspring of selected single plants was tested, which
resulted in a much more efficient selection even for low heritable traits. For a few
years genotypic selection has been possible, using molecular markers as selection
tools.

The choice of a breeding method depends on the reproduction system of a plant
and the heterosis. Each breeding program starts with single or multiple crosses
between well adapted materials with superior yielding performance (elites) or
introgression lines carrying favorable alleles from non-adapted material. The
following briefly presents the main methods. Detailed descriptions of breeding
methods are given by Sleper and Poehlmann (2006) and Brown and Caligari (2008).

6.4.1 Line Varieties

Self-pollinating crops are usually bred as inbred lines following three different
breeding methods. The aim is to breed a pure line after several generations of
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selfing or by DH production. All methods start with crosses and generation of F;
populations. During bulk breeding, plants are selfed for two or three more genera-
tions to produce lines with a high level of homozygosity. Then selection starts in the
F, or F5 generations. Alternatively, only a single seed is harvested from each plant
during selfing generations. Plants are grown under conditions where ripening is
accelerated to shorten the generation time (single seed descent).

Using the pedigree method, selection starts as early as the F, generation,
followed by successive selections until the F5 or Fg generation. Single plants are
selected and their offspring tested in the field. Thus the genotype of the selected
plant is determined by testing its offspring generation.

In all cases the result is an inbred line with >95% homozygosity. In the past
decade the doubled haploid (DH) method became popular because plants with
100% homozygosity can be obtained from F; plants using different methods like
anther or microspore culture or pollination with inductor plants. Clearly, the
transformation of DHs or the combination of DH production and transformation
is desirable because homozygous plants are obtained in one step.

A limited number of lines are tested in the field under different environments and
the line with the best performance is selected as a new variety. When there is
heterosis and a male sterility system is available, hybrid breeding is an alternative.
In general, however, heterosis is low for self-pollinating crops. There are only rare
examples of transgenic lineal cultivars, e.g. herbicide-tolerant soybean. One reason
is that a line can be easily propagated by the farmer so that he does not have to buy
seeds every year, thus reducing the profitability of a transgenic variety.

6.4.2 Open-Pollinated Varieties

In the past, open-pollinated crops were bred as population varieties. Panmictic
populations were grown and mass selection was performed. Seeds from selected
plants were grown as an improved variety. Mass selection was repeated to further
improve the populations.

Today open-pollinated crops are mostly bred as synthetic varieties (synthetics)
or hybrids. Synthetics are open-pollinated varieties when a limited number of
selected parents are used for seed production. The parents can be inbred lines
or clones. This method is used when a male sterility system is lacking, however
cross-pollination between parental components must be guaranteed (e.g. by self
incompatibility).

6.4.3 Hybrid Varieties

Hybrid breeding is the mostly preferred breeding method for open-pollinated crops
today. Thus, many genetically modified varieties are hybrids. Hybrid breeding
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needs a system for targeted pollen transfer. Usually CMS is used; in rare cases
cross-pollination relies on self incompatibility. The main reason for breeding
hybrid varieties is heterosis, which is the superior performance of hybrids as
compared to their inbred parents. Substantial heterosis can be found in many
open-pollinated crops. Heterosis in self-pollinated crops is much lower or non-
existing.

Hybrid breeding is substantially different from line breeding because selection
does not rely on the per se performance of a line but on the performance of its hybrid.
In principle, hybrid breeding can be divided into three steps (Fig. 6.3). First inbred
lines are developed by successive selfing. In a classic breeding scheme inbreds are
developed from different gene pools which had been separated for generations, e.g.
by geographical separation. The per se performance of these lines is tested in the
field. A number of lines are selected for crossing with a non-related tester line or
population (topcross) and the hybrids are grown in the field. Then the best inbred
lines from each pool are selected and crossed with each other in a diallel crossing
scheme (single cross). The best hybrid combinations are selected and their perfor-
mance is tested by replicated field trials under different environments. At the end a
new hybrid variety is available which can be either the product of a single cross or
produced by three- or four-way crosses with three or four parents. When CMS is
used for cross-pollination and reproductive organs are harvested, the pollinator must
have a gene which restores pollen fertility in the hybrid (see also Chap. 14).

Transgenic lines with superior per se performance can be used as parents for
topcross tests. Since the transgenic character is inherited in a dominant way, it is
sufficient when one parental component carries the transgene. In that case the
transgenic hybrid variety is heterozygous for the transgene. In the case of additive
gene action both parents must carry the transgene, however in different genetic
backgrounds. Thus it follows that the transgenic character must be introduced into
both gene pools by successive backcross breeding (see Sect. 6.3).
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The availability of a new male sterility system by genetic transformation offers
an interesting alternative for hybrid breeding, even when natural male sterility is
lacking (see Chap. 14). This kind of male sterility is called nuclear male sterility
(NMS) because the male sterility gene is located in the nuclear genome. Nuclear
male sterility is often found in natural populations. However, its practical use is
very limited because male sterile plants cannot be maintained as pure lines. After
cross-pollination their offspring segregates for male sterile and male fertile plants,
which creates a need for laborious phenotypic selection of male sterile plants. By
genetic modification genes have been introduced which have a deleterious effect on
pollen development. When these genes are transformed together with a selectable
marker which allows easy selection of male sterile plants in the offspring male
fertile plants can be easily eliminated, e.g. by spraying with herbicides (Fig. 6.4).
Pollen restoration can be achieved by a second gene which inhibits the male sterility
system within the cell. This system has proved successful in different crops. Plants
with a transgenic NMS have been cultivated on a large scale and stable pollen
restoration has been demonstrated. This strategy can be applied for all plants. It
offers a possibility for hybrid breeding even for crops where CMS systems are not
available or their use is limited by negative pleiotropic effects or poor pollen
restoration.

6.4.4 Clone Varieties

Crosses are made between elite clones of clonally propagated plant species to create
new genetic variation. When the transgene cannot be incorporated into an elite
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clone huge populations have to be produced to get a realistic chance for selecting
a genetically improved transgenic clone, because after the initial cross no further
recombination takes place. Selection is further hampered by the fact that many
clonally propagated crops are polyploid, which reduces the chance to find a
transgenic recombinant with favorable allele composition.

As an alternative dihaploids (2x) can be used for crossing and selection due to
their simpler segregation patterns, as in the case of potato breeding. The offspring
after crossing clones are highly heterogeneous and heterozygous, no matter whether
diploids or polyploids were used as parents. Selection starts with the first generation
with potted plants in the greenhouse. Later selected clones (often referred to as A, B
or C clones) are tested in the field under different environments.

6.5 Safety and Legal Aspects of GMO Breeding

6.5.1 Separating Transgenic and Non-Transgenic Breeding
Programs

Due to strict GMO legislation, breeders have to take special measures to avoid
mixing seeds from GMO and non-GMO plants. Especially in Europe (where a
seed directive is still missing) the absolute separation of both types of plants is an
obligate requirement to avoid unforeseeable legal and financial consequences. In
fact a 0% threshold is in force which creates a danger of a denial of seed lots for
commercialization even when minimal amounts of GMO DNA are found. As a
consequence all European breeders have strictly separated their breeding pro-
grams if they have not already abandoned their GMO activities. Separation in
many cases means that GMO breeding no longer takes place in Europe. The
problem of GMO introgressions not only arises from pollen transfer but also from
GMO volunteers growing in non-GMO plots. This danger has to be regarded for
species with a long seed survival, like rapeseed whose seeds can survive in the soil
for >10 years.

For any field trial in the EC approval is needed from a national authority.
According to directive 2001/18/EG this approval is limited to a certain time
and location. After extensive testing under different environments an application
for placing on the market can be filed. This application must include seed pro-
duction and plant production on a commercial scale. When successful the trans-
genic plant and all its derivatives (backcross lines, hybrids) can be grown all
over Europe. In practice however a number of limitations have been set by the
national authorities which severely hamper the cultivation of transgenic plants in
Europe. When a breeder wants to market its transgenic plant a variety approval
is needed by the national authority. Alternatively seeds are distributed by biotech
companies to a limited number of farmers who grow the transgenic crops after
signing a license agreement. Further approvals can be needed, e.g. for herbicide
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treatment in combination with a GMO variety. In fact, a decision by the EC can
last >10 years and in many cases does not yield any result due to political dissent on
this matter.

6.5.2 Breeding Marker-Free Cultivars

Another point of concern is the presence of marker genes in transgenic plants (see
Chap. 3). Although there are no safety reasons, plants with antibiotic markers are
generally denied approval in the EC. It is technically impossible to delete marker
sequences from transgenic plants which have been transformed in cis with the
agronomically important gene because a recombination between both genes is
extremely unlikely. There are alternatives for selecting marker-free plants. When
the marker is flanked by sequences with high recombination frequency, like trans-
posable elements, there is a dramatic increase in the probability of finding plants
where the complete linkage between both genes has been broken. Likewise marker
and gene can be co-transformed, which results in transgenic lines with two unlinked
integration sites, so that recombinants can be easily selected from segregating
generations. The applicability relies on the efficiency of co-transformation and
requires time-consuming segregation studies.

6.5.3 ‘Cisgenic’ and Transgenic Plants

From a scientific point of view the strict European GMO legislation is not reason-
able by safety reasons. Much larger rearrangements within the genome can be
achieved by non-transgenic methods (see Sect. 6.1). However, concern arises
from transformations with sequences coding for harmful products or sequences
from non-plant species, like mammals, or from viruses. Therefore, a concept of
‘cisgenic’ or ‘intragenic’ plants has been introduced (Schouten and Jacobsen 2008;
see also Chaps. 4, 20). Cisgenes have been referred as genes from crop plants
themselves or from crossable species remaining within the gene pool of the
classical breeder. They should be genetically precisely defined as they are the result
of a one-step gene transfer without linkage drag of other genes, whereas induced
translocation and introgression breeding create many more genetic rearrangements
which are largely unknown. It was suggested that cisgenic plants shall be treated
like classically bred plants because of the similarity of the genes used in cisgenesis
compared with classical breeding. It remains to be seen whether cisgenic plants
will be treated differently from transgenic ones, which may contain genes from
any other organism. Legislation today makes no difference between cisgenic and
transgenic plants when gene technology has been used for incorporating the genes
into the genome.
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6.6 Non-Transgenic Versus Transgenic Breeding

What are the reasons to choose a transgenic technology for breeding a new variety?
In general, breeding with transgenic plants is only justified when genetic variation
for a trait is lacking within the primary and secondary gene pools of a crop species or
when the period of selection can be shortened (see Sect. 6.1). There are examples
where transgenic plants display a phenotype perfectly matching the requirements for
crop production. However, breeders refrain from using these plants due to problems
of acceptance or because a non-transgenic alternative is available. However, there are
traits which never can be bred by conventional breeding. Examples are metabolic
engineering, like vitamin pathway manipulation or oil crops producing fatty acids,
e.g. short- or long-chain polyunsaturated fatty acids, where the corresponding genes
are lacking from the primary to the tertiary gene pool of the species. This is
particularly true for characters absent from the plant kingdom, like spider chain
proteins, mammalian proteins or storage products only found in bacteria (e.g. poly-
hydroxy fattyacids, PHF; see Chap. 13). Many traits, however, which on a first glance
appear to be novel can be found within the available gene pools. Neither herbicide
tolerance nor amylase-free starch are new traits in plant breeding. However, they
are often associated with pleiotropic effects like low yield and poor quality. In the
following, a number of examples are given where transgenic plants have been
successfully produced, however their commercialization has been abandoned.

A striking example is a potato (Solanum tuberosum L.) with resistance against
virus and insect diseases. Although these clones proved to be superior in yield
stability they were not commercialized due to reasons of low consumer acceptance
(see Chap. 20).

Rhizomania is the most destructive disease of sugar beet (Beta vulgaris L.).
When this virus arrived during the early 1980s no resistant varieties were available.
The only source of resistance from a wild species suffered from a poor yield
capacity. As soon as in the early 1990s coat protein-protected transgenic beets
were available which did not show any virus replication. In parallel, new sources of
resistance were found in the wild relative B. vulgaris ssp. maritima which belongs
to the secondary gene pool of sugar beet. This so-called ‘Holly’ resistance proved to
be almost complete with no yield penalty associated (Scholten and Lange 2000).
Thus, all modern varieties rely on the ‘Holly’ resistance and transgenic resistant
plants have never been employed in practical plant breeding. However, as soon as
the ‘Holly’ resistance is broken, transgenic resistance will become an option.

There are examples of lacking genetic variation in the primary and in the
secondary gene pool of a crop species. In onion (Alium cepa L.) production, the
beet armyworm is a severe pest and natural resistances are of limited use only
(Prohens and Nuez 2008). Therefore bt genes have been introduced into onion,
resulting in highly resistant transgenic plants. However, no cultivars are grown so
far due to reasons of lacking consumer acceptance. The same applies for glyphosate
and glufosinate resistances. Although there is a high demand for onion production,
no varieties are on the market.
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Likewise, a number of tomato (Solanum lycopersicon L.) transgenics have been
produced but since the delayed-ripening tomatoes disappeared from the market by
the end of the 1990s no other varieties have been commercialized (Prohens and
Nuez 2008). One reason is that substantial genetic variation exists in the primary
and secondary gene pool of tomato, e.g. genotypes with ‘long shelf life’ have been
found offering an alternative to transgenic breeding.

To overcome the constraints of conventional rice (Oryza sativa L.) breeding a
number of biotechnology tools have been suggested (Kang and Priyadarshan 2007).
Rice transgenics have been produced which have much higher B-carotene contents
(golden rice), as found among Oryza species (Paine et al. 2005). Genetic variability
is limited for a number of characters like resistance to stemborers and resistance to
sheath blight. Low selection efficiency to pyramid genes for durable resistance to
pests severely hampers the breeding progress and increases the breeding cycle of
rice varieties. Moreover, the genetic variation for resistance to pests is quite narrow
(Datta and Khush 2002). Therefore, many transformations have been made and
numerous plant prototypes with improved disease and pest resistance have been
established. The transgenes have been introduced into high-yielding lines and the
agronomic performance has been demonstrated in several field trails. But for all of
that, no varieties have been commercialized so far.

Squash (Cucurbita pepo) is highly susceptible to viruses which can be important
limiting factors to summer squash production (Paris 2008). No sources of resistance
are available for traditional breeding, due to crossing barriers. Moreover the virus
spectrum often changes in the field, creating a danger that classical monogenic
resistances are quickly broken. Therefore, transgenic squash has been produced
carrying resistances for up to three viruses. Although successfully tested in the field
no varieties have been commercialized so far.

Finally, eggplant (Solanum melongena L.) can serve as an example for the
usefulness of transgenic technology. No eggplant germplasm with resistance to
the Colorado beetle has been described. However, plants expressing the bt gene
were highly resistant to two pests: the Colorado beetle and the eggplant fruit borer
(Prohens and Nuez 2008). As in other plants, resistances to aphids and nematodes
are difficult to handle. Eggplant with resistance to the peach tree aphid and potato
aphid has been produced by transformation with a rice oryzacystatin gene. Like-
wise, resistance to the nematode Meloidogyne javanica by transformation with the
Mi-1.2 gene has been introduced to eggplant. Fruit quality has also been improved
by transgenic means. Transformation with a chimeric parthenocarpic gene induced
parthenocarpic fruit development. In spite of these successes no transgenic seeds
have been marketed so far.

6.7 Conclusions

Transgenic plants can increase the genetic variation of a crop species in a way that
has not been seen before in the history of plant breeding. Completely novel traits
can be introduced or negative effects of natural variation can be avoided. In
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most cases the primary transgenic plant is subjected to a long-lasting selection and
recombination procedure to combine the new trait with superior agronomic char-
acters. Traditional selection and breeding procedures are employed and in principle
transgenic plants are bred in the same way as conventional ones. However, when-
ever possible, hybrids are clearly preferred. There are numerous examples of
transgenic technology offering new solutions which are inaccessible by traditional
plant breeding. But the constraints of public acceptance together with preponderant
legal requirements and costs have largely prohibited the commercialization of
transgenic varieties. However, the recent price increase on the international markets
for agricultural products may suggest that the impending food crisis creates a need
for the use of all kinds of technology for future plant breeding.
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Chapter 7
Detection of Genetically Modified Plants
in Seeds, Food and Feed

Lutz Grohmann

7.1 Introduction

In the context of the development and approval of a growing number of genetically
modified (GM) plants which are field-tested in the environment or cultivated as
crop plants, the methodology for their detection and identification has become an
important issue. Detection methods and techniques used by researchers and in
development laboratories for the characterisation of transformants are generally
different to those applied by official testing laboratories and public analysts.
Enforcement laboratories apply specific methods and analytical strategies for the
detection of GM plants used in the foods, feed or seeds sectors, having in mind that
the commercialisation of transgenic crop plants is regulated in different ways
depending on national legal frameworks. In the European Union (EU) for example
a validated transformation event-specific detection method, including sampling,
extraction, identification and quantification, has to be provided by the applicant
if authorisation of a certain GM event as food and feed is intended (EU 2003a).
In contrast, for example in the United States, GM plants become deregulated for use
as food, feed or for cultivation when they have been reviewed by the competent
regulatory agencies. Moreover, according to international agreements laid down in
the Cartagena Protocol on Biosafety (UN 2000), the trade and transfer of living GM
organisms (e.g. seeds and propagable grains) across national borders may require
information for the specific detection and identification of that GM organism.
Under certain circumstances the GM crop content needs not only to be detected
and identified but also to be quantified in terms of certain thresholds for labelling
the foods and feeds which contain or are produced from GM plants. Threshold
levels also depend on national legislations and, for example in the EU, labelling is
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not required if the proportion of GM material is not higher than 0.9% of the
food ingredient, provided that the presence of this material is adventitious or
technically unavoidable, whereas for example in Japan the labelling threshold is
5%. For GM plants not authorised according to EU regulations a zero tolerance is
applied, making the sensitive detection of such GM materials an emerging cha-
llenge for the official testing laboratories.

This review describes the current techniques used for detection of transgenic
plant materials and the different analytical strategies applied by the official control
laboratories responsible for enforcement from an European perspective. In addition,
the limitations of current methodologies and finally the recent developments in
GMO detection area applying advanced or alternative amplification techniques are
reviewed.

7.2 Techniques Used to Detect a Transgenic Plant

To detect genetic modifications in plants in general (for the methods of genetic
modification, see Chaps. 1, 2) two different techniques could be applied (Anklam
et al. 2002; Holst-Jensen 2007). One is based on the detection of genetic material
(DNA), for example by polymerase chain reaction (PCR). This technique is most
versatile for the detection of GM plants and therefore preferably used and chosen
for many applications (Lipp et al. 2005). The alternative approach is detecting
the newly expressed protein(s) which most GM plants contain as a result of the
insertion of the new gene(s). Here specific antibodies are applied and used in lateral
flow strip tests or complex ELISA assays (Grothaus et al. 2007). As compared to
PCR, protein techniques are more restricted in their applicability but can be very
useful for certain raw commodities. DNA is relatively stable and is often still
present in many products, even after processing of the plant material. Therefore
genetic modifications in plants are more easily and reliably detected at the DNA
level. However, this does not apply to highly processed GM materials or ingre-
dients, such as oil, sugars or starch, which may no longer contain any DNA. Here,
the EU regulations for example demand the traceability of the product through
every phase of marketing, i.e. over the entire production and processing chain
(EU 2003b).

7.2.1 DNA-Based Detection

DNA-based detection of transgenic plants targets the novel DNA sequences intro-
duced into the crop genome. These methods show the absence or presence of GM
plant material in a sample and can also measure the relative quantity (percentage) in
a tested sample.
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Fig. 7.1 Analytical strategy and targeted sequences. Detection of genetically modified plants in
food, feed and seed samples is generally conducted by consecutive PCR tests targeting the genetic
elements (element-specific) and constructs (construct-specific). For event-specific identification
and quantification of GM plants the 5’ or 3’ junction regions around the integration sites are
targeted. A plant taxon-specific reference gene is targeted for relative quantification of the GM
content. Element- and construct-specific methods are applicable mainly for screening purposes,
event-specific methods are required for identification and quantification

7.2.1.1 Polymerase Chain Reaction

DNA-based testing for GM plants is commonly performed using PCR, amplifying
specifically a short segment of the targeted DNA (Fig. 7.1). The design of specific
primers depends on a knowledge of the precise and comprehensive DNA sequence
information of the actually integrated DNA. If the method is to detect specifically a
certain transformation event, information about the inserted DNA sequence and the
3’ and 5’ flanking plant genome sequences is required. For element-specific PCR-
based screening and construct-specific detection the DNA sequences of the inserted
elements and gene constructs are targeted, respectively.

PCR-based detection and particularly the quantitative measurement of the GM
content in a sample actually involves the use of two PCR systems, one for deter-
mination of the inserted GM-derived DNA sequence and another system specific
for an endogenous, plant-taxon specific reference gene sequence (Fig. 7.1). The
latter is also thought to serve as a control for the quality and quantity of the
extracted DNA.

7.2.1.2 Conventional Qualitative PCR

Conventional PCR methods are mainly used for qualitative testing to obtain yes/no
answers concerning the presence of GM plant material. PCR products are analysed
by agarose or polyacrylamide gel electrophoresis (Sambrook and Russel 2001)
and visualised using UV fluorescence with ethidium bromide as fluorophor or by
other means. It may be necessary to confirm GM-positive test results by further
analyses, either by restriction analyses, Southern hybridisation or DNA sequencing
(ISO 2005a).
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Before the PCR method is applied the primer combination has to be optimised
and validated for their performance requirements. The important performance
criteria for qualitative PCR methods are the sensitivity in detecting the transgenic
DNA sequences and the specificity for the targeted DNA segment. At optimal reac-
tion conditions a limit of detection (LOD) of 1-10 copies of the target sequence can
be achieved in less than 40 PCR cycles (Hiibner et al. 2001). Practically the LOD of
the PCR method should allow that the presence of the target sequence is detected in
at least 95% of the time, with < 5% false negative results (ENGL 2008). The length
of the amplified product influences the PCR performance and should therefore
selected in a way that it matches to the size range of DNA fragments which can
be extracted from the sample matrix. For raw materials like seeds or leaves contain-
ing less fragmented DNA a broader range of PCR product size up to maximally 250
bp is applicable, whereas for processed food or feed with higher DNA fragmenta-
tion the PCR product should be ideally 80—150 bp. The specificity of the method
should be tested theoretically by sequence similarity search with the primer
sequences against nucleic acid sequence databases (e.g. Blast search in EMBL,
GenBank, etc.) and empirically by testing the GM target event(s), very similar non-
target GM events and different non-GM plants in order to confirm that the primers
can discriminate between the target and closely related non-target sequences. For
the reference gene-specific PCR methods different varieties should be tested to
demonstrate that the target sequence is conserved between different plant lines
(Hernandez et al. 2004, 2005; Broothaerts et al. 2008).

7.2.1.3 Quantitative Real-Time PCR

The most preferred technique to quantify GM material in a sample is real-time PCR.
It allows the detection and measurement of increasing fluorescence proportional to
the amount of amplification products generated during the PCR process. Of the
various chemistries TagMan fluorogenic probes (Holland et al. 1991) are most
commonly applied in real-time PCR-based detection and quantification of GM
plant materials. Real-time PCR is mainly used for quantification purposes, but it is
increasingly utilised also for qualitative testing to screen or to identify the GM event
(Zeitler et al. 2002; Rho et al. 2004; Reiting et al. 2007; Waiblinger et al. 2007).
The limit of quantitation (LOQ) of a real-time PCR method depends on the
optimisation of the PCR detection method and on the accepted standard deviation
of the measurement. The LOQ is experimentally determined during method valida-
tion and should reach 30-50 target molecules, which is close to the theoretical
prediction (Hiibner et al. 2001). As shown in Table 7.1, the LOD/LOQ values
depend primarily on the characteristic plant genome size (C value) and range from
0.004%/0.02% for papaya to 0.16%/0.7% for wheat. The obvious effect here is
that PCR is inhibited when the amount of input DNA is exceeding approx. 8 ng/ul
of reaction volume. For example for maize, according to its genome size a 200-ng
DNA sample contains approximately 39 000 genome copies and thus a given
sample with a GM plant content of 0.1% corresponds to 39 copies for a single-copy
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Table 7.1 Plant genome size and theoretical LOD/LOQ in real-time PCR assays

Common Scientific name Nuclear DNA Genome LOD® LOQ*
name content® copies

Mbp/IC  pg/2C®  (in200ng) (%) (%)
Alfalfa/ Medicago sativa (2n=4X) 1.510 3.09 64 768 0.02 0.06

lucerne

Barley Hordeum vulgare 4.873 9.97 20 070 0.05 02
Cotton Gossypium hirsutum 2.246 4.59 43 544 0.02 0.1
Maize Zea mays 2.504 5.12 39 058 0.03 0.1
Oilseed rape Brassica napus 1.182 242 82 741 0.01 0.05
Papaya Carica papaya 0.372 0.76 262 903 0.004 0.02
Pea Opisum sativum 4.172 8.53 23 442 0.04 0.2
Peanut Arachis hypogaea(2n=4X) 2.813 5.75 34 767 0.03 0.1
Potato Solanum tuberosum (2n=4X) 1.730 3.54 56 548 0.02 0.07
Soybean Glycin max 1.115 2.28 87 713 0.01 0.05
Sugarbeet Beta vulgaris ssp. Saccharifera  0.758 1.55 129 024 0.01 0.03
Sunflower  Helianthus annuus 3.030 6.20 32 277 0.03 0.1
Tobacco Nicotiana tabacum (2n=4X) 4.434 9.07 22 059 0.05 0.2
Tomato Lycopersicon esculentum 0.954 1.95 102 569 0.01 0.04
Rice Oryza sativa 0.441 0.90 221 769 0.005 0.02
Wheat Triticum aestivum (2n=6X) 15.966 32.65 6 126 0.16 0.7

“Nuclear DNA content values were taken from Arumuganathan and Earle (1991)

°1 picogram (pg) = 978 x 106 base pairs (Dolezel et al. 2003)

“Relative limit of detection (LOD) based on an LOD (CI=95%) of 8-12 copies of the GM target
sequence (Burns and Valdivia 2008)

drelative limition of quantification (LOQ) based on an LOQ of 40 copies for the GM target
sequence (Hiibner et al. 2001)

transgene. A quantitative real-time PCR assay should be carefully optimised for
the specific LOD/LOQ needed for GM content detection and quantification. The
precision of the quantitative real-time PCR methods is commonly expressed as
relative standard deviation (RSD) which can vary over 10-30% with respect to
intra-laboratory repeatability and over 15-50% for inter-laboratory reproducibility,
depending on the range of target copies analysed.

7.2.1.4 Alternative DNA-Based Techniques

To solve the challenge that the increasing number of GM plant events is covered by
appropriate analytical methodologies it is expected that multi-target analyses are
necessary. The DNA microarray technology could be an option to parallelise the
multi-analyte detection of several PCR products in a single run. Arrays that have
been developed consist of various oligonucleotide probes that are immobilised on a
glass support and used for screening of genetic elements, for constructs and events
including detection of plant taxon-specific reference genes (Hamels et al. 2007; Xu
et al. 2007; Leimanis et al. 2008). However, this approach is based on the use of
multiplex PCR before hybridisation of the PCR products to the microarray and, as
has been shown elsewhere, PCR is limited in its multiplexing capacity within one
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reaction due to the reduced sensitivities of the individual PCR systems. Therefore,
alternative amplification methods are currently investigated for their potential use
for GMO detection in the future, particularly to cover the increasing number of GM
host plants and diversity in genetic elements and constructs. Several alternatives are
being tested for improvements in GMO detection, e.g. loop-mediated isothermal
amplification (LAMP; Fukuta et al. 2004), ligation-depended probe amplification
(LPA; Moreano et al. 2006), SNPlex technology (Chaouachi et al. 2008), padlock
probe ligation in combination with microarray detection (Prins et al. 2008) and
nucleic acid sequence based amplification using transcription techniques (NASBA)
in combination with microarray detection (Morisset et al. 2008). In addition, to
circumvent the limitations concerning the availability or reference materials (e.g.
for unauthorised GM events), the use of multiple displacement amplification
(MDA) for whole-genome amplification has been described to generate reference
material for GMO detection (Roth et al. 2008).

7.2.2 Protein-Based Detection

Detection of the novel proteins expressed by GM crops is based almost exclusively
on the application of immunoassay technology. Several immunoassays are avail-
able for different traits present in diverse GM plant crops and are used in a variety of
applications, including testing for unauthorised events and determining the relative
GM content (Grothaus et al. 2007). Immunoassays are based on the reaction of an
antigen (e.g. the GM-derived protein) with a specific antibody to give a antigen-
antibody complex that can be indirectly measured. The immunoassay formats
commonly used for GM-protein detection are the enzyme-linked immunosorbent
assay (ELISA) and the lateral flow device (LFD).

7.2.2.1 Lateral Flow Strip

Lateral flow strip devices (LFD) are used for qualitative or semi-quantitative
detection of antigens and, in the case of novel GM proteins, antibodies are used
in the same sandwich immunoassay format as in ELISA, except that the secondary
antibody is labelled with a coloured particle such as colloidal gold rather than an
enzyme as a means of generating a visible signal. A typical LFD has linked
simultaneously a second antibody on the strip to provide visual control that the test
has worked correctly. LFDs are available for several traits, require low instrumen-
tation and allow rapid testing also in the field. They are show to be sufficiently
specific, but concerning sensitivity only up to the 0.1% range is achievable. LFD
represent a useful tool to detect GM proteins in raw materials such as seeds and
leaves, however in food and feed products their applicability is restricted to samples
containing sufficient GM plant material where the GM protein is expressed. The
more drastic limitation for the application of LFDs for food and feed testing is
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obviously the physico-chemical instability of proteins when products are processed
and heat-treated. The CP4-EPSPS protein is considered as a useful GM protein
marker in food/feed products and the CrylAb protein to a lesser extent (van den
Bulcke et al. 2007).

7.2.2.2 Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assays (ELISAs) are commonly 96-well micro-
plates with removable strips of 8§—12 wells coated with a primary antibody to
capture a target antigen in the sample. A secondary antibody, conjugated to an
enzyme such as horseradish peroxidase, is used to detect the presence of the bound
antigen, which results in a sandwich of the analyte between the primary and
secondary antibodies.

In general ELISAs are quantitative and provide high-throughput capability to the
laboratory analysis, considering that the protein is not denatured. Detection limits
for Cry1Ab protein is reported to be below 0.1% for dried maize flour (Ermolli et al.
2006). To determine the concentration of the targeted protein in a sample, standards
correlating to known concentrations of the antigen are used to produce a calibration
curve to determine the unknown concentration of the antigen in the sample. Either
recombinant proteins, which contain a similar or identical amino acid sequence and
immunoreactivity as the plant-expressed protein, or uniform preparations of actual
samples with known concentrations of GM proteins (such as maize or soybean
flours available as certified reference materials) may also be used as calibration
standards. Since processing affects the detectability of proteins, ELISA is not
applicable to most processed food or feed matrices. Furthermore, ELISA does not
allow event-specific identification and may fail to detect novel GM proteins.

7.2.3 Method Validation and Standardisation

Validation of detection methods is an essential component to assess the reliability of
test methods. By using validated and standardised methods, control laboratories
assure that the analytical procedures applied are harmonised at the national or even
international level. The process of validation establishes numerical values for the
different performance criteria (specificity, sensitivity, applicability, robustness, etc.)
and consists at the beginning of an in-house validation in the developers’ laboratory
followed by a collaborative trial to determine the method’s repeatability and repro-
ducibility in order to estimate the transferability of a method between laboratories
(Codex 2009). If a collaborative trial-validated method is to be implemented in a
laboratory, it is of course also necessary to confirm that the method performs as well
under the local conditions as it did in the inter-laboratory method validation study.
To harmonise the procedures applied for the detection of GM plants in foodstuffs
and derived products, the International Standardization Organisation (ISO) has
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published a series of internationally agreed standards for nucleic acid extraction
(ISO 2005c), for qualitative nucleic acid analysis (ISO 2005a), for quantitative
nucleic acid analysis (ISO 2005b) and for protein-based methods (ISO 2004).
Furthermore, general requirements and definitions involving these different work-
ing steps are described in a generic standard document (ISO 2006). These ISO
standards prescribe what method performance and validation studies have to be
conducted to establish data and the performance characteristics for the specific
method application. At the European level a guidance document of the European
Network of GMO Laboratories (ENGL) provides practical recommendations how
event-specific PCR methods shall be evaluated in the context of the approval of a
GM food or feed according to EU Regulation 1829/2003 and defines minimum
performance requirements for acceptance of these methods (ENGL 2008).

7.3 Detection Strategies

Detection of the presence of GM plants is an analytical process involving several
working steps. It includes: (i) the sampling step, (ii) the extraction step for isolating
DNA or protein fractions from the ground material and (iii) the final analysis for
identification and/or quantification of GM material. The detection of GM plant
DNA can be used for qualitative and for quantitative testing. In quantitative PCR
assays, the amount of the specific target DNA present in the sample is estimated,
whereas in qualitative PCR tests the presence or absence of a specific GM target
sequence is determined.

A commonly applied strategy for testing the presence of GM plants in food, feed
and seeds is to first perform screening tests with qualitative methods (Fig. 7.2). This
is typically done with DNA-based PCR tests targeting the genetic elements that are
most frequently present in GM plants. In the next working step the identification of
the GM event is performed by construct-specific or event-specific PCR methods,
followed by real-time PCR-based quantification of the relative proportion of trans-
gene DNA copy number versus the plant taxon-specific DNA copies present in the
analysed DNA sample (Holst-Jensen et al. 2003). Target sequences to be detected
by analytical PCR methods include sequences integrated in the GM event (screen-
ing, construct-specific, event-specific), sequences for plant taxa-specific reference
genes and occasionally sequences from the donor organisms in order to exclude
false-positive results, e.g. possible plant infections with cauliflower mosaic virus
(Cankar et al. 2005).

7.3.1 Screening

For the expression of newly integrated genes, GM plant developers use a limited
number of regulatory elements (promoters and terminators). Since these elements
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Fig. 7.2 Procedure for GMO testing of food, feed and seeds from a European perspective.
A stepwise approach consisting of GMO screening, identification and quantification is commonly
applied for testing food, feed and seed products for compliance with European authorisation and
labelling regulations

have been frequently used they are ideal candidates for the screening of a large
number of samples and are useful to assess whether or not a sample under investi-
gation is likely to contain GM-derived material (Fig. 7.2). To identify these
elements Bruderer and Leitner (2003) systematically surveyed which genetic com-
ponents have been introduced into GM crops at the worldwide level. Correspond-
ingly, the widely applied screening methods target the constitutive 35S promoter
(P-35S) sequence from cauliflower mosaic virus (CaMV) or derivatives of this
promoter and the terminator sequence isolated from the nopaline synthase (nos)
gene of Agrobacterium tumefaciens which are found in 43 events (P-35S) and in 37
events (T-nos), respectively (Bruderer and Leitner 2003). The survey identified also
a few genes with significant numbers of application in GM plants (see Table 7.2).
Herbicide-tolerance genes like the cp4epsps gene derived from A. tumefaciens sp.
strain CP4, the phosphinothricin acetyltransferase (bar) gene from Streptomyces
hygroscopicus or from S. viridochromogenes (pat) have been identified to
be reasonable targets for screening (Zeitler et al 2002; Waiblinger et al. 2005).



L-T0LdS ‘S-z01ddS 608NOIN SECAXO

=}
g (JeoTMON) TO8NOIW €AAXSSIN
m X-CCLNGY 00T0SNOIW €y
5 86M (JeoTMIN) YO9ATN 9L0T 8SIN
3 9M X-1ZLNGY 8€0AT LSL TIIXISIN
T-€-0vSLO (JeoTMaN) 12VvD TESNOIN [AIXTSIN
891-D X-STLNGY 1S€-HID S86SINOIN [t
61-76D (JeoImoN) X 19 g 869INON 149
1-76D eod (JeoTMON) X-+0LILY TLee SPPINOIW ISIN sou-J
LOSTOL
STL v1L
€093IN
9SIN ‘€SIN
7€068NOIN
LTOSSNOW
€98NOIN
ZESNOW
86M 0TSNOI
9M 60SNOIN
79tND 00TOSNOIW
T-€-0¥SLO 8E0AT NX4
891-D 81v1dd 9L0T
61-76D 1SE-HID LSL ShL
1-76D 9LTg TESNOW 79T 1oreroqry
CE-LYSSV ond 8081€ CETAXO
LTI-LYSSV L-T01dS g LOSTE 7/61sedo],
12T-v0LTY 10971 ¢-z014dds OzT1D 914 S86SINOIN 06/0vSD
L-0TLL CI-v0LTY 9011 (JeoTMON) X L9 L-TT166-SVA 869INOIN (reoumer) £T-81-€C
LLASLD €4095€ 9T1 (JeoTMON) X-40LILY 089 ‘8L9 ‘9L9 SPPINOIW 861-€C SSe-d
1oNISU0d
199q hmw:m :mun_%om AAY 0Je10d QZIRIN uonop ejoue) \u:oEEo
© (sureu juand) dox D plikliklg)
a (800¢ 'T& 12 13UT[qIepr (00T JowIe] pue 1a1opnig) sdord JAD pajoo[as ur Juasald S]oNISuod pue SJUSW[ J1AUID) 7°/L dqe],



127

7 Detection of Genetically Modified Plants in Seeds, Food and Feed

9¢ND

LTI-LYSSV

SE-LYSSV

¢SCL 1T-v0LTY
L-0CLL CI-¥0LCV

86M
OM

[-LH [-VSLLSNOIW
LLASLO 88L6BNOIN

109711
90T1
9Tl

LOSTOL
STL v1L
1nd
celr6s-sva
ccl65-Svda
089°8L9°9L9

9SIN ‘€SI
81vLdd
8-6L790-Svd
I1S€-HEID
9L
(9z11Q) 914

€093IN
LTO88NOW
CEBNOIW
608NOIN
COBNOW

(JeoTmoN) X-CCLNGY 00TO8NOIN

€093IN
9SIN ‘€SI
Y€068NOIN
LTO88NOW
£98NOIN
CTEBNOIN

ShL
7971 Joyeraqry
7/61 sedog,
06/0¥SO

9¢AHd
£CAHd
cJIX8SIN
edd

8SIN
CHIXTSIN
[JIXTSIN
oy

144

ISIN

869 INOI ELLD
SYYINOIW 001D

wd-g¢cd

Apq

sdsdapdd
-gdio



128 L. Grohmann

The 6 endotoxin (cry) genes from Bacillus thuringiensis (see Chap. 10) belong to
the most frequently used genes in transgenic crops. However, screening methods
targeting the different cry genes have not been established, because theses genes
and gene variants are target-organism specific, often synthetic or modified and
in some cases truncated or fused, thus making this gene group less suitable for
screening purposes.

If for example canola seed samples (canola see Chap. 21) have to be screened for
the presence of GM events it is not advisable to use the P-35S specific method, since
many GM canola events remain undetected (Table 7.2) and CaMV can infect
rapeseed, thus increasing the chances of false-positive results. A screening concept
for canola seeds proposed by the German official control laboratories therefore
applies a combination of four different construct-specific PCR tests, allowing the
detection of 13 known GM canola events (LAG 2006). As described in this concept,
the combination of four PCR tests (P35S-pat, pFMV-epsps, pSSUAra-bar, P35S-
nptll) covers 13 events and, if one test is positive, further analyses for identification
of the GM event have to be performed.

Recently, also real-time PCR arrays based on multi-target analytical systems
were developed to serve as less laborious analytical tools for the screening of
unauthorised GM crops in the EU and Japan (Querci et al. 2008; Mano et al.
2009). The formats are 96-well or 384-well PCR plates prepared with primers
and probes specific for the simultaneous detection of as many GM elements,
constructs and events as possible.

7.3.2 Identification

The next step in the work flow of analysing samples which reacted positive in
screening tests is the identification of the plant species and the GM events which
may be present (Fig. 7.2). If the results of the screening tests indicate the presence
of several different GM events, they must of course be first carefully analysed as
to which specific tests have to be performed next to identify the GM plant with
the most effective strategy. Depending on the sample it may thus be useful to
verify first the plant taxa before numerous identification tests are performed. For
example, if only DNA from one plant taxon is present, the testing scheme for GM
event identification could be much less complex. Another alternative could be
to first perform a sub-screening with construct-specific PCR methods targeting
transgenic events containing identical gene constructs which have been used to
generate several transformation events or to introduce the specific trait in differ-
ent crop plants (see Fig. 7.1). If for example a construct-specific ctp2-cp4epsps
screening is performed (Waiblinger et al. 2005, 2008), solely the different
events tolerant to glyphosate (Roundup Ready, see Chap. 9) will be detected,
such as canola GT73, maize MON88017 and NK603, soya MON89788 and sugar
beet H7-1.
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7.3.3 Quantification

For quantification of the GM plant material present in a sample, real-time PCR
assays are commonly employed to determine the amount of sequence copies of the
GM target versus the reference gene target, which obviously is not generating a
direct weight-to-weight measurement (ENGL 2007). These assays use standard
curves generated with a serial dilution of DNA of known GM content and target
sequence concentration. In this way two calibration curves are constructed, one for
the targeted GM sequence and one for the plant taxon-specific reference gene. The
calibration DNA can be the DNA extracted from certified reference materials or
plasmids (Block and Schwarz 2003), or hybrid amplicons carrying both target
sequences can be used (Pardigol et al. 2003). The standard curves and the sample
DNA are analysed in the same PCR run and, by extrapolating the Ct obtained,
quantitative information for the targets is obtained. The copy numbers are calcu-
lated for the GM target sequence and the reference gene and used to estimate the
relative amount and percentage of the GM plant event present in a given sample.
Target DNA copy numbers of standards and quantitative positive controls must be
precisely quantified before use, for example by fluorometric techniques (Ahn et al.
1996) or by spectrophotometric analysis (ISO 2005c). The DNA concentration
measured is converted to copy number equivalents by using conversion factors,
as reported by Arumuganathan and Earle (1991), or by referring to the plant DNA
C-value database (Bennett and Leitch 2005). If certified reference materials of
a certain percent GM content are used, the percentage of the material must
be considered when calculating GM copy number equivalents for these materials.
However, it should be also noted that quantitative PCR methods often measure the
GM content in relation to specific reference materials, thus the genetic situation
(zygosity, degree of ploidy, copy number per genome, etc.) is not considered,
which could be an important issue particularly for maize (Papazova et al. 2005a, b;
ENGL 2007).

Because of the relatively high measurement uncertainty (MU) accompanied with
DNA-based quantitative analysis of the GM plant content in a given sample, it is
important that testing laboratories apply procedures to calculate the combined
standard deviation accumulating during the whole analytical process. Such a
practical approach was recently described for the calculation of the overall MU
for decision-making concerning the European 0.9% labelling threshold (Zel et al.
2007). These authors report that, for event GTS-40-3-2 (Roundup Ready soybean,
see Chaps. 9, 24), the expanded uncertainty was 23.2%.

7.3.4 Detection of Stacked Events

A growing number of GM plant events containing stacked traits are approved and
already cultivated in some countries (Tavaniers et al. 2008). Of the different
approaches for the production of gene stacks, crossing GM events which express
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different traits (e.g. by combining the Bt trait for insect resistance with a trait for
herbicide tolerance) is preferably applied to rapidly obtain stacked events for
commercialisation. This type of stacked event is indeed widely accepted by breeders
and forms also the basis for the OECD definition of a unique identifier for gene
stacks (OECD 2006).

In general, for the purpose of qualitative testing it is not necessary to discrimi-
nate between stacked and non-stacked events, since event-specific methods are
already available for most of the commercialised parental GM lines and may be
used to identify and, if necessary, to quantify the single events present in the stack.
However, if a sample is positive for two or more single events which have been
used for the production of a stacked event, it is hardly possible to discriminate
between a mix of the single events (parents of the stack) and the hybrid (stacked)
GM plant. The only currently available way to circumvent this analytical problem
is to analyse single plants or seed kernels for example by using multiplex event-
specific real-time PCR assays (Akiyama et al. 2005) or protein flow strips (Ma
et al. 2005). However, these single kernel-based analyses are laborious and cost-
intensive; sophisticated technical simplifications will be required for any routine
application.

7.3.5 Detection of Unauthorised/Unknown GMOs

For GM plants not authorised for marketing as products, EU regulations stipulate a
zero tolerance (Fig. 7.2). Examples of unauthorised GM products that have been
identified at the European market are GM papaya (‘SunUp’ events 55-1, 63-1),
several maize events (‘StarLink’ CBH-351, Bt10, ‘event 32’ DAS-59132-8,
MIR604) and rice (LL601, LL62, ‘Bt63’). One of the reasons for these incidences
most likely was that protein-based ELISA and LFD tests were used by seed
producers to test for the adventitious presence of GM events during scale-up and
production. These tests cannot distinguish between different events, which had
already potentially caused these problems with the basic seed material by contami-
nation with unauthorised events carrying the same trait. For example, in 2005 the
authorised event Bt11 maize was found to be mixed with event Bt10 which was not
intended for further propagation and commercialisation and therefore not approved
in the United States or in any other country at that time. A recent case (unapproved
maize event DAS-59132-8 in DAS-59122-7) shows that protein-based seed quality
testing is still causing problems when commercialising GM plants.

The detection for unapproved events is of course an extreme analytical cha-
llenge, since in most cases only limited information on such events is available or
only partial characterisation has been reported. In these cases specific detection
methods have to be developed (Mide et al. 2006; Cankar et al. 2008), or have to be
provided by the concerned seed companies and official authorities, e.g. the USDA.
However any PCR-based detection strategy depends on the detailed knowledge of
the genetic modification and of the DNA sequence of the insert in order to select
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appropriate oligonucleotide primers. For a GM plant which is unknown to the
control laboratories this approach is not applicable due to the lack of information
on the genetic elements and DNA sequences. Other analytical strategies than PCR-
based methods have to be applied to detect this category of GM events, e.g. finger-
printing and fragment profiling techniques (AFLP, RAPD; Theuns et al. 2002),
whole genome amplification (Roth et al. 2008) and extensive DNA sequencing.
Recently, a pilot study with high-density microarrays showed it was applicable for
the screening or profiling of discrete transgene elements present in unknown GMOs
(Tengs et al. 2007). However, this method needs pure and relatively high sample
DNA concentrations because no PCR amplification of target DNA is performed
before the hybridisation step and these microarrays are very cost-intensive. Further
optimisation of this approach will clarify whether such an array-based method
could be a helpful tool not only for research on plants, but also for detection of
unknown GM events in general.

7.3.6 Method Databases

Reports and public databases provide information about the genetic elements
contained in GM plants (Bruderer and Leitner 2003; AGBIOS 2008). At the
European level detailed information is provided on GM plants for which an
application for authorisation has been submitted or which are authorised in the
EU. There are also lists of methods and databases available which are valuable
sources to find information on validated protein and DNA-based methods used for
the identification of GM plants (Bonfini et al. 2007; CRL-GMFF 2008; Dong et al.
2008; JRC 2008).

7.3.7 Sampling Issues

The sampling procedure includes different steps and consists of: (i) taking a
composite of increments from a lot to form a bulk sample, (ii) reducing the bulk
sample to the laboratory sample and (iii) after grinding/homogenisation again,
taking a portion for the actual analysis (test portion). An optimal sampling plan is
adapted to the lot size to yield a representative laboratory sample and is of course
always a compromise between costs and accepted sampling error. Guidance for the
sampling of food and feed products can be found in general standards published by
ISO (1999, 2002). At the European level specific documents and recommendations
have been established, particularly for GMO sampling of food (CEN/TS15568; EU
2004). Sampling of seeds should follow internationally agreed practices according
to the appropriate regulations of the International Seed Testing Association (ISTA).
On that basis it is generally agreed that a test sample taken for the GMO analysis
should contain at least 2995 seeds to detect a GM seed content of 0.1% with a
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confidence level of 95%. It is noted that information on the sampling procedure is of
course essential for the correct interpretation of an analytical report.

7.4 Conclusions

The application of appropriate methods and strategies applied for sensitive and
specific GM plant detection in seeds, in food and in feed products has become a
challenging issue because the global cultivation rates and species of GM crop
plants, as well as the diversity of inserted genes and regulatory elements, are
constantly increasing. This is currently reflected by accelerated efforts to study
and develop new methods and tools with the aims of solving the technical problems,
achieving scientific advancement and harmonising GMO detection approaches and
testing regimes. It has to be awaited whether technical solutions can be provided for
pending problems, for example like the correct distinction and correct quantifica-
tion of (multiple) stacked events. Concerning the detection of unauthorised GM
events it is noted that research institutions and biotechnology companies should
contribute as much as possible to minimise the risk that GM plants developed and
studied for research purposes are not dispersed accidentally into the environment or
marketed through impurities in non-GM seed lots. As demanded for the analytical
GM testing process, strict and reliable quality management systems may contribute
to the positive public perception concerning the use of GM plants.
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Chapter 8
Drought Stress Tolerance

Dorothea Bartels and Jonathan Phillips

8.1 Introduction

Improving the drought tolerance of crops has been an important aim of plant
breeders for a long time, and successful varieties have been developed. Despite
this fact the issue of food security will become more serious due to the forecasted
global climatic changes in combination with the increasing world population (FAO
2006). Many environmental factors are responsible for a reduced crop yield.
Among them, drought is one of the major threats to agricultural production. Even
in the most productive agricultural areas, periods of water deficiency are responsible
for considerable reductions in biomass yield every year. This chapter focuses on
drought, although exposure to drought often triggers reactions common to drought,
salinity or low temperature. The consequence of all three environmental factors is
cellular dehydration leading to osmotic stress, likewise the production of reactive
oxygen species. Therefore plants often show tolerance to several stressors.
Drought tolerance can be achieved by different mechanisms such as by taking up
as much water as possible, high water-use efficiency, and by directing photosyn-
thesis products into harvestable material like grains (Blum 1988). Three main
approaches have been used in breeding for drought tolerant varieties: (i) select
for high yield potential under optimal conditions, (ii) select for maximum yield in
target environments, (iii) incorporate known morphological or physiological para-
meters of drought stress tolerance in the selection schemes. Drought stress tolerance
is a complex phenomenon and involves many genes. The existence of differences in
drought tolerance between genotypes indicates that there is a genetic basis for
drought tolerance mechanisms. This is the justification for the analysis of genetic
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variations through mapping quantitative trait loci (QTLs), which is often applied
for crop plants. However, the time-frame from identification of QTLs to gene
discovery is long, and success depends on the availability of a comprehensive
genetic map.

About two decades ago molecular approaches were started to dissect the gene
network determining drought stress tolerance. Many genes have been identified
which are responsive to drought stress (Seki et al. 2002). Molecular studies have
preferentially used the genetic model plant Arabidopsis thaliana, because of its
small genome size and the availability of the full genome sequence. Naturally
desiccation-tolerant plants like the resurrection plant Craterostigma plantagineum
have also been exploited in order to isolate genes which confer tolerance (Sunkar
et al. 2003). There have been numerous reports of genes conferring stress tolerance:
The source for most of the genes has been Arabidopsis. Only a very few genes
have successfully been tested in crop plants, because many of the potential can-
didate genes only led to a marginal increase of stress tolerance or the genes had
side-effects on growth or morphological parameters.

Here we focus on successful strategies which have been recently applied to
obtain crop plants with improved stress tolerance.

8.2 Transgenic Plant Strategies for Enhanced Drought Stress
Tolerance in Crop Plants

Plants have evolved adaptive strategies to cope with abiotic stress conditions, such
as drought. The plant stress response can be divided into perception and transduc-
tion of environmental cues through signalling components, resulting in activation
of stress-related genes and synthesis of diverse proteins that function in physio-
logical and metabolic responses. Well characterized proteins involved in the
protection of plant cells from dehydration stress damage include chaperones,
osmotic adjustment proteins, ion channels, transporters, and antioxidation or detox-
ification proteins (Bartels and Sunkar 2005).

Transgenic approaches offer a powerful means to gain information towards a
better understanding of the mechanisms that govern stress tolerance. They also
open up new opportunities to improve stress tolerance by incorporating genes
involved in stress protection from any source into agriculturally important crop
plants. To date, the transgenic approach has typically been to transfer a single gene
into plants (for methods, see Chaps. 1, 2) and then observe the phenotypic and
biochemical changes before and after a specific stress treatment. A limitation of this
strategy is that the functions of relatively few genes involved in abiotic stress
tolerance have been established, and not enough is known about the regulatory
mechanisms. Complex quantitative traits such as abiotic stress tolerance have a
relatively low heritability and are controlled by many genes that interact with each
other, the genetic background of the organism, and the environment. Dissection of
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the abiotic stress tolerance traits has resulted in the identification of multiple
chromosomal segments associated with tolerance via QTL analysis (Tuberosa and
Salvi 2006). Despite this complexity, notable successes have been achieved through
metabolite engineering (Table 8.1; see also Chap. 11) and through the manipulation
of regulatory genes (Table 8.2). Recent examples that illustrate both types of
strategy to engineer drought tolerance in crop plants are described in the following
sections.

8.2.1 Osmoprotectants and Metabolite Engineering

Abiotic stress such as dehydration, salt or freezing perturbs the cellular metabolism,
as pointed out in numerous physiological experiments using many different plant
species (Ingram and Bartels 1996; Bartels and Sunkar 2005). Therefore research
strategies have been designed to counteract the metabolic imbalance provoked by
abiotic stressors. It is implied in the research strategy that engineering metabolism
may counteract negative consequences of stress only within a certain range.
Another consideration has to be that engineering of metabolic pathways should
not interfere with other pathways, e.g. those which are responsible for biomass
or yield.

Most organisms, ranging from microbes to animals and plants, synthesize com-
patible solutes in response to dehydration. Compatible solutes are non-toxic small
molecules which do not interfere with normal cellular metabolism. Depending on
the organism a variety of substances have been described as compatible solutes.
Examples are sugars or sugar alcohols such as raffinose, galactinol, trehalose or
fructan, amino acids such as proline, amines such as glycine betaine or polyamines.
Compatible solutes have their main role in turgor maintenance and in osmotic
adjustment. Also additional functions have been discussed such as stabilizing cell
proteins and structures, scavenging reactive oxygen species, signalling functions or
induction of adaptive pathways (Hasegawa et al. 2000; Chen and Murata 2002).
However, the exact function is not fully understood. Simple, preferentially one-step
transformation strategies were designed to increase the accumulation of these
molecules (including in plant species in which osmolytes do not accumulate
naturally). This approach was partly successful and stress-tolerant plants were
obtained (Table 8.1), although this strategy did not always lead to osmotic adjust-
ment (Serraj and Sinclair 2002). Most approaches relied on transforming plants
with a single gene, and this may be the reason that often only marginal stress
tolerance was obtained. In nearly all examples osmolyte accumulation in the whole
plant was considered but not in specific tissues or specific cells. In a detailed
analysis of gene expression in Arabidopsis roots, Dinneny et al (2008) showed
that stress genes may be restricted to particular lineages of cells in the Arabidopsis
root. Such data may provide better targets for modifying metabolite profiles in
the future.
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8.2.1.1 Amino Acid-Derived Osmoprotectants

Metabolic engineering studies have mainly focused on proline and betaine. Both
proline and betaine have been shown to accumulate in several plant species under
stress (Sunkar and Bartels 2005). The biosynthetic pathways for both metabolites
have been well studied and therefore the genes for manipulating the pathways are
available (Bohnert and Shen 1999).

Proline

Many plants accumulate proline in response to osmotic stress (Delauney and Verma
1993). Two biosynthetic proline pathways exist in plants: the ornithine-dependent
pathway and the glutamate-dependent pathway. The glutamate pathway seems to
be the predominant pathway for proline synthesis, especially under stress con-
ditions (Delauney and Verma 1993).The other important reaction that controls
proline levels is the oxidation of proline by proline dehydrogenase to pyrroline-
5-carboxylate (Nanjo et al. 1999). The transgenic plants overexpressing proline
biosynthetic enzymes demonstrated the involvement of proline in response to water
deficit (Kishor et al.1995; Roosens et al. 2002). Increased degradation of proline via
pyrroline-5-carboxylate reductase resulted in increased sensitivity to water stress
(de Ronde et al. 2000). Transgenic rice (see Chap. 22) and wheat plants (Chap. 16)
that accumulate proline showed better stress tolerance to dehydration and salinity,
respectively (Zhu et al. 1998; Sawahel and Hassan 2002).

Glycine Betaine

Glycine betaine is a quarternary ammonium compound that occurs in a variety of
plants, animals and microorganisms (Chen and Murata 2008). Glycine-betaine is
synthesized in plants via a two-step oxidation of choline. In spinach and some other
plants the oxidation is carried out by two chloroplastic enzymes: choline mono-
oxygenase (CMO) and betaine aldehyde dehydrogenase (BADH). The first reaction
is the oxidation of choline to betaine aldehyde and the second reaction oxidizes
betaine aldehyde to betaine (Fitzgerald et al. 2009). The overexpression of betaine
biosynthesis genes either derived from bacteria or from plants in generating drought
tolerance in plants, which do not naturally synthesize glycine betaine (Chen and
Murata 2002). Examples are transgenic Arabidopsis, Brassica napus, tobacco, rice
or tomato (Sakamoto et al. 1998; Mohanty et al. 2002; Shirawasa et al. 2006; Park
et al. 2007). In some plants low accumulation of betaine was observed, which was
explained by a limited supply of choline (Nuccio et al. 1998). The effectiveness of
this approach seems also be dependent on the correct compartment in which betaine
accumulates, as demonstrated for tomatoes, in which chloroplastic accumulation of
betaine is more effective than cytosolic (Park et al. 2007). The different results
show that understanding metabolic fluxes in plants is an important prerequisite for
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successful genetic engineering. Several agronomically important crops such as
wheat, potato or tomato do not accumulate glycine betaine naturally and would
therefore be good targets for engineering betaine biosynthesis.

8.2.1.2 Sugar-Related Osmoprotectants
Fructans

Fructans are oligo- or polyfructose molecules that accumulate in vacuoles of many
plants growing in temperate climates. Sugar beet and tobacco plants that were
transformed with the bacterial fructan biosynthesis gene showed improved toler-
ance to drought stress (Pilon-Smits et al. 1999). However, this approach has not
been transferred to other crop plants.

Polyols

Polyols are hydroxylated sugar alcohols with osmoprotective properties which
accumulate in response to abiotic stress in various plants. The synthesis of these
compounds involves simple pathways and therefore it was possible to transfer the
biosynthesis genes to transgenic plants in order to test their potential for stress
tolerance (Bohnert and Chen 1999; Bartels and Sunkar 2005). The overproduction
of polyols such as mannitol, D-ononitol, inositol or sorbitol in transgenic plants
enhanced stress tolerance (Bartels and Hussain 2008). It is assumed that the polyols
confer stress tolerance through osmotic adjustment. However, the level of polyols
did not always correlate with stress tolerance, therefore other mechanisms have also
been suggested like reactive oxygen scavenging or signalling. Targeting polyol
biosynthesis was one of the earliest concepts for engineering plants with improved
stress tolerance (Bohnert and Chen 1999). Although Abebe et al. (2003) demon-
strated that expressing the gene encoding mannitol dehydrogenase in wheat
improved the performance under drought and salinity stress, there are no further
reports of using this concept for crops. The reason for this is that some of the polyol
compounds have undesired effects like growth defects and necrosis (Sheveleva
et al. 1998). These authors showed that there is a competitive effect between
transgene and host metabolism. This underlines the necessity to understand meta-
bolic fluxes before successful applications to agricultural plants.

Trehalose

Trehalose is a non-reducing disaccharide found in many different organisms. The
sugar functions as a reserve carbohydrate and as a stress protectant, particularly in
yeast or microorganisms. Trehalose does not accumulate to high levels in most
plants probably due to degradation by trehalase (Goodijn and van Dun 1999). The
synthesis of trehalose is a two-step reaction, starting with glucose-6-phosphate and
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uridine diphosphoglucose using trehalose phosphate synthase and trehalose-6-
phosphate phosphatase as catalysing enzymes. By overexpressing both genes in
transgenic plants, stress-tolerant plants have been obtained (Table 8.1; Bartels and
Hussain 2008). Often the trehalose level did not correlate with stress tolerance and
plants were observed with altered growth and morphogenic phenotypes. Investiga-
tions showed that the metabolic intermediate trehalose-6-phosphate is responsible
for the aberrant phenotypes, as it functions as a signalling molecule regulating sugar
and starch metabolism (Paul 2007). Recent experiments indicated that negative
consequences may be overcome by choosing a suitable promoter and by trans-
forming chloroplasts. In this way transgenic plants have been obtained with
improved drought stress tolerance but no negative side-effects (Garg et al. 2002;
Jang et al. 2003). Like the engineering of polyol levels, the trehalose metabolic
network needs to be better understood before such an approach can be accepted as a
way to improve stress tolerance in agricultural plants.

8.2.2 Regulatory and Signalling Genes: Tools to Engineer
Drought Stress Tolerance

Studies of abiotic stress-activated signalling cascades have resulted in the identifi-
cation of potential regulatory genes, such as transcription factors and protein
kinases. The transformation of plants using regulatory genes is an attractive
approach for producing abiotic stress-tolerant plants. Since the products of these
genes regulate gene expression and signal transduction under stress conditions, the
expression of these genes can activate the expression of many stress-tolerance
genes simultaneously. For example, transcription factors are able to recognize
and bind to regions of DNA that have a specific sequence in the promoters of the
genes they regulate. Thus, by altering the expression levels of a transcription factor,
entire biological pathways can be modified. Similarly, altered expression of protein
kinases may enable phosphorylation dependent changes of multiple protein sub-
strates by changing enzyme activity, cellular location, or association with other
proteins. One potential drawback of this approach is the increased likelihood of
unintended or pleiotropic effects when regulatory/signalling genes are genetically
engineered. Such effects tend not to be desirable in crops and strategies to amelio-
rate these effects may need to be considered. Here we discuss examples where
transcription factors and protein kinases have been used to engineer enhanced
tolerance to drought stress conditions in crop plant species.

8.2.2.1 DREB/CBF: a Landmark Discovery in the Manipulation of Abiotic
Stress Tolerance

The ability to manipulate co-regulated stress tolerance-associated genes at the
transcriptional level was first realised when common cis elements were discovered
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in abiotic stress-responsive promoter regions and the associated transcription fac-
tors that specifically bound to the cis elements were identified. An early example
was the discovery of the dehydration-responsive element/C-repeat (DRE/CRT) as
a cis-acting element regulating gene expression in response to dehydration (salt,
drought, cold stresses) in Arabidopsis (Yamaguchi-Shinozaki and Shinozaki 1994).
Subsequently, transcription factors DREB1/CBF1-3 and DREB2, belonging to the
ERF/AP2 family (subgroup Illc; Nakano et al. 2006), were reported to bind to DRE/
CRT elements (Stockinger et al. 1997; Liu et al. 1998). A major breakthrough was
made when Kasuga et al. (1999) transformed Arabidopsis with a cDNA encoding
DREB1A/CBF3 driven by either the constitutive CaMV 35S promoter or an abiotic
stress-inducible promoter. The overexpression of this gene activated the expression
of many stress-tolerance genes such as late embryogenesis abundant (LEA) genes
and Al-pyrroline-5-carboxylate synthetase (P5CS). In all cases, the transgenic
plants were more tolerant to drought, salt, and freezing stresses.

Arabidopsis CBF/DREB proteins are also heterologously effective in crops such as
Brassica napus (Jaglo et al. 2001), tomato (Hsieh et al. 2002), wheat (Pellegrineschi
etal. 2004), and rice (Oh et al. 2005), up-regulating the corresponding target genes and
enhancing stress tolerance in transgenic plants. These results established the DREB/
CBF pathway as a useful target for the biotechnological improvement of abiotic stress
tolerance in both monocotyledons and dicotyledons. Despite the fact that DREB/CBF
related responses appear conserved, plant species vary greatly in their abilities to
survive adverse effects from exposure to environmental constraints. In the initial
experiments by Kasuga et al. (1999), it was observed that constitutive overexpression
of DREB1A/CBF3 in Arabidopsis resulted in severe growth retardation under normal
growth conditions. Constitutive expression of Arabidopsis DREB1A/CBF3 and
OsDREBIF in rice, however, resulted in neither growth inhibition nor visible pheno-
typic alterations (Oh et al. 2005; Wang et al. 2008). A similar lack of pleiotropic
effects was also observed for the basic leucine zipper (bZIP) transcription factor ABF3
when ectopically expressed in rice (Oh et al. 2005). This phenomenon may have
occurred because lower levels and/or fewer numbers of target genes are activated by
DREB1A/CBF3 or ABF3 in rice than in Arabidopsis, and hence, the effects on plant
growth might be minimized in rice. Oh et al. (2005) also postulate that rice is
evolutionarily more tolerant to the expression of stress-regulated genes than dicots,
including Arabidopsis. Where pleiotropic effects are observed, however, it appears
more appropriate, at least in the case of DREB/CBF genes, to use an inducible
promoter. For example, the stress-inducible regulation of DREBIA/CBF3 via the
rd29A promoter repeatedly had minimal effects on plant growth under well watered
conditions (Kasuga et al. 1999; Pellegrineschi et al. 2004).

Arabidopsis CBF3/DREB1A expression in transgenic rice increases tolerance to
drought and high salinity, but with relatively low levels of tolerance to low-
temperature exposure (Oh et al. 2005). These data are in direct contrast to CBF3/
DREBIA expression in transgenic Arabidopsis, which functions primarily to
enhance freezing tolerance. This is presumably because Arabidopsis plants that
are capable of cold acclimatization have evolved differently from rice plants that
are unable to undergo cold acclimatization (Jaglo et al. 2001). Furthermore, the
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HvCBF4 protein from barley appears to be more efficacious than CBF3/DREB1A
from Arabidopsis in conferring stress tolerance to transgenic rice (Oh et al. 2007).
When compared with CBF3/DREB1A, HvCBF4 overexpression in rice showed
similar levels of tolerance to drought and high salinity, but a higher level of
tolerance to low temperature. These data suggest functional differences between
members of the DREB/CBF family and highlights the variation in stress tolerance
between transgenic plant species. This is probably related to the complexity and
nature of the target genes or “regulon” that is present in the plant genome and the
capacity of the transcription factor to activate or repress each target gene.

8.2.2.2 SNAC1/2: Stress-Responsive Plant-Specific Transcription Factors
with Distinct Mechanisms of Action

The NAC gene family encodes plant-specific transcription factors that were initially
linked with regulation of plant development; however a role in abiotic stress
tolerance has since been established (Olsen et al. 2005). This discovery was based
on the identification of a salt- and drought-induced gene, ERD1, that was found to
be regulated in an ABA-independent manner via a novel regulatory pathway for
drought and high salinity adaptation (Nakashima et al. 1997). A MYC-like cis
element was found necessary for induction of ERD/ that was recognized by three
transcription factors of the NAC family (Tran et al. 2004). In addition to ERDI,
many other salt and/or drought stress-induced genes were also regulated by NAC
proteins which correlated with enhanced drought tolerance in Arabidopsis
overexpression lines (Tran et al. 2004).

More recently, Hu et al. (2006) reported a NAC transcription factor significantly
enhancing drought and high salinity tolerance in rice: STRESS-RESPONSIVE NAC
1 (SNACI). SNACI-overexpressing rice plants exhibited significantly enhanced
yield (22—-34% higher seed setting than control) in field conditions under drought
stress conditions at the reproductive stage, while displaying no yield penalty. The
transgenic rice displayed noticeably improved drought and salt tolerance at the
vegetative stage. The transgenic rice plants are more sensitive to abscisic acid
(ABA) and lose water more slowly through stomatal movement, yet display no
significant difference in the rate of photosynthesis. The SNAC1-overexpressing rice
plants also showed improved salt tolerance, further emphasizing the usefulness of
SNACI in a broad abiotic stress tolerance improvement (Hu et al. 2006).

A closely related stress-responsive NAC transcription factor gene termed
SNAC2 was subsequently isolated from upland rice (Hu et al. 2008). Transgenic
rice overexpressing SNAC2 showed significantly improved tolerance to cold, as
well as to salinity and dehydration stresses. SNAC?2 differs from SNAC1, however,
in a several aspects, which illustrates how transcription factor gene family members
can have broadly different functional characteristics. Unlike SNAC1, overexpres-
sion of SNAC2 showed no significant effect on drought resistance in the field
conditions even though the transgenic plant showed improved tolerance to osmotic
stress by PEG treatment. In addition, SNAC2 overexpression can enhance cold
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tolerance while overexpression of SNAC1 had no significant effect on improving
cold tolerance, even though SNACI is induced by cold (Hu et al. 2008). Further-
more, the transcriptional target genes of SNAC1 and SNAC?2 are different, such that
transcript profiles of differentially regulated genes in the SNAC1- and SNAC2-
overexpressing lines revealed broadly no overlap (Hu et al. 2008). This appears to
be the basis for the difference of the two overexpressing transgenic plants in stress
tolerance, which is further supported by the observation that flanking sequences
of the core DNA binding sites in the putative SNAC1 and SNAC?2 target genes
are different (Hu et al. 2008). One caveat to the comparative studies involving
SNACI- and SNAC2-overexpressing lines is that the transcription factors were
under different regulatory control (see Table 8.2). While both the CaMV 35S and
ZmUbil promoter sequences are considered to be constitutive (Odell et al. 1985;
Christensen et al. 1992), subtle differences in the promoter activity may influence
the functional properties of each transcription factor.

8.2.2.3 HARDY: Engineering Water Use Efficient Rice

Water use efficiency (WUE), measured as the biomass produced per unit transpira-
tion, describes the relationship between water use and crop production. In water-
limiting conditions, it is agronomically desirable to produce increased biomass,
which contributes to crop yield, using less water. Although genetic variation for
WUE may vary in crop plants, so far, the engineering of major field crops for
improved WUE has been challenging. One notable success involved the expression
of the Arabidopsis subgroup IIIb AP2/ERF-like transcription factor, HARDY
(HRD; Karaba et al. 2007). The HRD gene is normally active in inflorescence-
stage tissue, however ectopic HRD expression leads to an enhancement in root and
leaf structure, which is recognized as an adaptive mechanism for drought tolerance
and WUE in crops.

The overexpression of HRD in rice generates plants with significantly higher
biomass, independent of drought stress (Karaba et al. 2007). With the increase in
shoot biomass in the HRD-overexpressing lines, there is a reduction in the specific
leaf area and the leaf area per unit dry weight, suggesting an increase in leaf
thickness or tissue density. The increased number of cells in the bundle sheath is
likely to contribute to increased photosynthetic assimilation. HRD overexpression
increases root biomass under drought stress, indicating an ability to adapt by
inducing roots to harvest the scarce water. The increase in photosynthesizing
area and carbon assimilation contributes significantly to canopy photosynthesis,
resulting in high biomass. This result appears to be related to an increase in leaf
mesophyll, bundle sheath, and root cortical cells, enhancing the capacity of both
source and sink tissue. In rice, ectopic HRD expression causes significant increases
of whole-plant WUE in well watered and drought conditions, however it remains to
be determined whether such a strategy will increase WUE in different crops.



8 Drought Stress Tolerance 151

8.2.2.4 HD-START: a Developmental Regulator Conferring Drought
Tolerance

Transpirational water loss through the stomata is a key determinant of drought
tolerance. Stomatal movement is a response to environmental changes and is
controlled by guard cell turgor which is influenced by many endogenous and
exogenous factors (Assmann and Wang, 2001; Schroeder et al. 2001). Phenotypic
screening of gain-of-function Arabidopsis mutants led to the discovery of enhanced
drought tolerance 1 (edtl) that was found to have elevated levels of HDG11, a gene
that plays an important role in water homeostasis and encodes a homeodomain
(HD)-START transcription factor (Yu et al. 2008). Overexpression of HDGI! in
tobacco resulted in improved drought tolerance, improved root architecture, and
reduced stomatal density, all of which contributed to improved water homeostasis
(Yu et al. 2008). In the original edt] mutant, HDGI1 expression resulted in higher
proline levels and superoxide dismutase activity, which contributed to enhanced
osmotic adjustment and reactive oxygen species detoxification. In addition, higher
abscisic acid content was observed that led to a reduced rate of water loss (Yu et al.
2008). Taken together, the water homeostasis-related phenotypes conferred by
ectopic expression of HDG11, as well as the reported absence of unwanted pleio-
tropic effects, make this gene an excellent candidate for genetic engineering of
drought tolerance in crop plants.

8.2.2.5 Plant Nuclear Factor Y B Subunits: Field-Validated Drought
Tolerance in Maize

Systematic analysis of Arabidopsis transcription factor families led to the identifi-
cation of candidate genes that have the potential to improve tolerance to environ-
mental stress in crop species (Riechmann et al. 2000; www.mendelbio.com). This
high-throughput (HTP) screening approach resulted in the discovery of AtNF-YB1,
a subunit of the nuclear factor Y (NF-Y complex), which mediates transcriptional
control through CCAAT DNA elements and confers abiotic stress tolerance
when constitutively expressed in Arabidopsis (Nelson et al. 2007). NF-Y is a
conserved heterotrimeric complex consisting of NF-YA, NF-YB, and NF-YC
subunits (Mantovani, 1999). Following the discovery of AtNF-YB1, an orthologous
NF-YB gene from Zea mays (ZmNF-YB2) was identified that similarly coordinates
plant responses to drought tolerance (Nelson et al. 2007). This discovery illustrates
functional conservation of the underlying drought tolerance pathway across the
dicot and monocot lineages as well as validating the HTP biotechnology discovery
process. Drought tolerance was also obtained in field trials with maize lines
constitutively expressing the ZmNF-YB2 protein, demonstrating the potential of
this strategy for improving drought tolerance in commercial crop plants (Nelson
et al. 2007).
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8.2.2.6 Rice Calcium-Dependent Protein Kinase 7: Multiple Abiotic Stress
Tolerance with Minimal Pleiotropic Events

Cytoplasmic Ca”* levels in plant cells increase rapidly in response to abiotic stress,
including drought (Sanders et al. 1999). Following Ca®" influx, signals are mediated
by combinations of protein phosphorylation/dephosphorylation cascades, involving
members of the Ca®*-dependent protein kinase (CDPK) family. Overexpression of
one member of the CDPK family, OsCDPK?7, results in cold, salt, and drought
tolerance in rice plants (Saijo et al. 2000). Analysis of the transgenic rice revealed
enhanced salt/drought induction of the genes of late embryogenesis abundant
(LEA) proteins, which appears to contribute, at least in part, to the improved abiotic
stress tolerance in rice plants (Saijo et al. 2000). This observation is consistent with
results from a previous study where the ectopic expression of the barley group 3
LEA protein, HVAT1, was shown to confer both salt and drought stress tolerance to
transgenic rice plants (Xu et al. 1996). OsCDPK?7 is thought to be subject of post-
translational control and/or requires the expression of other proteins in order to
function, since the presence of OsCDPK?7 is not sufficient to induce expression of
stress-associated target genes. Consistent with this theory, no significant pleiotropic
effects were reported with regard to development, growth and yield penalty of the
OsCDPK?7 overexpression lines in untreated conditions (Saijo et al. 2000).

8.2.2.7 Tobacco Protein Kinase: Sustained Yield in Maize under
Water-Limited Conditions

Tobacco protein kinase (NPK1) is a tobacco mitogen-activated protein kinase
kinase kinase (MAPKKK). The catalytic domain of NPK1 specifically activates a
bypass of C kinase (BCK1)-mediated signal transduction pathway in yeast, indicat-
ing that the catalytic function of NPK1 is conserved among different organisms
(Banno et al. 1993). NPK1 is located upstream of the oxidative pathway and
can induce expression of heat shock proteins and glutathione-S-transferase in
Arabidopsis and maize (Kovtun et al. 2000). Activation of oxidative stress toler-
ance genes is a strategy to protect the photosynthesis machinery from damage
caused by drought, thus stabilizing source-sink relationships and improving the
yield potential in water-limited conditions. Transgenic maize plants showed an
increase in drought tolerance including higher photosynthetic rates, higher leaf
numbers, and higher kernel weights compared with the control (Shou et al. 2004).
Tolerance to drought stress in maize was improved through the constitutive expres-
sion of NPK1 that activates the oxidative signalling pathway, however the effect on
yield components such as kernel number was less apparent in the study. This was
most likely due to the application of pollen from non-stressed maize plants.
Although this ensured seed set, the potential effects of NPK1 on reducing the
anthesis-silking interval under drought stress was not determined. Further studies
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are needed to explore the full potential of NPK1 on source—sink relationships in
different maize germplasm.

8.3 Future Prospects: “Climate-Ready” Crops

Agriculture continues to withdraw and use the most freshwater of any economic
sector. Globally, according to the United Nations Environmental Program, agricul-
tural water use accounts for approximately 70% of all available freshwater, mainly
through crop irrigation. Limited availability of water resources for agronomic uses
generates important challenges in the context of how crop productivity can be
elevated to meet the demands of an increasing world population. The development
of crops that require less irrigation could reduce the costs of production and
competition for water resources. Furthermore climate change is likely to reduce
yields of primary food crops such as maize, wheat, and rice. The potential impact of
climate change on agriculture will affect all global regions, however it will be most
pronounced in semi-arid regions of the developing world. This prediction raises an
important question: can agriculture adapt quickly enough to respond to climate
change and an increasing world population?

Public and private sector research efforts are focused on developing so called
“climate-ready” crops (CGIAR 2006) that sustain yield under water limited condi-
tions. Promising examples, where efficacy has been demonstrated in crops in
controlled and field conditions, have been described in this chapter. A major
challenge that is faced when developing crops for sustained yield in stress condi-
tions is the pleiotropic effect. The first generation of genetically engineered
drought-tolerant plants were prone to unpredictable and unwanted effects on other
key developmental traits (Kasuga et al. 1999), as also outlined above (Sect. 8.2.2.3).
Spatial, temporal, and level of expression of the introduced genes are required for
optimal performance. More recently, transgenic plants have been generated that
display drought tolerance, however no unintended developmental abnormalities
were observed. It is anticipated that these genes or combinations of these genes
will lead to the environmental release of drought tolerant crops within the next
five years.

The socio-economic benefits of drought tolerant crops are clear. Genetically
engineered crops for abiotic stress-prone environments, however, pose questions
regarding safety and environmental impact. For example, will sustained yield under
water-limited conditions lead to increased competitiveness if the transgenes are
introgressed into wild populations? Furthermore, will the use of regulatory genes
have an unanticipated cascading effect on multiple gene pathways? It will therefore
be important to understand the mechanism of action of the inserted gene(s) at the
physiological level in different receiving environments as well as ascertaining
whether or not the crops are substantially equivalent from a composition and
toxicological point of view to conventional crop varieties.
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Chapter 9
Herbicide Resistance

Micheal D. K. Owen

9.1 Introduction

Herbicide resistance is not a topic or concern specifically focused upon the rela-
tively recent introduction and adoption of genetically modified crops. In fact, the
first case of herbicide resistance in weeds was reported in the scientific literature in
1970, but the occurrence of evolved resistance to herbicides in plants was suggested
in 1956 (Harper 1956; Ryan 1970). Since the original report, over 300 herbicide-
resistant weed biotypes in more than 180 different plant species have been reported
(Heap 2009). Generally, the recurrent use of an herbicide or herbicide mechanism
of action imparts significant selection pressure on the weed population and provides
an ecological advantage to those rare individuals within the population that have the
heritable mutation conferring herbicide resistance (Owen and Zelaya 2005). The
relatively recent introduction of crop cultivars with genetic modifications for
herbicide resistance served to narrow the spectrum of herbicides used for weed
control thus focusing on single herbicides (i.e. glyphosate) and increasing the
potential for evolved herbicide resistance in weeds (Young 2006). It should be
noted, however, that the genetically modified trait(s) typically does not impart
selection pressure on the weed population, but rather the grower decision to utilize
the herbicide causes the selection for resistance (Owen 2008a, b). However, despite
claims that (due to a number of physicochemical characteristics related to gly-
phosate) glyphosate-resistant weeds would never evolve, the broad-scale adoption
of genetically modified glyphosate-resistant crops globally has resulted in the evolu-
tion of glyphosate resistance in 16 weeds species, to date, and the rate of resistance
evolution appears to be increasing at an increasing rate (Bradshaw et al. 1997,
Heap 2009). This chapter provides a perspective of genetically modified herbicide-
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resistant crops, the implications of grower adoption of the genetically modified
herbicide-resistant crops and the impact of this adoption on weed communities.

9.1.1 Overview of Adoption

Since the commercial introduction of genetically modified crops in 1996 (for
methods, see Chaps. 1, 2), the area planted to these cultivars has increased globally
at an increasing rate (Anonymous 2006). In 2006, approximately 100 million
hectares of genetically modified herbicide-resistant crops were planted world-
wide and an estimated 80% had the genetically modified trait conferring glyphosate
resistance (Service 2007). The use of these cultivars increased an estimated 12% in
2007 and represented 114.3 million hectares and included 23 countries (Anony-
mous 2006). The primary countries that plant genetically modified herbicide-
resistant crops are the United States (US), Argentina, Brazil, and Canada. North
America represents 57% of the genetically modified herbicide-resistant crops
planted globally while Central and South America contribute 33% of the total
hectares. It is estimated that approximately 90% of the genetically modified
herbicide-resistant crops grown globally are glyphosate-resistant crop cultivars
and are represented primarily by soybean, cotton and maize (Duke and Powles
2008). Genetically modified herbicide-resistant canola dominates the cultivars
grown in Canada and the US, representing >80% of total crop grown (Beckie
and Owen 2007). Recently there has been a significant adoption of glyphosate-
resistant genetically modified maize in the US, in part attributable to maize-based
ethanol production. Overall, the revolution of adoption of genetically modified
crops likely represents the largest man-caused biological experiment in history.
This will cause enormous selection pressure that the wide-spread application of
glyphosate on millions of hectares will impose on weed communities and inevitably
result in significant changes by selecting for weeds that do not respond to the
prevalent control tactics. Recently genetically modified herbicide-resistant (glyph-
osate) sugarbeets were commercially introduced in the US, which will add more
selection pressure on weed communities (Duke 2005; Gianessi 2005).

9.1.2 Types of Herbicide Resistance

Herbicide resistance has evolved in weeds in several general forms. The most
common type of herbicide resistance in weeds is the modification of the herbicide
target site (Zelaya and Owen 2004). Target site resistance can be either monogenic
or polygenic; the latter is often referred to as “creeping resistance” and may result
from recurrent applications of low herbicide rates (Gressel 1995). In the case of
monogenic herbicide resistance, typically resistance is accrued when there is a
single-nucleotide point mutation of one amino acid, representing a substitution in
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the sensitive weed population, resulting in a resistant biotype (Gressel and Levy
2006). However, recent studies suggest that weeds can also evolve monogenic
herbicide resistance by “losing” an amino acid in the target protein (Patzoldt
et al. 2006). A partial list of target site resistance demonstrated in weed populations
includes resistant weed biotypes for acetolactate synthase (ALS) inhibiting herbi-
cides, protoporphyrinogen oxidase (PPO) inhibiting herbicides, triazine herbicides
and glyphosate (Ryan 1970; Baerson et al. 2002; Ng et al. 2003; Zelaya and Owen
2004; Patzoldt et al. 2006). Herbicide resistance in weeds also is the result of
differential translocation of the herbicide to the target site (Feng et al. 2004).
Weeds are also able to evolve herbicide resistance by rapidly and efficiently
metabolizing the herbicide prior to the accumulation of a toxic concentration of
the herbicide at the target site (Yuan et al. 2006). This is also known as non-target
site resistance and is typically mediated by cytochrome P450 monooxygenases,
glutathione S-transferases or glycosyltransferases, depending on the herbicide.
Herbicide resistance can also be a function of ABC transporters which serve to
facilitate compartmentalization of the herbicide, again protecting the target site of
the herbicide (Lu et al. 1997). Finally, weeds have demonstrated other novel forms
of herbicide resistance, such as morphological adaptations (i.e. leaf pubescence)
and phenological changes (i.e. avoidance attributable to delayed germination) in
weed populations (Owen 2001). Interestingly, weeds have demonstrated the ability
to evolve multiple resistances to several herbicide modes of action (Patzoldt
et al. 2005; Legleiter and Bradley 2008). Herbicide resistance in crops has been
established using altered target site, the most common strategy used (i.e. glypho-
sate-resistant crops), enhanced metabolism (i.e. glufosinate-resistant crops) and
cultivars with multiple resistances to herbicides have been developed (Green
2007; Green et al. 2008; Green et al. 2009).

9.1.3 Modes of Herbicide Action in Herbicide-Resistant Crops

Most of the current herbicide-resistant crop cultivars are represented by cultivars
created by transgenic modifications. (Duke 2005) These herbicide modes of action
include inhibition of photosystem II (bromoxynil), inhibition of glutamine synthe-
tase (glufosinate) and inhibition of EPSPS (glyphosate). They are facilitated by the
insertion of five transgenes to confer resistance to the respective herbicides: CP4,
GOX or a mutated EPSPS for glyphosate resistance, a nitrilase gene for bromoxynil
resistance and the bar gene for glufosinate resistance. Historically, there are non-
transgenic herbicide resistance traits for cyclohexanedione herbicides, imidazoli-
none herbicide, sulfonylurea herbicides and triazine herbicides; however the
dominant herbicide-resistant trait on the market is for transgenic glyphosate resis-
tance (Duke 2005; Duke and Powles 2008). Recently, two novel transgenes,
gatd62] and hra, were introduced that confer high levels of resistance to
glyphosate- and ALS-inhibiting herbicides, respectively (Castle et al. 2004;
Green et al. 2008; Green et al. 2009).
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A gene that codes for dicamba monooxygenase (DMO), a Rieske non-heme
monooxygenase that metabolizes dicamba, has been discovered in the soil bacteria
Pseudomonas maltophilia and can be biotechnologically inserted into the nuclear
and chloroplast genome of soybean, thus conferring these transgenic plants resis-
tance to dicamba (Behrens et al. 2007). These cultivars are anticipated to be
commercially released in several years. Furthermore, transgenes that code for
resistance to 2,4-D and ACCase inhibitor herbicides are also anticipated to be
inserted into the various crops in the near future. Thus, the number of herbicide
modes of action with transgenic resistant crop cultivars appears to be increasing and
it is anticipated that these new transgenes will improve weed management options
for growers and help resolve current and future problems with the evolution of
herbicide-resistant weed biotypes. However, whether or not the mitigation of
current and future herbicide-resistant weed problems actually occurs depends
entirely on how growers utilize the technologies and whether or not they establish
appropriate integrated weed management strategies.

9.1.4 Implications of Genetically Modified Herbicide-Resistant
Crops

The wide-spread adoption of genetically modified herbicide-resistant crops has
made a number of significant impacts on agricultural systems. Notably, the level
of weed control and consistency of efficacy has increased compared to “traditional”
soil-applied herbicides (Duke 2005). Furthermore, given that genetically modified
herbicide-resistant crops are represented largely by resistance to glyphosate and to a
lesser amount glufosinate, and given that these herbicides are used post-emergence
to the weeds and have generally favorable edaphic and toxicological characteristics,
there are likely significant positive environmental benefits. Another important
environmental benefit attributable to these crops is the adoption of conservation
tillage practices including no tillage production systems which result in important
reductions of soil erosion, thus improving water quality and lessening the degrada-
tion of soil (Young 2006). The benefits that growers attribute to genetically
modified herbicide-resistant crops reflect the perceived simplicity and convenience
of weed control (Owen 2008a, b). However, an objective review of the implications
of genetically modified herbicide-resistant would suggest that there are important
risks that must also be considered.

9.1.4.1 Selection Pressure Indirectly Attributable to Genetically Modified
Herbicide-Resistant Crops

The consistent and widespread use of one herbicide has considerable implications
on the weed community (Owen 2008a, b). Differential response of weed species
to the herbicide results in some weeds that are ecologically favored in the system.
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The recurrent use of a specific herbicide with a high level of efficacy on the
sensitive weeds results in weeds that are favored by the system and thus become
the dominant members of the weed community (Scursoni et al. 2006; Scursoni et al.
2007). For example, Asiatic dayflower (Commelina cumminus) is known to be
tolerant to glyphosate and has become an increasing problem in genetically mod-
ified glyphosate-resistant crops (Ulloa and Owen 2009). The other aspect of
selection pressure is the shift in a weed species that is predominantly sensitive to
the herbicide to a biotype that has a mutation conferring resistance to the herbicide
(Owen 2008a, b). Regardless of the ultimate type of weed shift, the greater the
selection pressure that the herbicide imparts upon the agroecosystem, the more
pervasive the change in the weed community; it should be recognized that it is not a
matter of “if” the change in the weed community occurs but rather “when” the
change is identified. Selection pressure from herbicides used in agriculture will
inevitably result in changes in weed communities (Owen and Zelaya 2005).

9.1.4.2 Evolved Herbicide Resistance

The evolution of herbicide resistance predates the adoption of genetically modified
herbicide-resistant crops by almost four decades (Ryan 1970; Duke 2005). Resis-
tance to 19 herbicide mechanisms of action has been documented globally, with
evolved resistance to ALS inhibitors, triazines, ACCase inhibitors, synthetic auxins,
bypyridiliums, ureas and amides, glycines and dinitroaniline herbicides being the
most prevalent. Interestingly, some weeds demonstrate the ability to evolve resis-
tance to multiple mechanisms of herbicide action (Preston et al. 1996; Patzoldt et al.
2005). Rigid ryegrass (Lolium rigidum) biotypes have been documented to resist as
many as seven mechanisms of herbicide action (Heap 2009). Furthermore, a number
of weed species have demonstrated the ability to evolve cross-resistance to different
herbicide families with similar mechanisms of action (Hinz and Owen 1997).
Despite the fact that the mutations that confer resistance to herbicides typically
occur at extremely low frequencies within non-selected weed populations, resis-
tance to any and all herbicides can evolve given the current management of weeds in
most crop production systems and the strategies of resistance that weeds have
demonstrated (Gressel 1996; Gressel and Levy 2006).

9.1.4.3 Changes in Herbicide Use

One of the pervasive questions surrounding the adoption of genetically modified
herbicide-resistant crops is the impact on herbicide use. It is well documented
that, initially, the number of active herbicide ingredients used in genetically modi-
fied herbicide-resistant crops declined dramatically (Young 2006; Bonny 2007).
However, whether or not the herbicide load on the environment was lessened in
genetically modified herbicide-resistant crops depends on the measurement metric.
It is argued that, with the genetically modified herbicide-resistant crops, fewer
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applications of herbicides are required and thus less herbicide is used. However,
given that the herbicides used on genetically modified herbicide-resistant crops are
used at amounts that are many-folds higher than the herbicides that were replaced, it
is argued that more herbicide is used compared to conventional crops (Benbrook
2001). Furthermore, the number of herbicide applications in genetically modified
herbicide-resistant crops has increased steadily since the introduction of these crops
(Young 2006).

9.1.4.4 Lack of Integrated Weed Management

The primary benefits of the genetically modified herbicide-resistant crops, as stated
by growers, is the convenience and simplicity of weed control (Bonny 2007; Owen
2008a, b). This has contributed to the dramatic decline in alternative tactics used to
manage weeds and thus a loss of integrated weed management in genetically
modified herbicide-resistant crops. The loss of integrated weed management then
results in weed shifts in the genetically modified crops which negatively impacts
crop production economics and has important long-term implications on the sus-
tainability of cropping systems based on genetically modified herbicide-resistant
crops (Owen and Boerboom 2004; Sammons et al. 2007; Owen 2008a, b).

9.2 Specific Crops with Herbicide Resistance

Currently there are six crops that have genetically modified herbicide-resistant
cultivars. The genetically modified herbicide-resistant crops that are most widely
planted include canola, cotton, maize and soybean (see also Chaps. 21, 15, 18, 24).
Genetically modified herbicide-resistant sugarbeets were commercially released in
2008 and the adoption rate was reported to be exceptionally high. Genetically
modified glyphosate-resistant alfalfa is also available but further commercial use
is currently under review. Other important crops such as wheat, rice and turf do not
have genetically modified herbicide-resistant cultivars. A short summary of the
genetically modified herbicide-resistant crops follows.

9.2.1 Maize

Corn cultivars with resistance to herbicides include genetically modified transgenic
(glyphosate and glufosinate) and non-transgenic (sethoxydim and imidazolinone)
hybrids. Imidazolinone-resistant hybrids were introduced in 1993, sethoxydim-
resistant hybrids in 1996, transgenic glyphosate-resistant hybrids in 1997 and
transgenic glufosinate-resistant hybrids in 1998 (Dill 2005). Genetically modified
glyphosate resistance in maize is the result of either the cp4 transgene that codes for
an altered EPSPS that does not allow binding of glyphosate, or N-acetylation of
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glyphosate resulting in the non-herbicidal metabolite N-acetyl glyphosate (Padgette
et al. 1995; Castle et al. 2004). Recently, maize cultivars with an Ara transgene that
confers 1000-fold cross-resistance to ALS-inhibiting herbicides was introduced
(Green et al. 2009). The adoption of transgenic herbicide-resistant corn hybrids
appears to be ever increasing (Owen and Zelaya 2005; Dill et al. 2008).

9.2.2 Soybean

Genetically modified herbicide-resistant soybean became commercially available
in the US in 1996. The cultivars utilize the cp4 transgene from Agrobacterium sp.
that codes for a glyphosate-resistant form of EPSPS. Soybean cultivars with
glyphosate resistance represent more than 90% of soybean planted in the US
(Duke and Powles 2008). Soybean cultivars possessing the bar transgene from
Streptomyces hygroscopicus thus conferring resistance to glufosinate have been
developed and are now commercially available (Green 2009). A newly-reported
mechanism, N-acetylation of glyphosate, provides considerable resistance to glypho-
sate and is currently under development in soybean (Siehl et al. 2005).

9.2.3 Cotton

Cotton resistance to glyphosate was originally due to the cp4 epsps transgene and
grower adoption of the genetically modified glyphosate-resistant cultivars has been
rapid since their introduction in 1997 (Cerdeira and Duke 2006). However, there
were problems with the transgene expression in reproductive structures which
resulted in the development of cultivars with two cp4 epsps transgenes and various
promoters to provide better expression of resistance later in the development of the
plants (CaJacob et al. 2007; Dill et al. 2008). Cotton with transgenic resistance to
bromoxynil was introduced in the US in 1994, and glufosinate-resistant cultivars
were introduced in 2003 (Duke 2005).

9.2.4 Canola

Genetically modified herbicide-resistant canola was introduced commercially in
Canada in 1995 and approximately 80% of the herbicide-resistant canola is trans-
genic, primarily to glyphosate, which is much higher than the global percentage
(ca. 20%; James 2008). Transgenic glyphosate-resistant canola contains the trans-
gene that code for the mutant cp4 epsps but also has a transgene that codes for
glyphosate oxidoreductase (GOX; Duke 2005). The other transgenic herbicide-
resistant canola is resistant to glufosinate and contains the bar transgene that
facilitates the acylation of glufosinate to herbicidally inactive metabolites (Lydon
and Duke 1999).
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9.2.5 Sugarbeets

While there has been regulatory approval for transgenic glyphosate-resistant sugar-
beets since 1998, cultivars were only recently commercially introduced. The
transgenic resistance to glyphosate in sugarbeet is attributable to the mutant cp4
epsps transgene. It should be noted that sugarbeet weed management practices
historically have been more intensive than with many other crops. Thus, given the
expected intensity of herbicide selection pressure that would result from the
adoption of genetically modified glyphosate-resistant sugarbeet cultivars, it is likely
that weed population shifts and evolved glyphosate resistance in weed populations
will rapidly ensue (Owen and Zelaya 2005).

9.2.6 Turf

Genetically modified glyphosate-resistant creeping bentgrass was developed (event
ASR368) and field trials were established in Jefferson County, Oregon, in 2003
under a permit granted by USDA-APHIS (Anonymous 2002). Independent
studies demonstrated pollen-mediated transgene flow, resulting in wild plant popu-
lations expressing the transgenic glyphosate-resistant trait (Reichman et al. 2006;
Mallory-Smith and Zapiola 2008). Consequently, further production of genetically
modified glyphosate-resistant creeping bentgrass was stopped (Charles 2007).

9.2.7 Alfalfa

Genetically modified glyphosate-resistant alfalfa cultivars were deregulated and
subsequently commercialized in 2005 in the US. However, alfalfa is an open-
pollinated crop and pollination is accomplished by bees which can travel consider-
able distances with viable pollen. Thus, contamination in non-transgenic alfalfa
seed was expected. In 2007, a preliminary injunction order was issued indicating
that USDA-APHIS had erred when the GLY-HR alfalfa was deregulated (US
District Court for the Northern District of California, No. C 06-01075 CRB), halting
seed sales and planting after 30 March 2007 (Fisher 2007; Harriman 2007).

9.2.8 Rice

Genetically modified glufosinate-resistant rice was initially developed to manage
weedy red rice (Oryza sativa L.; Gealy and Dilday 1997). However, given marke-
ting issues, no genetically modified herbicide-resistant rice cultivars have been
commercially released (rice is also covered in Chap. 22).
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9.2.9 Wheat

There are no genetically modified herbicide-resistant wheat cultivars (see also
Chap. 16). The program to develop transgenic glyphosate-resistant wheat cultivars
was terminated in May 2004 (Dill 2005).

9.3 Implications of Genetically Modified Herbicide
Resistance on Cropping Systems

Given the unprecedented global adoption of transgenic herbicide-resistant crops,
it is important to consider the undeniable impact that these crops have on the
respective cropping systems, pesticide use, biodiversity and ultimately the environ-
ment. Given the scope of this chapter, an in-depth review of these topics is not
possible; however this should not minimize the importance of this global revolution
and the impacts that have occurred. Consider that the range of topics includes the
potential movement of transgenic traits to non-transgenic crops or near-relative
plants, the potential for genetically modified herbicide-resistant crops to affect the
soil biota and selection of best adapted species (Ammann 2005; Cattaneo, Yafuso
et al. 2006; Gressel and Levy 2006; Abud et al. 2007; Pineyro-Nelson et al. 2009;
Powell et al. 2009). An excellent overall review of genetically modified herbicide-
resistant crop impact on the environment was published by Cerdeira and Duke
(2006) and should be considered if detailed information is required. The topics
addressed below include the implications of genetically modified herbicide-
resistant crops on tillage, the diversity of weed management tactics and the time-
liness of the implementation of these tactics.

9.3.1 Tillage

The cost of petrochemicals has reinforced the desirability of fewer tillage trips in
the production of crops as well as the benefits attributable to improved time
management. Based on these perceived and real benefits, crop production in no
tillage and other conservation tillage systems increased dramatically because of
genetically modified herbicide-resistant crops (Cerdeira and Duke 2006; Service
2007; Dill et al. 2008). No tillage or strip tillage cotton production increased almost
threefold between 1997 and 2002 (Anonymous 2004). However, more recent data
suggest that conventional tillage has returned as the dominant tillage practice in
genetically modified glyphosate-resistant cotton because of important changes in
weed populations (Mueller et al. 2005; Dill et al. 2008). Dramatic increases in no
tillage and conservation tillage systems for maize and soybean production systems
are also noted and largely attributable to genetically modified herbicide-resistant
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crop cultivars (Duke 2005; Gianessi 2005; Young 2006; Dill et al. 2008). The
reductions in tillage result in significant economic and time savings for growers, as
well as reductions in equipment expenses (Gianessi 2005; Gianessi and Reigner
2007).

An important consideration of greater percentages of genetically modified
herbicide-resistant crops produced under conservation tillage was the environ-
mental savings from reduced soil erosion (Fawcett and Towery 2004; Gianessi
2005). Wind erosion of soil was reduced 31% and water soil erosion was reduced
30% in 1997 compared to 1982 because of the conservation tillage practices
adopted in the production of transgenic herbicide-resistant crop cultivars (Fawcett
and Towery 2004).

9.3.2 Diversity of Weed Management Tactics

There has been a significant decline in the use of alternative herbicides and this
trend is largely attributable to the global adoption of genetically modified
herbicide-resistant crops (Shaner 2000; Young 2006). Historically important her-
bicides have been replaced by the predominant use of glyphosate, often as the sole
herbicide and weed management tactic; the lack of herbicide diversity has created
an environment where changes in weed communities are inevitable. Furthermore,
the size of farm has increased and the use of glyphosate for weed control provides
the perception of better time utilization (Owen and Zelaya 2005). Thus the
perception of simple and convenient weed management have dramatic impacts
on the continued utility of glyphosate as weed populations adapt to the pervasive
selection pressure imposed by the weed management system. While the lack of
diversity of weed management tactics may not necessarily eliminate the use of
glyphosate, it does provide a strong impetus for the development of improved
weed management tactics and the adoption of a greater diversity of tactics (Green
2007).

Consider that crop rotation, while historically a strong weed management tactic,
has become significantly less important given the typical crop rotations that include
crops that are genetically modified and resistant to the same herbicide (Owen 2009).
Furthermore, mechanical weed management has lessened in importance because
of conservation tillage systems that are typically used for genetically modified
herbicide-resistant crops.

Importantly, the development of new herbicide products and specifically
research for new sites of herbicide action has slowed significantly (Green 2007;
Green et al. 2008). It is possible that a higher glyphosate price could result in the use
of alternative (older) herbicides and a greater diversity of weed management
tactics. However, the desirability of weed management based on the perception
of a simple and convenient weed management tactic will likely continue to slow
growers from adopting a more diverse weed management system.
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9.3.3 Timelines of Weed Management Tactics

The development of genetically modified herbicide-resistant crops, particularly
those cultivars that are resistant to glyphosate has resulted in major changes in
herbicide application timing (Young 2006). While historically soil-applied herbi-
cides that provided residual control of weeds were the foundation of weed control,
glyphosate applied post-emergence to weeds and crops has largely replaced the use
of other herbicides. Glyphosate controls a large number of weeds, almost irrespec-
tive of weed size and environmental conditions (Sammons et al. 2007). Further-
more, growers perceive that genetically modified glyphosate-resistant crops and
glyphosate provide an effective, consistent, simple and low-risk “system” for crop
production with less tillage (Carpenter and Gianessi 1999; Service 2007). Thus,
growers apply glyphosate almost without regard to timing (weed or crop stage of
development) and presume that if the weeds have died, the tactic was successful
(Owen 2007). Unfortunately, this perception of simplicity and convenience is
misleading and results in significant losses of potential yield due to weed interfer-
ence with the crop (Owen 2008a, b; Owen et al. 2009). Glyphosate is frequently
sprayed after weeds have effectively competed with the genetically modified
glyphosate-resistant crops and significant yield has been lost despite the effective
“killing” of the weeds.

9.4 Herbicide-Resistant Weeds

Globally, new herbicide-resistant populations continue to evolve at an increasing
rate. This situation has become more apparent with the evolution of weeds that are
resistant to glyphosate (Powles 2008). It is difficult if not impossible to gain an
accurate view of the current status of herbicide-resistant weeds. The most widely
utilized and consistent source of information about the global status describing
herbicide-resistant weeds is the International Survey of Herbicide-resistant Weeds
(www.weedscience.org; Heap 2009). The current tally of herbicide-resistant weeds
includes 332 resistant biotypes represented by 189 species of which 113 are dicots
and 76 are monocots. These weeds are reported on over 300 000 fields. However,
this website requires that reports of new herbicide-resistant weed populations are
frequent and accurate. Unfortunately, weed scientists must volunteer these reports
and often only individual fields are reported, which may not accurately represent
the extent of the herbicide-resistant weed infestations. Regardless, it is clear that
weeds are capable of evolving resistance to all herbicides, although there are
several classes of herbicides for which resistant weed populations have yet to be
discovered. Currently 102 weed species are resistant to ALS inhibitor herbicides,
followed by 68 weed species that are resistant to PS II herbicides and 36 weeds
species that have evolved resistance to ACCase inhibitor herbicides (Heap 2009).
Synthetic auxin herbicides have 28 resistant weed species, 24 weed species are
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resistant to the bypyridiliums herbicides, 21 species are resistant to the urea
herbicides, 16 weed species have evolved resistance to glyphosate and 10 species
are resistant to DNA herbicides.

As long as herbicides remain the primary if not sole tactic for weed control, weed
populations will receive sufficient selection pressure to force the evolution of
herbicide-resistant weed biotypes. Specifically with regard to genetically modified-
herbicide resistant crops, the industry originally denied the possibility of evolved
resistance to glyphosate, despite suggestions that resistance was inevitable (Gressel
1996; Bradshaw et al. 1997; Owen 2000; Zelaya and Owen 2000). Regardless
of how the situation surrounding glyphosate and weed resistance was debated,
there can now be no question that changes in weed populations are occurring more
rapidly and are widely distributed across a number of crop production systems,
despite apparent knowledge that growers have about the situation (Johnson et al.
2009; Kruger et al. 2009). Currently there are 16 weeds reported and confirmed to
have evolved resistance to glyphosate (Heap 2009). In the US, nine species have
been confirmed glyphosate-resistant and generally the resistance has evolved in
conjunction with genetically modified glyphosate-resistant crops. Currently seven
new species of glyphosate-resistant weeds have been confirmed in the US since 2004
and it is clear that the evolution of glyphosate-resistant weed species in genetically
modified glyphosate-resistant crops is increasing at an increasing rate (Owen 2008a,
b). Weeds in the Compositae family are represented by four species that have
confirmed evolution to glyphosate and the Amaranthaceae has two species. Popula-
tions of Xanthium strumarium, Chenopodium album and Kochia scoparia are
currently suspected to have resistance to glyphosate but have not yet been confirmed
(Boerboom 2008).

9.4.1 Weedy Near-Relatives to Genetically Modified
Herbicide-Resistant Crops — Gene Flow

There is considerable concern about the potential of gene flow from crops to weeds
now that there are genetically modified traits included in many globally important
food crops. One issue is the fear of the general public about transgenes and also the
potential of increasing the prevalence of pernicious and highly invasive new weed
species. Another consideration is the potential impact that transgenes may have on
the genetic diversity of food crops such as maize in Mexico and soybean in China,
particularly land races and wild progenitors (Gepts and Papa 2003; Lu 2004; Raven
2005). Importantly, for gene flow between crops and weeds to occur, a near-relative
wild plant must co-exist spatially and temporally with the genetically modified
herbicide-resistant crop. The requirement of weedy near-relatives to be available to
receive the transgenic pollen makes some crops less of a risk than others. For
example, soybean and maize do not have weedy near-relatives within the major
production regions, while sunflower and wheat should be considered higher risk
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when genetically modified cultivars are available. Obviously, crops that do not
have genetically modified cultivars present no risk for transgene introgression into
near-relative weeds.

Genetically modified herbicide-resistant traits generally do not affect the relative
fitness of compatible weed populations and thus have little influence unless the
herbicide is present. The best example of transgene movement between genetically
modified herbicide-resistant crops and weedy near-relatives is genetically modified
canola and the weedy Brassicaceae. Reports indicate that the transgene moves from
the genetically modified crop and weedy near-relatives, but there is little effect on
fitness (Hauser et al. 2003; Legere 2005). However as new genetically modified
herbicide-resistant crops are released that have weedy near-relatives (e.g. Beta
vulgaris), the lack of direct effect on weeds from transgene movement may change.

9.4.2 Implications of Herbicide Resistance — Persistence
in the Agroecosystem

The persistence of herbicide resistance in weed populations reflects the longevity of
the seedbank and the relative percentage of the seedbank that contains the trait for
resistance. It should be noted that seeds from genetically modified herbicide-
resistant crops can also contribute to the seed bank and thus the herbicide resistance
problem. However, with few exceptions (e.g. canola) the persistence of volunteer
genetically modified herbicide-resistant crops is minimal, given that crop seeds
generally do not last very long in the seedbank. Thus herbicide resistance attribut-
able to volunteer genetically modified herbicide-resistant crops has a minimal
effect on the seedbank. Canola, however, has demonstrated the capability to
persistence in the soil seedbank and may be a factor for several years (Legere 2005).

Generally, herbicide resistance attributable to a weed population shift such that
the dominant biotype is resistant will require a number of years to increase in the
seedbank (Maxwell and Jasieniuk 2000). However, once established, the herbicide-
resistant biotype will persist for many years, depending on the environmental con-
ditions, the weed species and effectiveness of management tactics imposed upon
the weed population. If marginal weed management (i.e. attributable to utilization
of recurrent single herbicide tactics) is imparted on the weed population, the soil
seedbank increases rapidly (Bauer and Mortensen 1992). If the weed species has
seeds that are long-lived in the soil (e.g. Abutilon theophrasti) and herbicide
resistance has evolved, the problem is likely to persist indefinitely regardless of
the effectiveness of subsequent management tactics. If the weed species has seeds
that are less persistent in the seedbank (e.g. Amaranthus rudis), effective manage-
ment tactics can reduce the herbicide-resistant weed population relatively quickly
(Steckel et al. 2007). However, it is important to consider that other production
practices can also impact the seedbank and hence the persistence of herbicide
resistance in the agroecosystem. For example, tillage can increase the longevity
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of the weed seedbank by burying seeds and placing them in a position where they
remain viable for a number of years. Thus, unless extraordinary weed management
tactics are used subsequent to the establishment of a herbicide-resistant weed
seedbank, it is likely that herbicide resistance will persist in the agroecosystem.

9.5 Conclusions

There is no question that the adoption of genetically modified herbicide-resistant
crops represents the most important global revolution in agriculture. In 2007,
genetically modified herbicide-resistant cultivars were planted on an estimated
114.3 million hectares and included 23 countries (Anonymous 2006). The trend
of basing crop-production systems on genetically modified herbicide-resistant
crops continues to escalate, in particular with maize. Fortunately, there is little
evidence that many of the current genetically modified herbicide-resistant crops
have impacted weed communities directly. This is attributable to the fact that there
are no weedy near-relatives of the transgenic crops in the areas of major production.
The exception to that is genetically modified herbicide-resistant canola (Legere
2005). However with the introduction of new genetically modified herbicide-
resistant crops, there could be more exceptions in the future (e.g. sugarbeets).

While there is no direct impact of genetically modified herbicide-resistant crops
on weed communities, there is a significant indirect impact; the recurrent use of the
herbicide (i.e. glyphosate) for which transgenic resistance exists imposes significant
selection pressure on weed populations and evolved resistance to glyphosate is
increasing at an increasing rate. Please recognize that this selection process is no
different than with any other herbicide and reflects the weed management strategy
utilized by growers. Interestingly, as more resistance in weed populations to the
herbicides used in transgenic crops develops, growers will be forced to return to
older herbicides for which resistant weed populations have previously evolved
(Owen 2008a, b).

While target site resistance has historically been the primary type of herbicide
resistance that has evolved in weed populations, the weed populations that have
evolved resistance to glyphosate often have less well understood mechanisms of
resistance. In fact, it appears that there are multiple mechanisms of resistance to
glyphosate and these mechanisms are subtle and difficult to identify (Gressel 1996;
Feng et al. 2004). It is also concerning that many of the weeds that have evolved
herbicide resistance demonstrate the ability to evolve resistance to other herbicide
mechanisms of action, thus further complicating management tactics.

Perhaps the greatest concerns with regard to genetically modified herbicide-
resistant crops and evolved herbicide resistance in weeds are the grower attitudes
about the importance of herbicide resistance and diverse management strategies
(Johnson et al. 2009; Kruger et al. 2009). It is clear that, while growers recognize
the risk of evolved herbicide resistance in weed populations, they choose not to
implement proactive management tactics and then strive for remediation after
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the problem(s) develop. Succinctly, genetically modified herbicide-resistant crops
have facilitated an attitude in adopters to neglect the appropriate use of integrated
weed management tactics and thus will exacerbate future problems with herbicide
resistant weeds (Boerboom et al. 2009; Owen et al. 2009).
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Chapter 10
Insect and Nematode Resistance

Tim Thurau, Wanzhi Ye, and Daguang Cai

10.1 Introduction

Crops are attacked by animal pests and nematodes, causing considerable economic
losses worldwide. The global yield loss, e.g. due to herbivorous insects varies
between 5% and 30% depending on the crop species, while the estimated world-
wide losses due to plant parasitic nematodes are about US $125 billion annually
(Chitwood 2003). Root-knot nematodes like Meloidogyne incognita infect
thousands of plant species, resulting in poor fruit yield, stunted growth, wilting
and susceptibility to other pathogens. Factors which increase plant susceptibility to
pest attacks include a lack of genetic diversity within the genomes of cultivated
crop species and changes in cultivation techniques, such as large-scale cropping of
genetically uniform plants and reduced crop rotation as well as the expansion of
crops into less suitable regions. Use of natural resistance is a promising alternative
for parasite control. Advanced understandings of natural resistance mechanisms in
molecular details will broaden the horizon of crop resistance breeding programs.
As resistance is often limited in many crop species and can be easily overcome by
new virulent pathotypes, new genetic variability is therefore needed. Here we
give an overview about recent progresses in research of plant resistance genes
and the underlying molecular mechanisms as well as their potential in practice
application. Today, chemical control of plant parasites depends on relatively few
chemicals. These pose serious concerns of risks and hazards for humans, animals
and the environment and increase the costs of growing crops. The worldwide use of
pesticides increased dramatically since the early 1960s. For example, the synthetic
chemical pesticides-based insecticide market is estimated at above US $8 billion
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annually. However, restrictions and especially detriments of pesticide applica-
tion for pest control (e.g. limited efficiency, inducing resistance of parasites) ask
for alternative strategies to ensure a sustainable pest management in agriculture.
Consequently, engineered resistance is an essential part of a sustainable parasite
control and is becoming more and more important, as it offers a parasite manage-
ment with benefits to the producer, the consumer and the environment. In this
review we focus on the strategy for engineering parasite resistance in crops with
anti-parasite genes. Genes are expressed in transgenic plants (for methods, see
Chaps. 1, 2) whose products are non-phytotoxic but strongly anti-parasite, either
lethally toxic or interfering with parasites after their take-up by parasites, conse-
quently affecting their development and reproduction. Furthermore recent progress
in the plant delivery of a RNAi-based gene-silencing strategy (see Chap. 5)
provides new tools for engineering broad parasite resistance in crops.

10.2 R Gene-Mediated Resistance

10.2.1 Plant Resistance and Resistance Gene

The use of plant natural resistance mechanisms represents one of the most promis-
ing alternatives. Plants have evolved sophisticated and multi-faceted defense
mechanisms. Briefly, two branches of the plant immune system exist. The older
one, basal immunity (reminiscent of innate immunity in vertebrates), is triggered by
pathogen-associated or microbe-associated molecular patterns (PAMP- or MAMP-
triggered immunity, PTI); and the second one, effector-triggered immunity (ETI),
relies on resistance (R) proteins. Once the pathogen succeeds in suppressing the
insufficient basal defenses, plants evolve resistance (R) proteins which directly or
indirectly interact in a specific manner with microbial effector proteins and thereby
trigger plant immune responses. This is synonymous to pathogen race-plant culti-
var-specific host resistance or gene-for-gene resistance (Jones and Takemoto 2004;
Jones and Dangl 2006). The recognized effector is termed an avirulence (Avr)
protein. Pathogens evolve further and suppress ETI, which again results in new
R gene specificities so that ETI can be triggered again (Jones and Takemoto 2004;
Jones and Dangl 2006).

To date, numerous R genes have been cloned which confer resistance to several
classes of pathogens, including viruses, bacteria, fungi, oomycetes, insects and
nematodes. R gene products can be categorized into two main classes based on
conserved structural features (Dangl and Jones 2001; Chisholm et al. 2006). The
largest class of R proteins (called the NBS-LRR class of R proteins) possesses in
addition to a leucine-rich repeat (LRR), a central nucleotide-binding site (NBS)
domain. The second major class of R genes encodes extracellular LRR (eLRR)
proteins. Three subclasses of LRRs have been suggested according to their domain
structures (Fritz-Laylin et al. 2005). These subclasses include receptor-like proteins
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(RLP; extracellular LRR and a transmembrane (TM) domain), RLK (extracellular
LRR, TM domain, cytoplasmic kinase) and polygalacturonase inhibiting protein
(PGIP; cell wall LRR).

Immense progress in plant genome analysis revealed that many R genes are
located in clusters that comprise several copies of homologous R gene sequences
arising from a single gene family (simple clusters) or colocalized R gene sequences
derived from two or more unrelated families (complex clusters). The lack of
substantial evidence for direct Avr-R interaction led to the ‘guard hypothesis’
(Van der Biezen and Jones 1998), which proposes that the X induces a change in
a host protein that is normally recruited by the pathogen via its Avr protein to
establish a successful infection, and that this change sensed by the R-protein
(guard) leads to the activation of the R protein and subsequent defense signaling
(Dangl and Jones 2001; Bent and Mackey 2007; van der Hoorn 2008). This model
may provide a good explanation for resistance response triggered by other
resistance genes.

10.2.2 Plant Parasite Resistance and Resistance Genes

During evolution, different forms of natural resistance to parasites have been
established. Plant innate plant defense mechanisms like morphological barriers,
diverse compounds of the secondary metabolism and induced resistance mecha-
nisms (PTI) allow only a selected number of parasitic pests to attack a specific range
of plant species (Schuler 1998). Often active plant defense is induced immediately
after insect attack, leading to the production of various anti-insect compounds,
including anti-feedants, toxins and digestibility reducers (Korth 2003; Voelckel and
Baldwin 2004a, b). Also indirect defense mechanisms are activated that recruit
natural enemies from the plant’s surroundings to attack feeding insects (Turlings
and Tumlinson 1992; De Moraes et al. 1998; Kessler and Baldwin 2001).

Insect resistance loci have been reported in crop plants like wheat, barley, maize,
potato and rice (Yencho et al. 2000). So far, little is known about the underlying
molecular mechanisms as the majority of insect resistance loci are mapped as
QTLs, making the characterization and the use of these resistance traits for plant
breeding difficult and time-consuming. The only cloned insect resistance gene is
Mi-1. Mi, originally isolated as a root knot nematode (Meloidogyne spp.) resistance
gene from wild tomato (Lycopersicon peruvianum) also confers resistance against
potato aphids (Macrosiphum euphorbiae) and whiteflies (Bemisia tabaci; Vos et al.
1998; Martinez de Ilarduya et al. 2001; Nombela et al. 2003).

In contrast, a set of nematode resistance genes have been identified from various
crop plants. Economically the most important plant-parasitic nematodes are cyst
nematodes of the genus Heterodera and Globodera and root-knot nematodes of
the genus Meloidogyne. Root-knoot nematodes of Meloidogyne spp. are obligate
sedentary endoparasites. Agronomically important species of cyst nematodes,
mainly active in temperate regions of the world, are G. rostochiensis and G. pallida
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on potato and H. glycines on soybean. In addition, more than 80% of the Cheno-
podiaceae and Brassicaceae species are hosts of H. schachtii (Steele 1965),
including economically important crops like sugar beet (Beta vulgaris), spinach
(Spinacea oleracea), radish (Raphanus sativus) and rape seed (Brassica napus).
Today H. schachtii is spread over 40 sugar beet-growing countries throughout
the world (McCarter et al. 2008).

Nematodes completely penetrate main and lateral roots in the elongation or root
hair zones of a susceptible plant as motile infective second-stage juveniles (J2)
which hatch in the soil from eggs contained within a protective cyst (cyst nema-
todes) or egg sac (root-knot nematodes). They penetrate the plant cell walls using
their robust stylet. However, before the stylet penetrates, cell walls are degraded by
a number of enzymes released from the nematode’s subventral glands. These
include B-1,4-endoglucanases (cellulases; Gao et al. 2001), a pectate lyase (Doyle
and Lambert 2002) and an expansin (Qin et al. 2004). J2s migrate within the root
cortex towards the vascular cylinder and induce remarkable changes in a number of
host cells, to establish highly metabolically active feeding cells sustaining the
nematode throughout its life cycle (syncytium for cyst nematodes; giant cell for
root-knot nematodes; Davis et al. 2004, 2008; Fuller et al. 2008). After three
additional molts, adult males emerge from the root and are attracted to the females,
where fertilization occurs. At maturity, the female of a cyst nematode dies and the
body is transformed into a light brown cyst where eggs and juveniles survive and
remain dormant until root exudates stimulate juveniles to hatch and emerge from
the cyst. By contrast, eggs of Meloidogyne spp. are released on the root surface in a
protective gelatinous matrix.

Chemical control of nematodes is restricted. Most of the nematicides have
been withdrawn from the market due to high environmental risks. Crop rotations
with non-host plants including wheat, barley, corn, beans and alfalfa as well as
nematode-resistant radish and mustard are functional, but often not economically
practical. In this context, the breeding of resistant cultivars is the most promising
alternative.

The majority of cloned nematode resistance genes originate from crop wild
relatives. The first nematode R gene to be cloned was HsI”°" from sugar beet,
which confers resistance against the sugar beet cyst nematode H. schachtii (Cai
et al. 1997). Other cloned nematode R genes closely resemble known plant R genes
in their domain structure. Four of these genes, Mi-1, Hero, Gpa2 and Grol-4, all
cloned from tomato or potato relatives, fall into the NBS-LRR class of R genes
(Williamson and Kumar 2006). The tomato genes Mi-I and Hero, respectively,
confer broad-spectrum resistance to several root knot nematode species (Milligan
et al. 1998; Vos et al. 1998) and to several pathotypes of the potato cyst nematodes
G. rostochiensis and G. pallida (Emst et al. 2002). Mi resistance was first trans-
ferred into commercial tomato cultivars in the 1950s (Gilbert et al. 1956). Mi also
confers resistance to two totally unrelated parasites, the potato aphid Macrosiphum
euphorbiae and the white fly Bemisia tabaci (Rossi et al. 1998; Nombela et al. 2003),
whereas the potato genes Gpa2 and Grol-4 mediate resistance to a narrow range
of pathotypes of the potato cyst nematode G. pallida (van der Vossen et al. 2000;
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Paal et al. 2004). So far, little is known about the action mode of the cloned nematode
resistance genes. It is generally believed that these genes recognize nematode
effectors triggering specific signaling pathways that lead to resistance responses.
Agronomically more important nematode R genes are likely to be cloned in the near
future, including the H/ gene that confers resistance to G. rostochiensis in potato
(Bakker et al. 2004) and the Me gene of pepper for resistance to Meloidogyne species
(Djian-Caporalino et al. 2007).

10.2.3 Significance and Limitations of Plant Resistance Genes

Although the breeding of resistant cultivars is the most promising alternative for
parasite control, there are several limitations for the use of natural nematode
resistance genes in practice, generally.

1. Resistance is not complete. For example, Hero A is able to provide only partial
resistance (>80%) to G. pallida (Ernst et al. 2002).

2. Resistance is conditionally expressed. The Mi-I mediated resistance is for
example temperature-sensitive and breaks down above 28°C (Dropkin 1969).

3. Resistance genes are often effective against one or a limited range of species and
introgression of such genes may confer yield penalties or undesirable agronomic
traits (Panella and Lewellen 2007).

4. A major concern around resistance relying on a gene-for-gene relationship is
when it is overcome by new virulent pathotypes even though the durability of
R genes to sedentary plant nematodes has been generally high. The HI gene has
been used in cultivated potato against G. rostochiensis for over 30 years in the
UK but without the development of virulent population (Fuller et al. 2008).

Molecular identification and cloning of natural resistance genes make it feasible
for a direct transfer of R genes into related susceptible cultivars or to other plants.
Molecular markers can be developed, which can assist conventional breeding
programs greatly, as demonstrated by the development of commercial soybean
and potato cultivars resistant to H. glycines and Globodera rostochiensis, respec-
tively (Starr et al. 2002). Broad resistance can be engineered by the pyramiding of
different resistance genes in given species. In addition, a variety of defense-related
genes from diverse sources is available for genetic engineering to enhance plant
resistance to pests. These include genes specific for signaling components, defense-
related genes with antimicrobial activity such as PR proteins, antifungal proteins
(osmotin-, thaumatin-like), antimicrobial peptides (thionins, defensins, lectin, phy-
toalexins) as well as gene products that can enhance the structural defenses in the
plant, such as peroxidase and lignin. The identification of global regulators of
resistance response, ‘master switches’, offers the possibility to engineer broad
disease resistance (Stuiver and Jerome 2001).

The techniques used to develop transgenic plants have improved dramatically
in the past decade, allowing the development of new disease-resistant crops
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(Dempsey et al. 1998) and transferring of the gene of interest across species that
are difficult or impossible to cross. However, the transfer of resistance genes from
a model to crop plants as well as between distantly related crops seems to be
limited. Attempts to transfer Mi-mediated root-knot nematode resistance from
tomato were unsuccessful (Williamson et al. 1998) and transfer of Hero A into a
susceptible tomato cultivar conferred resistance to Globodera species but not in
transgenic potato expressing the same construct (Sobczak et al. 2005). Exception-
ally, expression of Mi-1.2 in transgenic aubergine (S. melongena) resulted in
significantly lower amounts of Meloidogyne reproduction and numbers of egg
masses but had no anti-aphid effect (Goggin et al. 2006). It is generally believed
that downstream components of the response cascade must be present to activate
R gene-mediated resistance response in given species. Within species, significant
variability in transgenic resistance may occur due to its genetic background and
allelic status, the promoter used and the copy number of the transgen (Chen et al.
2006). The phenomenon termed ‘restricted taxonomic functionality’ (RTF) might
reflect an inability of the R protein to interact with signal transduction components
in the given host (Michelmore 2003).

10.3 Engineering of Insect and Nematode Resistance

Today, engineered insect and nematode resistance are becoming an essential part
of a sustainable agriculture in both developing and developed countries world-
wide. In 2007, insect-resistant plants based on the transgenic technology were
grown on an area of 46 million hectares, more than half of it (26.9 million ha) with
a stacked trait of herbicide- and insect-resistant seeds and 19.1 million hectares
with insect resistance alone (James 2008). So far, several approaches are under
discussion. The first one relies on expression of genes of interest in transgenic
plants, whose products are non-phytotoxic but strong anti-parasitic, either lethal
toxic or interfering with parasites after their take-up by parasites consequently
affecting their development and reproduction. Such transgenes can encode enzy-
matic inhibitors that block physiological processes within the pest, toxic com-
pounds that are then ingested, compounds that bind to signal molecules, enzymes
that interfere with the nematode. Alternatively, the anti-feeding approach is aiming
at breaking down the feeding structure by the introduction of genes encoding
phytotoxic compounds like barnase or ribosome-inactivating proteins which dis-
rupt feeding cells (Atkinson et al. 2003) or by the knockout of genes which are
crucial for formation of the feeding structure or for nematode parasitism (Huang
et al. 2006). Because this approach strictly relies on promoters as well as genes
specific for nematode-feeding cells, the availability of these elements still remains
the obstacle for its realization in practice (Atkinson et al. 2003). In the following,
engineering insect and nematode resistance are discussed using anti-insect and
anti-nematode genes.
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10.3.1 Anti-Insect/Nematode Genes

10.3.1.1 Bt Toxins

Bt toxins have been known as molecules that are active against insects and
nematodes since the beginning of the previous century. They are synthesized by
the soil-borne gram-positive bacterium Bacillus thuringiensis (Bt). About 400 Bt
toxins are known so far produced by diverse B. thuringiensis strains (Crickmore
et al. 2009). All of them have a crystal structure, therefore named Cry toxins.
Because of the natural origin of the toxins, they occupy the position of the world’s
leading bio-pesticide.

Cry proteins bind to glycoprotein receptors that are located within the membrane
of target insects’ epithelium and afterwards inserted irreversibly into the membrane
leading to the formation of a pore. Reasonably, alterations of these glycoprotein
receptors can cause as a reason for toxin resistance of insects to a particular
Bt-protein (Knight et al. 1994, 1995; Malik et al. 2001; Griffitts et al. 2005).
B. thuringiensis strains produce different crystal proteins with specific activity
against distinct species: CrylA, Cry1B, CrylC, CrylH, Cry2A against lepidoptera,
Cry3A, Cry6A, Cry 12A, Cryl3A against nematodes, Cry3A, Cry6A against
coleoptera and Cry10A, Cryl1A against diptera. The toxins are effective tools for
controlling lepidopteran and coleopteran insect pests, but application of Bt toxins as
an insecticide by spraying is not efficient because the protein is unstable and has no
systemic effect. In contrast, when synthesized by transgenic plants, Cry protoxins
are taken up by sucking insects. Within the insect gut, protoxins are proteolytically
cleaved to produce the active toxin, finally leading to affection on epithelial cells.
So far, Bt toxins have been introduced into a wide range of crop plants like soybean,
maize and cotton (see Chaps. 16, 19, 25). More than 20 transgenic crop varieties
carry Cry genes (Bruderer and Leitner 2003). For instance, CrylAb is integrated
into the genome of the transgenic maize varieties MON810 and Bt176 (Bruderer
and Leitner 2003), where it is particularly active against the european corn borer
(Ostrinia nubilalis). In cotton the variety “Bollgard” expresses the Bt toxin CrylAc
that is efficient for controlling the cotton bollworm (Helicoverpa armigera). To
increase the expression levels of Bt toxins in transgenic plants, considerable
changes to the Bt toxin genes are required such as change in codon-usage and the
use of plant-specific processing signals in different events.

Even though immense advantages have been given by the use of Bt toxin in
various transgenic crop plants (Romeis et al. 2006), the utilization of Bt toxin
within transgenic plants is still controversially discussed, especially in Europe. Up
to now, insect resistance against Bt toxins has not been observed under field
conditions, only under laboratory conditions (Christou 2006), which is thought to
be caused by a decreased fitness of resistant individuals (Christou et al. 2006;
Soberén et al. 2007; Tabashnik et al. 2008). For instance, monitoring the pink
bollworm (Pectinophora gossypiella) for eight years showed no increase of resis-
tance to Bt (Tabashnik et al. 2005). The same result come from monitoring corn
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borers (Sesamia nonagrioides, Ostrinia nubilalis) in Spain over a period of five
years (Farinos et al. 2004). Furthermore, an overview about environmental effects
of Bt proteins was made by Clark et al. (2005). A negative effect on non-target
organisms under true conditions was not observed (Romeis et al. 2006). By
contrast, a meta-analysis showed an increased abundance of non-target inverte-
brates on Bt-transgenic cotton and maize fields, compared to non-transgenic fields
managed with insecticides, as reported by Marvier et al. (2007). It is generally
believed that the durability of resistance will be extended, e.g. by establishing
refuges with areas of susceptible plants or by growing transgenic crops with a
multi-gene, multi-mechanistic resistance (Boulter et al. 1993). The strategy of
pyramiding effector genes within crops has two follow two major aims. One
potential effect is to broaden insecticidal activity by combining genes with different
specificity to control insect and nematode pests. The second effect is to enhance the
durability of genetically engineered plant resistance because single mutation events
do not break the insecticidal effect (Magbool et al. 2001). Developing different
strategies to protect the insecticidal effect of Bt toxins remains a great challenge
(McGaughey et al. 1992; Frutos et al. 1999; Bates et al. 2005).

The potential for Bt toxin as a nematicide was reported by Marroquin et al.
(2000). A preliminary study with transgenic tomato plants expressing the Bt endo-
toxin Crylab after inoculation with Meloidogyne spp. resulted in a reduction in egg
mass per gram of root of about 50% (Burrows and Waele 1997). The nematicidal
effects were determined to result from a similar gut-damaging mechanism to that
which occurs in insects: the activated toxin binds receptors in the intestine and
forms a pore, causing lysis of the Gut (Wei et al. 2003; Li et al. 2007). Tomato
hairy roots expressing the Bt crystal protein variant cry6A were challenged with
M. incognita and supported significantly reduced amounts of nematode reproduc-
tion, although gall-forming ability was not affected (Li et al. 2007). The nematode
feeding tube acts as a molecular sieve, permitting the uptake of certain molecules
and excluding others. It is believed that root-knot nematodes are able to ingest
larger molecules than cyst nematodes (Li et al. 2007). The size exclusion limit for
H. schachtii has been determined to be approx. 23 kDa (Urwin et al. 1998).
Therefore, the size exclusion limit (Bockenhoff and Grundler 1994; Urwin et al.
1997a, 1998; Li et al. 2007) severely restricts the agronomic application of trans-
genic Bt as a broad-spectrum nematode control strategy (Fuller et al. 2008).

10.3.1.2 Proteinase Inhibitors

The expression of proteinase inhibitors (PIs) of digestive proteinases in plants is a
promising strategy of engineering insect and nematode resistance. Compared to Bt
toxin, the beneficial properties of proteinase inhibitors are their small size and
stability for their expression in transgenic plants. A direct proof of activity against
insects was shown in transgenic tobacco plants which were resistant against a bud
worm mediated by the expression of a trypsin inhibitor (Hilder et al. 1987).
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PIs represent a well studied class of plant defense proteins which are generated
within storage organs. Proteinase inhibitors are an important element of natural
plant defense strategies (Ryan 1990) and are anti-feedants known to reduce the
capacity of certain parasites to use dietary protein, so delaying their development
and reducing their fecundity (Hilder et al. 1987). In addition, it has been shown that
PIs are induced as part of defense cascades, e.g. by insect attack, mechanical
wounding, pathogen attack and UV exposure (Ryan 1999). Different kinds of
proteinase inhibitors are known to reduce the digestibility of the nutrients through
oral uptake by insects and nematodes. The inhibitor binds to the active site of the
enzyme to form a complex with a very low dissociation constant, thus effectively
blocking the active site.

There are ten groups of PI characterized from plants spanning all four classes of
proteinases: cysteine, serine, metallo- and aspartyl. The majority of proteinase
inhibitors studied in the plant kingdom originates from three main families, namely
Leguminosae, Solanaceae and Gramineae (Rao et al. 1991). The cowpea trypsin
inhibitor (CpT]) is a serine inhibitor used in the first transgenic approach to confer
insect resistance. CpTI in an amount of 1% of the solouble protein in the transgenic
plant has an effect on the lepidopteran insect Heliothis virens in tobacco (Hilder
et al. 1987) and inhibits insect development up to 50%. The gene was also trans-
ferred into potato, rice and other plants, where it showed similar activity. Another
effective gene is the sweet potato trypsin inhibitor (SpT7) that is active against
Spodoptera litura when it is expressed in tobacco and Brassica spp. (Yeh et al.
1997b; Ding et al. 1998). Another group of PI, cysteine proteinases, is common in
animals, eukaryotic microorganisms and bacteria, as well as in plants. Recent
studies have shown that other classes of proteases are also found in insect guts,
such as cysteine proteinase (Wolfson and Murdock 1990). Brioschi et al. (2007)
reported that adaptation of the insects to proteinase inhibitors appears through
upregulation of proteinases, trypsins and chymotrypsins by insects.

The potential of plant proteinase inhibitors (PIs) for engineering nematode
resistance has been demonstrated in several laboratories (Vain et al. 1998; Urwin
et al. 2000; Cai et al. 2003). Both serine and cysteine proteinases are present in
plant-parasitic nematodes (Koritsas and Atkinson 1994; Lilley et al. 1997). Their
activities have been detected in the nematode intestine where they are involved in
digestion of dietary proteins (Lilley et al. 1996). Broad nematode resistance has
been achieved in potato plants by expressing a cystatin from rice, even when the
proteinase inhibitor was preferentially expressed in feeding sites of G. pallida and
M. incognita (Lilley et al. 2004). A cysteine proteinase inhibitor based transgenic
resistance to the cyst nematode Globodera pallida in potato plants proved to be
effective, even under field conditions (Urwin et al. 2001), demonstrating its great
potential.

We demonstrated that sporamin, a tuberous storage protein of sweet potato is a
functionally trypsin proteinase inhibitor. The full-length sporamin gene encodes a
23-kDa mature protein (Yao et al. 2001). It can be taken up through the feeding tube
and the stylet and delivered within the nematode, where it can exhibit effective
inhibition. After its transfer into the sugar beet hairy roots, a significant reduction of
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developed females was observed in sporamin expressing roots but with variation in
their inhibitory effects. Thereby the trypsin inhibitory activity was found to be a
critical factor for nematode inhibition (Cai et al. 2003).

Nevertheless, there are no transgenic varieties carrying a proteinase inhibitor
commercially available. It was discussed that parasites are able to modify there
proteinase pattern and to bypass the inhibited protein digestion pathways (Broadway
et al.1997; Giri et al. 1998). Thus, the source of the PI used in transgenic plants
is critical to avoid development of insect insensibility (Ranjekar et al. 2003).
Analogous to the case of Bt toxins, a combination of different PIs targeting a set
of proteases would be a promising alternative to engineer a stable and broad
resistance against insects and nematodes as well.

10.3.1.3 Lectins

Lectins are a structurally heterogeneous group of carbohydrate-binding proteins
which play biological roles in many cellular processes. More than 500 different
plant lectins have been isolated and (partially) characterized. Application of lectins
as insecticidal protein has mainly been focused on homopteran, e.g. planthoppers,
leafthoppers and aphids (Habibi J et al. 1993; Hussain et al. 2008). Because of their
low level of susceptibility to proteinase inhibitors, lectins were considered to be
a suitable insecticidal agent.

The toxic effect of lectins to insects and nematodes is still poorly understood.
The proteins seem to bind to cells of the insect/nematode midgut disrupting the cell
function like digestive processes and nutrient assimilation. Insect-feeding studies
with purified lectins and experiments with transgenic plants confirmed that at least
some lectins enhance the plant’s resistance against insects and nematodes. Several
lectins from plants have been reported to confer broad insect resistance against
Lepidoptera, Coleoptera, Diptera and Homoptera (Carlini and Crossi-de-Sa 2002).
A gene encoding a sugar-binding protein derived from pea (Pisum sativum) was the
first example of a lectin which was used to generate transgenic plants with an
enhanced insect resistance (Boulter et al. 1990). Another famous example of a
lectin used in transgenic plants is the Galanthus nivalis agglutinin (GNA), which
confers resistance against insects in rice, e.g. planthoppers (Rao et al. 1998;
Nagadhara et al. 2004). Moreover, expression of GNA in potato has been shown
to confer enhanced resistance to lepidopterans like Lacanobia oleracea and homo-
pteran insects like aphids (Down et al. 1996; Gatehouse et al. 1997). Rapeseed was
successfully transformed with a pea lectin, which leads to a reduced weight of
pollen beetle larvae that was correlated to lectin expression (Melander et al. 2003).

Also, a significant reduction of G. pallida females was reported after transfer of
the gene encoding the snowdrop (Galanthus nivalis) lectin GNA into potato plants
(Burrows et al. 1997). It is believed that, analogous to insects, these proteins could
be targeted to interact with the nematode at different sites: within the intestine; on
the surface coat; or with amphidial secretions.
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10.3.1.4 «a-Amylase Inhibitors

a-Amylase inhibitors are inhibitory proteins that occur in the whole plant kingdom.
These amylase inhibitors affect selectively a-amylase from insects, animals and
microorganisms, but not amylases from plants. Groups of well characterized mono-
meric and dimeric a-amylase inhibitors were isolated from wheat, (Triticum aesti-
vum) and common bean (Phaseolus vulgaris; Kashlan and Richardson 1981;
Moreno and Chrispeels 1989; Octivio and Rigden 2002; Oneda et al. 2004). The
function of these proteins within the plants/seeds has not yet been explained. They
seem to be regulators of endogenous enzymes and part of the plant defense against
insect attacks (Octivio and Rigden 2000). Analogous to the disruption of protein
digestion by proteinase inhibitors, amylase inhibitors affect the carbohydrat meta-
bolism of herbivorous insects. The potential of plant alpha-amylase inhibitors for
engineering insect resistance was investigated in tobacco, pea and Arabidopsis
(Carbonero et al. 1993; Schroeder et al. 1995). More promising results were
obtained using the Phaseolus o-amylase inhibitor of BAAI in pea, maize (Zea
mays) and coffee, leading to a decreased propagation of insect pests. Expressed in
transgenic maize, BAAI showed an insecticidal activity to the western corn root-
worm (Diabrotica virgifera; Titarenko and Chrispeels 2000). In pea (Pisum sati-
vum), it was possible to reach a BAAI content of up to 3% of the soluble protein
which mediates strong resistance to pea weevil (Bruchus pisorum; Schroeder et al.
1995; Morton et al. 2000). Pereira et al. (2006) reported an effect of BAAI in coffee
on the coffee berry borer (Hypothenemus hampei), showing the broad potential of
a-Amylase Inhibitors particularly against storage insect pests.

10.3.1.5 Chitinases and Others

A set of proteins from various organisms were tested for their activity against
parasites. For instance, an insecticidal protein from scorpions enhances resistance
to cotton bollworm (Heliothis armigera) larvae (Wu et al. 2008), toxins from
endosymbionts of nematodes from the genus Photorhabdus and Xenorhabdus
seems to have a broad insecticidal effect (Chattopadhyay et al. 2005).

Chitinases are known to be part of the plant defense system and are antifungal.
A possible target is believed to be the nematode eggshell, which largely consists of
chitin. We demonstrated recently that transgenic sugar beet roots and potato plants
overexpressing a chitinase from the entomopathogenic fungus Paecilomyces
Jjavanicus confer broad-spectrum resistance to sedentary plant parasitic nematodes
in transgenic sugar beet (B. vulgaris) and potato (Solanum tuberosum) plants
(Thurau et al., unpublished data). The development of females was suppressed
and the number of females was drastically reduced of both cyst nematodes Hetero-
dera schachtii and Globodera pallida. In addition, the development of knots and
egg sacks formed by root-knot nematode Meloidogyne incognita was also found to
be severely affected. Although the mechanism underlying is not yet resolved and
chitin has been reported to be present only in the egg shell of plant-parasitic



188 T. Thurau et al.

nematodes so far, our results strongly suggest an active role of chitin also in the
parasitic process of various nematodes, thus providing an effective target for
genetic engineering of broad nematode-resistant crops.

10.3.2 RNA Interference-Based Gene Silencing

The principle of RNA interference (RNA1) consists of a naturally based degradation
of dsRNA as a part of protection against pathogen attack, particularly virus infec-
tion. This mechanism was discovered in the nematode Caenorhabditis elegans,
leading to gene silencing through the occurrence of double-stranded RNA (dsRNA),
mediating a downregulation of gene expression. Target RNA is degradated by
enzyme complexes called DICER and RISC. The DICER endonucleases cuts
double-stranded RNA into siRNAs of 21-23 nt. These small RNA molecules
assemble at the RISC complex, which leads to the degradation of target RNA.
Specificity of this mechanism depends on the sequence of the target-RNA molecule
(for more details, see Chap. 5). For studying this mechanism in insects, Drosophila
melanogaster functions as a model species (Wang et al. 2006).

An important aspect of RNAI in C. elegans is the ability to elicit phenotypic
effects through the oral delivery of dsRNA molecules, either from solution or
expressed within the bacteria upon which the nematode feeds, providing the new
approach of engineering plant resistance to insect and nematode. Important
advances have been made in the application of RNAi for nematode resistance
over the past two years. Several reports demonstrated that plants expressing hairpin
constructs targeting plant-parasitic nematode genes (Huang et al. 2006; Steeves
et al. 2006; Yadav et al. 2006) display significant resistance to nematodes. Tobacco
plant RNAi-induced silencing of Meloidogyne genes encoding a splicing factor and
a component of a chromatin remodelling complex (Yadav et al. 2006) result in a
high level of resistance to M. incognita. Huang et al. (2006) demonstrated the
potential for engineering nematode resistance for plants by use of nematode para-
sitic genes. Transgenic Arabidopsis plants expressing the 16D10 sequence as a
hairpin construct were found to be resistant to Meloidogyne species with a 63-90%
reduction in the number of galls and as well as total egg production (Huang et al.
2006). The gene encodes a parasitism peptide which is probably involving the early
signaling events in the formation of giant cells. Because of a high degree of
homology between the 16D 10 sequences of different Meloidogyne species, broad-
range resistance against M. incognita, M. javanica, M. arenaria and M. hapla is
induced. Although there are reports of the technology being used to silence genes of
cyst nematodes (Steeves et al 2006; Valentine et al. 2007), less success has been
reported by many workers attempting to engineer resistance to these species
(Gheysen and Vanholme 2007). One explanation for these results could be differ-
ences in the maximum size of molecule that each species is able to ingest from the
plant cell owing to the size exclusion limits imposed by the feeding tube, as
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discussed above. It is reasonable to believe that the cyst nematode feeding tube may
not allow an efficient uptake of the construct carrying the target molecule.

Also, RNAI proved to be be a suitable method to control coleopteran insect
pests, as shown by Mao et al. (2007) silencing a cytochrome 450 monooxygenase
gene (CYP6AE14) in the cotton bollworm (Helicoverpa armigera) and impair-
ing tolerance of bollworm larval to the cotton metabolite gossypol. Baum et al.
(2007) shown similar results in the pathosystem western corn rootworm Diabrao-
tica vigifera, where post-transcriptional gene silencing of several genes was
induced and larval mortality was investigated in a feeding assay with transgenic
corn plants and roots as well. Potential progress in the field of insect resistance,
mediated by the host plant’s delivery siRNA molecules, is restricted by the fact that
insects lack genes encoding RNA-dependant RNA polymerase (RdRP), an enzyme
necessary for the systemic activity of RNAi-mediated gene silencing (transitive
RNAIi; Gordon and Waterhouse 2007; Price and Gatehouse 2008). Nevertheless the
possibilities of the RNAi mechanism for engineering insect resistance still have to
be determined in the future.

10.4 Conclusions

During the past years, proteins like Bt toxins, proteinase inhibitors, lectins and
amylase inhibitors were intensively investigated in respect of their anti-insect and
nematode efficiency both in laboratory and in field trials. Significant control effects
to parasitic pests have been achieved and demonstrated with different transgenic
crop species. Crop species expressing the Cry proteins from Bacillus thuringiensis
are worldwide commercialized with an enormous success. So far there is no com-
mercialized transgenic crop for nematode resistance available. Control of insect and
nematode pests, particular in developing countries, is still a great challenge for
agriculture. Obvious advantages of engineered resistance like independence of
genotype, reducing pesticide/nematicide application and improving human health
as well as protecting the environment meet increasing demands of modern agricul-
tural practices, especially with a global climate change for concern. Nevertheless,
new genetic variability, molecular knowledge of the resistance mechanisms and
new target proteins as well as novel engineering technologies is needed. In this
context, fundamental research on molecular plant—parasite interaction will provide
new approaches.
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Chapter 11
Metabolic Engineering

Lars M. Voll and Frederik Bornke

11.1 Introduction

Quality traits, including alterations in metabolite composition of crop plants, have
been major targets of traditional breeding programs. One of the most prominent
examples is the introduction of rape seed varieties low in erucid acid (in seed oil)
and in glucosinolates (in meal) approximately 30 years ago which was an important
step towards improving the nutritional properties of rape seed products. However,
conventional breeding strategies depend on the availability of significant genetic
variation for a given trait within the species gene pool and are further limited by the
complex genetics underlying some quality traits. Moreover, due to its untargeted
nature breeding of novel traits is time-consuming and slow. The emergence of
molecular biology and plant transformation technologies offers the possibility of
manipulating plant metabolism by a more rapid, targeted approach. The widespread
adoption of transgenic plants in the past two decades gave rise to the discipline
of plant metabolic engineering and provided enormous progress concerning the
manipulation of plant metabolism. Basically, metabolic engineering was defined as
the alteration of metabolic output by the introduction of recombinant DNA (Bailey
1991) or, more specifically, as the genetic modification of cellular biochemistry to
introduce new properties or to modify existing ones (Jacobsen and Khosla 1998).
The main goals of plant metabolic engineering are to produce valuable compounds
in an economically attractive format, or to increase yield of a crop plant. On the
level of metabolites these goals can be achieved by: (i) an increase in the production
of a specific desired compound, (ii) the deletion or reduction of a specific unwanted
product and (iii) the introduction of pathways leading to new products. In contrast
to conventional breeding, transgenic strategies offer a rapid way to introduce
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desirable traits directly into the genome of elite varieties. It is clear, however, that
the successful manipulation of plant metabolism requires detailed understanding of
the underlying factors that regulate it. Traditionally, metabolic pathways have
been analyzed on a step-by-step basis and limiting enzymes have been identified
according to their biochemical properties or by using metabolic control analysis
(ap Rees and Hill 1994; Geigenberger et al. 2004). Subsequently, enzyme over-
expression is employed to alleviate metabolic bottlenecks. However, given the
enormous flexibility of plant metabolism these direct approaches are often con-
founded by intervention of other limiting steps within the pathway, by counter-
balancing regulation and by previously unrecognized competing pathways.

Despite these hurdles considerable success has been achieved in plant metabolic
engineering also using single gene strategies. In this chapter, we briefly introduce
the most common molecular strategies used to modulate plant metabolism, before
detailing how these approaches have been used to engineer plant metabolism. Here,
we focus on primary metabolism, namely carbohydrate and lipid metabolism.
Finally, we give a short impression of a few successful examples of engineering
secondary metabolism.

11.2 Strategies for Metabolic Engineering in Plants

Metabolic engineers have access to a vast array of molecular and genetic tools
to rewire plant metabolism, most of which aims at the modulation of enzyme
activity either toward an increase or a decrease of metabolic flux through a given
pathway. In the simplest case a single enzymatic step is the target for modulation.
To increase the production of a desired compound or a novel compound, genes
encoding biosynthetic enzymes of the pathway can be overexpressed. Further
increases in flux can be achieved by overexpressing enzymes from heterologous
sources which are not subject to regulation or which have different regulatory
properties compared to the endogenous plant enzyme. A problem associated with
overexpression of single enzymes is that other steps in the pathway can become
limiting and thus total metabolic flux does not substantially increase. To circum-
vent this, several consecutive enzymes in the same pathway must be up-regulated
at the same time, either by transferring several expression cassettes into the plant or
by overexpression of regulatory proteins, i.e. transcription factors. The latter
approach, however, requires transcriptional co-regulation of all steps in a pathway
as it has been shown for a number of pathways in plant secondary metabolism
(Broun 2004; Grotewold 2008).

To reduce the levels of undesirable gene products, two general approaches are
commonly used: recessive gene disruption and dominant gene silencing. In gene
disruption approaches, the target sequence is mutated to eliminate a particular
gene function, whereas dominant gene silencing methods induce either the destruc-
tion of the gene transcript or the inhibition of transcription. So far, directed
gene disruption is not efficient in higher plants. Therefore, the most widely used
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technologies for the generation of loss-of-function mutants are transposon muta-
genesis (Altmann et al. 1995; Kim et al. 2004), Agrobacterium T-DNA insertions
(An et al. 2003; Jeon et al. 2000; see also Chap. 1) and, more recently, the use
of chemical mutagenesis in combination with TILLING (Henikoff et al. 2004) to
create disruptions in coding regions of genes. These techniques have been proven
very useful for functional genomics; however, their use for metabolic engineering
is limited. They are restricted to a few genetically tractable plant species and due to
their untargeted nature they require the generation of large populations of mutated
plants to screen for a desired mutation. In addition, genetic redundancy caused by
multi-gene families and polyploidy further complicates these kinds of knock-out
approaches.

RNA interference (RNAi) and related mechanisms such as ‘antisense’ or ‘co-
suppression’ are homology-dependent gene-silencing technologies that possess a
great potential for metabolic engineering (Mansoor et al. 2006; Tang et al. 2007; see
Chap. 5 for details on the mechanism). In comparison with gene disruption, RNA
silencing bears several advantages. It is a dominant trait that can be introduced into
any transformable plant species, including the transfer into elite crop varieties.
Owing to its targeted nature it does not require the generation of overly large
populations of transgenic plants to find a suitable event. Especially in the case of
antisense or co-suppression, the efficiency of silencing can vary considerably
between individual transformants. This allows the manipulation of metabolic
steps where a loss-of-function would be detrimental to the plant but a decrease of
gene expression at 30-90% yields a desired metabolic phenotype. Furthermore, by
the use of specific promoters, RNA silencing can be manipulated in a spatial and
temporal manner. This is important for genes where down-regulation is good for the
improvement of a specific organ, e.g. seeds or tubers, but is deleterious to the
growth of other plant organs.

Examples are provided below to show how the above strategies are applied to
manipulate the production of different classes of compounds.

11.3 Engineering of Primary Metabolism

11.3.1 Carbohydrate Metabolism

The majority of metabolic fluxes inside a plant cell center on the formation and
utilization of sugars, the primary products of photosynthesis and their conversion
into storage and structural carbohydrates, such as starch and cellulose. Starch is the
principle constituent of many of harvestable organs, such as tubers or grain. Besides
its importance as a staple in human and animal diets, it is also used as a renewable
raw material for a wide range of industrial applications (Jobling 2004). Starch is a
relatively simple polymer composed of glucose molecules that are linked in two
different forms. Amylose is an essentially linear polymer in which the glucose
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moieties are joined end-to-end by a(1—4) linkages. Amylopectin is a much larger
branched molecule, in which about 5% of the glucose units are joined by a(1—06)
linkages. The ratio between amylose and amylopectin is dependent on the plant
species or variety, respectively, and is one determinant of the physico-chemical
properties of plant derived starches which are important for technical uses. The
biochemical pathways leading to starch formation are well documented and the key
enzymatic steps have been identified (Fernie et al. 2002; Geigenberger 2003).
Starch metabolism in potato tubers is particularly well characterized and attempts
to both increase the accumulation of starch and to modify its structural properties by
metabolic engineering have received considerable attention (see also Chap. 20). For
starch synthesis in growing potato tubers, sucrose delivered from the phloem is
cleaved by sucrose-synthase into uridine-diphosphoryl-glucose (UDP-glucose) and
fructose, which are converted to hexose phosphates by UDP-glucose pyropho-
sphorylase and fructokinase, respectively. Glucose-6-phosphate is then imported
into the amyloplast via a glucose-6-phosphate transporter (GPT; Kammerer et al.
1998) and is converted via plastidial phosphoglucomutase and ADP-glucose
pyrophosphorylase (AGPase) to ADP-glucose (Fig. 11.1). This process requires
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Fig. 11.1 Principal pathway leading to the formation of starch in storage organs. The alternative
route of ADP-glc via generation within the cytosol and subsequent uptake into the amyloplast, as it
occurs in the endosperm cells of graminaceous species, is shown by dotted arrows. Susy sucrose
synthase, UDP-glc UDP-glucose, F6P fructose-6-phosphate, G1P glucose-6-phosphate, AGPase
ADP-glucose pyrophosphorylase, ADP-glc ADP-glucose
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ATP, which is imported into the amyloplast via an ATP transporter (Tjaden et al.
1998). The glycosyl moiety of ADP-glucose is the substrate for the synthesis of
starch via various isoforms of starch synthase.

Starch synthesis in the endosperm of cereals differs from that in other organs in
that the synthesis of ADP-glucose occurs in the cytosol, via a cytoplasmic isoform
of AGPase. ADP-glucose is imported into the plastid via a specific nucleotide
transporter (Tomlinson and Denyer 2003).

To increase the efficiency of the pathway and thus to increase starch accumula-
tion in crop plants, molecular strategies have initially concentrated on AGPase, the
enzyme assumed to catalyze the rate-limiting step of starch synthesis. In an early
attempt to increase the activity of the starch biosynthetic pathway in potato tubers,
Stark et al. (1992) overexpressed a deregulated bacterial AGPase in the potato
variety Russet Burbank. Overall, the transformed lines were reported to have an
average of 35% more tuber starch than the controls. However, this effect was lost
upon transformation of a different potato cultivar (Sweetlove et al. 1996). In the
latter case, starch degradation was up-regulated in addition to starch synthesis,
resulting in no net change in starch accumulation.

Attempts to increase starch contents through manipulation of AGPase in cereal
seeds have made use of a variant of the maize AGPase gene (shrunken2) whose
gene product is less sensitive to inhibition by phosphate when compared to the
wild-type protein.

Smidansky and colleagues (2002, 2003, 2007) showed that maize, rice and
wheat plants expressing this AGPase allele in the endosperm and grown under
controlled conditions display an increase in individual seed weight as well as in
seed yield per plant. However, in field trials transgenic wheat plants only showed a
yield enhancement under conditions of minimal inter-plant competition and opti-
mal water supply (Meyer et al. 2007).

Starch content in potato tubers is very sensitive to manipulation of the plastidial
adenylate transporter providing the ATP necessary for the AGPase reaction. Over-
expression of an adenylate transporter from Arabidopsis in potato tubers resulted
in 16-36% more starch per gram fresh weight, indicating that ATP supply to the
plastid limits starch synthesis (Tjaden et al. 1998; Geigenberger et al. 2001).
Recently, a further increase in potato tuber starch content was achieved by the
simultaneous overexpression of a GPT from pea and an Arabidopsis adenylate
translocator. Double transformants exhibited an increase in tuber yield of up to
19% in addition to an increase in starch content of 28%, when compared to control
plants (Zhang et al. 2008). Both effects taken together led to a calculated increase
in potato tuber starch of up to 44%. The authors concluded that starch synthesis in
potato tubers is co-limited by the ATP supply as well as by the import of carbon
skeletons into the amyloplast (Zhang et al. 2008). Further evidence for an energy
limitation of starch synthesis in potato tubers comes from transgenic plants with
reduced expression of plastidial adenylate kinase (ADK; Regierer et al. 2002).
In this study a strong negative influence of ADK activity on starch accumulation
was found, suggesting that ADK normally competes with starch synthesis for
plastidial ATP.
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Taken together, successful attempts to increase starch content through metabolic
engineering are scarce. The analyses so far suggest that in potato tubers consider-
able control of starch synthesis lies outside of the linear pathway as both the
adenylate transporter as well as the plastidial ADK appear to exert higher control
over the pathway than AGPase, the enzyme widely believed to be rate-limiting
(Geigenberger et al. 2004).

To provide improved raw material for the starch processing industry consider-
able effort has been aimed at altering starch quality which is mainly defined by the
amylopectin to amylose ratio (Jobling 2004). Most of the work in this direction has
been done on potato tubers as these are one of the major sources for industrial
starches.

The synthesis of amylose is accomplished through the activity of a particular
isoform of starch synthase, GBSS, and antisense inhibition of this gene leads to
amylose-free potato starch (Visser et al. 1991). Amylose-free potato starch can be
expected to find application in both the food industry and in paper manufacture.
Large-scale field trials with transgenic amylose-free potato varieties have been
conducted in Europe and this crop is currently going through the regulatory
approval process.

High-amylose starches are also of great interest, e.g. for improved frying or for
industrial use as gelling agents or thickeners. Recently, an innovative approach to
increase the amylose content in potato tubers involved the inhibition of starch-
branching enzyme A (SBE A) activity, the enzyme responsible for the introduction
of a1—6 linkages into amylopectin (Jobling et al. 2003). The authors of this study
expressed a single-chain antibody targeted against the active site of SBE A in
transgenic potato tubers, thereby neutralizing the enzymatic activity. They found
that immunomodulation of SBE A increased the amylose content of starch granules
from about 20% in wild-type tubers to 74% in the best transgenic line, exceeding
the concentration of amylose achieved be conventional antisense strategies (Jobling
et al. 2003).

11.3.1.1 Production of Novel Carbohydrates in Transgenic Plants

In addition to attempts aiming at manipulating the contents and properties of
endogenous carbohydrates, there have been several successful approaches for the
production of novel carbohydrates in transgenic plants.

Fructans, or polyfructosylsucroses, are an alternative storage carbohydrate that
are highly soluble and are stored within the vacuole. Fructans are present in
approximately 15% of all flowering plants (Hellwege et al. 2000). Fructan synthesis
is initiated by sucrose:sucrose 1-fructosyltransferase (SST) which catalyzes the
fructosyl transfer from one sucrose molecule to another, resulting in the trisaccha-
ride 1-kestose. In subsequent steps, fructosyltransferase (FFT) catalyzes the rever-
sible transfer of fructosyl residues from one fructan to another, producing a mixture
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of fructans with different chain length (Ritsema and Smeekens 2003). One of the
simplest fructans is inulin, which consists of f(1—2)-linked fructose residues while
fructans of the levan type are B(2—6)-linked fructose polymers.

From a biotechnological viewpoint, interest in fructans has continued to
increase, as they have been recognized as beneficial food ingredients. As part of
the human diet, they are considered to be prebiotics as they selectively promote the
growth of beneficial intestinal bacteria. Furthermore, fructans are assumed to have
anti-cancer activity, promote mineral absorption, decrease cholesterol levels and
decrease insulin levels. Fructans are normally isolated from plants with low agro-
nomic value, such as the Jerusalem artichoke (Helianthus tuberosus) and chicory
(vegetables are also covered in Chap. 25). Thus, attempts have been made to
produce transgenic plants with higher fructan yield or making fructans with specific
properties. Transformation of sugar beet with an SST gene from Jerusalem arti-
choke resulted in the conversion of 90% of the vacuolar sucrose into fructan
(Sevenier et al. 1998), since the sugar beet accumulates to concentrations approa-
ching 600 mM sucrose, this represents a massive fructan yield. Other researchers
have introduced an SST along with an FFT from onion into sugar beet which
resulted in an efficient conversion of sucrose into complex, onion-type fructans,
without the loss of storage carbohydrate content (Weyens et al. 2004). Potato, as
another crop naturally not accumulating fructans, was used to express plant fructo-
syltransferases. The SST and FFT enzymes from globe artichoke were engineered
into potato and led to the accumulation of the full range of fructans found in globe
artichoke itself (Hellwege et al. 2000).

Another recent example of the use of potato tubers as bioreactors is the produc-
tion of isomaltulose (IM), a sucrose isomer that is an excellent sucrose substitute in
foods as it shares many physico-chemical properties with sucrose but is non-
metabolizable and non-cariogenic. A gene encoding a sucrose isomerase (pall)
which catalyzes the conversion of sucrose into IM has been isolated from the
bacterium Erwinia rhapontici (Bornke et al. 2001). Expression of the pall gene
within the apoplast of transgenic potato tubers led to a nearly quantitative conver-
sion of sucrose into IM. Despite the soluble carbohydrates having been altered
within the tubers, growth of Pall expressing transgenic potato plants was indistin-
guishable from wild-type plants. Therefore, expression of a bacterial sucrose
isomerase provides a valid tool for high level IM production in storage tissues
of transgenic crop plants (Bornke et al. 2002). Towards this direction, Wu and
Birch (2007) introduced a sucrose isomerase gene tailored for vacuolar compart-
mentation into sugar cane. Transgenic lines accumulated substantial amounts of
IM in their culm. Remarkably, this was not at the expense of sucrose levels,
resulting in up to doubled total sugar concentration in juice harvested from
sucrose isomerase expressing transgenic sugar cane lines. The reason for this
boost in sugar concentration is not understood but it has been hypothesized that
IM accumulation in the culm leads to enhanced sink strength that fosters import
of additional carbon from source tissues (Wu and Birch 2007). It remains to be
shown whether this strategy allows increasing total sugar content in other sucrose
storing crops such as sugar beet.
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11.3.2 Metabolic Engineering of Lipid Metabolism

A plant cell contains a plethora of lipid species, which are mainly represented by
free fatty acids, glycolipids, phospholipids, waxes and neutral glycerolipids. Vege-
table oil for human consumption almost exclusively consists of triacylglycerols
(TAGs), which are composed of three fatty acids esterified to glycerol. TAGs
dominate the storage lipid pool in oilseeds from which most plant oils are isolated.
There are five fatty acids that are commonly esterified to triglycerides in the
predominant oilseed crops (Dyer et al. 2008; see also Chap. 21), namely palmitic
acid (16:0), stearic acid (18:0), oleic acid (18:1A%), linoleic acid (18:2A'%) and
o-linolenic acid (18:3A%'*'%). In order to obtain plant oil with improved techno-
logical or nutritional value by metabolic engineering, either unusual fatty acids that
are highly abundant in exotic non-crops or novel fatty acids are produced in
oilseeds, which can be cultivated on a large scale in contrast to the species from
which these unusual fatty acids originate. As a prerequisite for efficient retrieval of
the engineered fatty acids, these need to be targeted into storage lipids of seed oil.

Before we discuss potential applications of plants producing unusual fatty acids
and the limitations and bottlenecks that were encountered upon engineering of
glycerolipids in transgenic oilseed crops, we will briefly outline the route of
triacylglycerol biosynthesis.

11.3.2.1 Biosynthesis of Storage Lipids

The biosynthesis of glycerolipids (triacylglycerols; TAGs) is a complex, non-linear
pathway that involves three subcellular compartments, the chloroplast, the cytosol
and the endoplasmatic reticulum (ER). Utilizing the photochemically generated
reducing power in the chloroplast stroma, the de novo biosynthesis of palmitic acid
(16:0), stearic acid (18:0) and oleic acid (18:1A9) from activated Acetyl-CoA
building blocks takes place while the nascent acyl chain is covalently bound to
acyl carrier protein (ACP) complex. Acyl-ACP can undergo two different fates:

1. For the biosynthesis of phospholipids and galactolipids at the chloroplast enve-
lope, the acyl chains can be directly transferred from acyl-ACPs to glycerol-
3-phosphate and subsequently to lysophosphatidic acid (LPA). The product,
phosphatidic acid (PA), represents the substrate for the production of phospho-
lipids via the transfer of choline, ethanolamine or serine. However, phospholipid
synthesis via the prokaryotic plastidic pathway has a very minor impact on seed
oil production and is not discussed further.

2. More importantly, fatty acids can be liberated from the plastidic acyl-ACP pool
and transferred to the cytosol (Fig. 11.2), where they are: (i) re-esterified to
coenzyme A and (ii) subsequently incorporated into the phospholipid pool at the
ER. While acyl-CoAs are the substrates for elongases at the cytosolic leaflet of
the ER, the cytochrome bs containing desaturases FAD2 and FAD3 utilize the
phospholipid-bound fatty acid pool (Ohlrogge and Browse 1995).
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Precursors and intermediates for TAG biosynthesis at the ER derive from both
free acyl-CoA thioesters and phospholipids. The route of TAG synthesis via
glycerol-3-P and free acyl-CoA is known as the Kennedy pathway (Fig. 11.2) and
involves glycerol-3-phosphate acyltransferase (GPAT), lysophosphatidic acid acyl-
transferase (LPAAT), phosphatidic acid phosphatase (PAP) and diacylglycerol
acyltransferase (DGAT). In each of the three acyl transferase steps (GPAT,
LPAAT, DGAT), one more acyl chain is esterified to the glycerol backbone.
Alternatively (see Fig. 11.2), fatty acids can be directly transferred from the
phospholipid pool into TAG by phospholipid:diacylglycerol acyltransferase
(PDAT) or enter the diacylglycerol (DAG) pool by the reversible removal of the
phospholipid head group via choline phosphotransferase (CPT). DAG can then be
utilized by DGAT or PDAT to yield TAG.

In the production of novel plant oils, both DGAT (Jako et al. 2001; Yu et al.
2006) and PDAT (Dahlqvist et al. 2000) were found to represent rate limiting
steps for the entry of heterologously produced fatty acids into the TAG pool in
metabolically engineered oilseeds (Bates et al. 2007), identifying the ultimate step
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Fig. 11.2 Routes for triacylglycerol biosynthesis in oilseeds. Triacylglycerols (TAGs) can be
synthesized from the glycerol-3-phosphate and the acyl-CoA pool via the Kennedy pathway by
subsequent acylation of the triose backbone. Alternatively, the penultimate intermediate, diacyl-
glycerol (DAG) and the TAG end-product can be generated via acyl transfer from the phospholipid
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2008). Acetyl-CoA Acetyl coenzyme A, Acyl-ACP acylated acyl carrier protein, CPT choline
phosphotransferase, DGAT diacylglycerol acyltransferase, GPAT glycerol-3-phosphate acyltrans-
ferase, LPAAT lysophosphatidic acid acyltransferase, LPCAT lysophosphatidylcholine acyltrans-
ferase, Malonyl-CoA malonyl coenzyme A, PAP phosphatidic acid phosphatase, PDAT
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of TAG biosynthesis as a committed entry site for fatty acids. However additional
bottlenecks for the flux of novel fatty acids into TAG were identified, which are
discussed later.

11.3.2.2 Genetic Engineering of Plant Lipid Metabolism

The manipulation of lipid metabolism in genetically engineered plants provides
an enormous economic potential. The world annual production of vegetable
oils amounts to 128.2x10° t in 2007, which is only 30x lower than the annual
production of crude mineral oil of 4100x 10° t/year. In contrast to mineral oil, plant
oils represent both a renewable resource and a versatile commodity for food, feed
and industrial applications. About 14% of the annual plant oil production is being
used for industrial processing, 5% are used as feed and for biodiesel production,
respectively, while the rest is consumed as human food (Metzger and Bornscheuer
2006; Durrett et al. 2008).

Soybean, oil palm, rapeseed and sunflower are the predominant oil crops in the
world (Dyer et al. 2008; also covered in Chaps. 21, 24). Other important oil crops
are peanut, cottonseed, palm kernel, coconut and olives. However, more than 60%
of the annual vegetable oil production is derived from soybean and palm oil. As
summarized by Dyer et al. (2008), seed oil from these major oilseeds is mainly
composed of the five major fatty acids palmitic acid (16:0), stearic acid (18:0), oleic
acid (18:1A%), linoleic acid (18:2A%'?) and a-linolenic acid (18:3A%1%15). Vege-
table oil enriched for fatty acids uncommon to these major oilseed crops and fatty
acids with additional functions provide a huge potential as chemical feedstock for
the industrial production of detergents, cosmetics, drying oil, paint, ink, specialized
lubricants or plastics providing a much higher versatility than mineral oil (Metzger
and Bornscheuer 2006; Dyer et al. 2008). Consequently, engineering the lipid
composition of seed oil has mainly followed three objectives: (i) to produce unusual
fatty acids in oil crops that are of special value as chemical feedstock, (ii) to
generate a fatty acid composition optimized for chemical processing and (iii) to
introduce fatty acids with a special nutritional value like very long polyunsaturated
fatty acids (VL-PUFAs).

In the following, we discuss the current advance in the production of: (i) unusual,
short chain fatty acids like lauric acid (12:0), caprylic acid (8:0) and capric acid
(10:0), (ii) long-chain fatty acids like erucic acid (22:1) and very-long-chain poly-
unsaturated fatty acids (VL-PUFAs) like arachidonic acid (AA; 22:4), eicosapenta-
noic acid (EPA; 20:5) and docosahexaenoic acid (DHA; 22:6) as well as (iii) various
fatty acids with additional functional groups in transgenic oilseed crops.

Unusual Medium-Chain Fatty Acids

Glycerolipids (TAGs) containing medium-chain acyl residues are of outstand-
ing interest for the use as biofuel. Medium-chain TAGs are devoid of two
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major disadvantages intrinsic to conventional biodiesel consisting of TAG con-
taining the five major fatty acids (Durrett et al. 2008). First, complications caused
by biodiesel viscosity are alleviated when medium-chain TAGs are used, as TAG
viscosity decreases with the chain length of the esterified fatty acids. The viscos-
ity of regular biodiesel is tenfold higher compared to fossil fuel and is commonly
prevented by utilizing fatty acid methyl esters (FAMESs) after the trans-esterification
of the TAG fatty acids to methanol. Second, the coking index of medium-chain
containing TAGs is lower, compared to other fuels.

The most distinguished example for metabolic engineering of medium-chain
fatty acids in oilseeds is the generation of transgenic high-lauric acid (12:0) rap-
eseed, which is currently approved for commercial use. In the initial approaches,
the overexpression of a laureate-specific ACP from the California bay tree
(Umbellularia californica) in Arabidopsis and Brassica napus (rapeseed) led
to an accumulation of more than 50% of lauric acid in seed TAGs (Voelker
et al. 1992; Wiberg et al. 2000). However, the sn-2 position of glycerol barely
contained lauroyl residues in these transgenics. Additional overexpression of
a LPAAT from coconut with high specificity for lauroyl-CoA increased the
yield of laureate in rapeseed TAG to 67%, indicating that a limitation in the
Kennedy pathway (see Fig. 11.2) restricted the accumulation of lauric acid in
seed oil of the transgenics (Knutzon et al. 1999). Likewise, Cuphea lanceolata,
which accumulates more than 80% of capric acid (10:0) in seed TAG was found
to contain one set of GPAT and LPAAT specific for medium-chain acyl-CoAs
and an DGAT that preferentially funnels di-medium-chain DAGs into TAG
(Dehesh 2001). The specificities of these three Kennedy pathway enzymes
obviously leads to an effective channelling of medium-chain fatty acids into
Cuphea TAG.

Attempts to introduce valuable medium-chain fatty acids like capric acid (10:0)
or caprylic acid (8:0) into rapeseed TAG were less successful, leading to 8% and
30% medium-chain acyls residues in rapeseed oil (Wiberg et al. 2000). However,
the acyl-CoA pool in the transgenic seeds was dominated by the introduced
medium-chain fatty acids, again indicating that the incorporation into glycerolipids
via the Kennedy pathway was the limiting step preventing a high yield of caprylic
and capric acid in the TAG pool (Larson et al. 2002).

Unusual Long-Chain Fatty Acids

Coriander and Thunbergia alata seed oil contain more than 80% of the unsusual
monoenoic fatty acids petroselinic acid (18:1A%) and 16:1AS, respectively, both
of which are valuable precursors for the production of various plastic polymers
and cyclic hydrocarbon skeletons. Interestingly, both unusual fatty acids are
synthesized by plastidic acyl-ACP desaturases. Palmitoyl-ACP (16:0-ACP) is
utilized as a substrate for desaturation at the A* and A® position, respectively
and the monoenoic fatty acid products are targeted to seed TAG via the
phospholipid pool at the ER (Cahoon and Ohlrogge 1994; Schultz et al. 2000).
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The 16:1A* product of the coriander desaturase is then subsequently elongated to
yield petroselinic acid, while the 16:1A° fatty acid is a direct product of the
Thunbergia desaturase. The accumulation of these two unusual monoenoic fatty
acids in transgenic Arabidopsis overexpressing the coriander and Thunbergia
ACP-desaturases amounted to less than 15% of total seed TAG (Suh et al. 2002).
In coriander, specific ACP, 3-ketoacyl-ACP synthase and thiesterase are present
for the synthesis of petroselinic acid in plastids (Suh et al. 2002), suggesting
that an inefficient substrate channelling between the prokaryotic pathway
enzymes in Arabidopsis and the heterologously expressed desaturase may
be the cause to the relatively low abundance of petroselinic acid in seed oil of
the transgenics.

In contrast to petroselinic acid, erucic acid (22:1 A'®) is produced in high amount
in oilseed rape and other Brassicaceae. However, erucic acid is largely restricted to
the sn-1 and sn-3 positions of TAG. Again, the specificity of the endogenous
LPAAT seems to prevent the incorporation of erucic acid at the sn-2 position,
identifying the same bottleneck that limited lauric acid accumulation in TAG of
transgenic rapeseed. When an LPAAT from Limanthes specific for erucic acid and
the endogenous FAE1 elongase were overexpressed in parallel, the TAG pool of
the resulting transgenic rapeseed contained more than 70% erucic acid (Nath
et al. 2006).

The production of the very-long-chain polyunsaturated fatty acids (VL-PUFAs)
AA (an wo6-fatty acid), EPA (an ®3-fatty acid) and DHA (an ®3-fatty acid)
has drawn considerable attention due to their importance for human nutrition.
Furthermore, the application of VL-PUFAs isolated from transgenic oilseed crops
as a feed supplement to enable more sustainable salmon farming was supposed
(Cahoon et al. 2007). Nevertheless, the production of VL-PUFAs in transgenic
plants is complicated as it involves several cycles of desaturation and chain
elongation of the endogenous precursors linoleic acid (18:2) and a-linolenic acid
(18:3). As outlined in the previous section, the substrates for fatty acid desaturases
are PC bound fatty acids, while elongases use free acyl-CoAs as their substrates,
necessitating a substrate shuttling between the phospholipid and the acyl-CoA
pool. Metabolic engineering of transgenic plants for VL-PUFA production has
been accomplished by the introduction of several desaturases and elongases in
Arabidopsis and Brassica juncea, totalling to up to nine transgenes (Wu et al.
2005). However, various routes can be chosen for VL-PUFA production. Apart
from the A® desaturase pathway, on which most attention has been focused to
date, as it allows for the simultaneous biosynthesis of AA, EPA and DHA, the
A® desaturase pathway has proven an interesting alternative for the production of
AA and EPA (Qi et al. 2004) Commonly, the maximum yield of VL-PUFAs in
TAG of transgenic Arabidopsis, Brassica juncea and soybean obtained to date is
low and ranges between 3% for DHA (Wu et al. 2005; Kinney 2006) and 8% for
EPA (Qi et al. 2004; Wu et al. 2005). Recently, desaturases that act on acyl-CoAs
have been identified from microalgae and higher plants, possibly making trans-
esterification between acyl lipids and the acyl CoA pool dispensable in the
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future, which could also improve the yield of VL-PUFAs (Sayanova et al. 2007,
Hoffmann et al. 2008).

Fatty Acids with Additional Functional Groups

Fatty acids with additional functional groups and their chemical derivatives repre-
sent an emerging valuable resource as industrial feedstocks for the production of
cometics, lubricants, nylon, resins, polyvinylchloride (PVC), polyurethane and
drying oils in paint and ink (Metzger and Bornscheuer 2006). Here, we briefly
discuss unusual fatty acids that contain hydroxyl, epoxy and stereochemically
unusually conjugated hexatriene groups, which have in common that they all are
synthesized by divergent forms of the ER A'*-oleic acid desaturase FAD2 (van de
Loo et al. 1995; Lee et al. 1998; Dyer et al. 2002).

Ricinoleic acid is produced by a A'*-hydroxylase and represents almost 90%
of the castor bean (Ricinus communis) seed oil pool. Ricinoleic acid carries a
hydroxyl group at the C-12 position in addition to a cis-double bond at the C-9
position, which renders it to a versatile substrate for various organic syntheses
(Metzger and Bornscheuer 2006). Vernolic acid is synthesized by a A'*-epox-
genase and is abundant in the seed oil of, e.g. Vernonia galamensis, Crepis
palaestina and Euphorbia lagascae. It contains an epoxy group at position
C-12 in addition to the C-9 double bond and can be used as a binder in coatings
and for the synthesis of enantiomerically pure products. Calendulic acid
(18:3ABtrans:10mrans.12¢isy qnq y_eleostearic acid (18:3A%¢/s-11rans.13transy = hich
are abundant in the seed TAG pool of marigold (Calendula officinalis) and the
Chinese tung tree (Vernicia fordii), respectively, are used as drying oils in
paints, inks and coatings. The conjugated hexatrienic double bonds of calendulic
and a-eleostearic acid are synthesized from linoleic acid by a FAD2 conjugase
(Cahoon et al. 1999).

Intriguingly, the overexpression of these three divergent FAD2 genes in
Arabidopsis and soybean lead to less than 20% accumulation of ricinoleic,
vernolic, calendulic and a-eleostearic acid in seed TAG as compared to 60%
to 90% in the native species (Broun and Somerville 1997; Lee et al. 1998;
Cahoon et al. 1999). Instead, oleic acids contents were increased in all these
transgenics and the unusual fatty acids accumulated in the PC pool (Thomaeus
et al. 2001; Cahoon et al. 2006), indicating that: (i) the conversion from oleic to
linoleic acid by the endogenouse FAD2 desaturase is disturbed by the transgene
expression and (ii) the channelling of the unusual fatty acids into the TAG pool
is inefficient in the transgenics. In Vernonia galamensis, castor bean and tung
tree, the respective DGAT?2 isoforms were identified to specifically confer the
transfer of vernolic, ricinoleic and a-eleostearic acid into seed oil, respecti-
vely (Cahoon et al. 2006; Kroon et al. 2006; Shockey et al. 2006), identifying
DGAT as the potential bottleneck for the accumulation of these fatty acids in the
TAG pool.
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11.4 Engineering of Secondary Metabolism for Human
Health and Nutrition

Plants produce a large array of secondary metabolites. These are loosely defined as
organic compounds with no essential role in growth and development. Although not
absolutely required, these compounds confer some selective advantage for the
plant and many have been implicated in the plants’ interaction with its immediate
environment. Plant secondary compounds are commonly consumed as part of the
human diet and they play an important role as phytonutrients as they are assumed to
offer protection against certain cancers, cardio-vascular diseases, act as antioxi-
dants or bear other health promoting properties. Due to their presumed health
benefits, there is growing interest in the development of food crops with tailor-
made levels and composition of secondary compounds, designed to exert an
optimal biological effect.

Given the wealth of plant secondary compounds relevant for human nutrition,
we concentrate here on a few recent examples which highlight the potential
of engineering plant secondary metabolism. For a more comprehensive overview,
the reader is referred to some excellent recent reviews (e.g. Kinney 2006; Zhu
et al. 2007).

11.4.1 Flavonoids

Flavonoids are phenolic compounds derived ultimately from phenylalanine which
impart much of the color and flavor of fruits, vegetables, nuts and seeds. The first
committed step in flavonoid biosynthesis is the conversion of the precursor
4-coumaroyl-CoA into chalcone by the enzyme chalcone synthase. Chalcone is
then derivatized in a series of enzymatic steps to eventually form different classes
of flavonoids, such as flavanones, dihydroflavonols and finally to the anthocyanins,
the major water-soluble pigments in flowers and fruits (Schijlen et al. 2004).
Tomato is an excellent candidate for transgenic enhancement of flavonoid content.
It is an important food crop worldwide; however, its flavonoid content is generally
low and largely confined to the tomato peel. Constitutive, high level overexpression
of a petunia chalcone isomerase in tomato resulted in up to 78-fold increases in the
levels flavonoids in the peel (Muir et al. 2001). However, since the peel accounts for
only about 5% of fruit mass the overall increase was rather low. A 3.5-fold increase
in fruit flavonol content of tomato was achieved by RNAi-mediated suppression of
the tomato DET! gene, which encodes a transcription factor negatively regulating
photomorphogenic responses (Davuluri et al. 2005).

Coordinate transcriptional control of biosynthetic genes has emerged as a
major mechanism dictating the final levels of secondary metabolites in plant
cells. In various plant species the tissue-specific regulation of the structural genes
involved in flavonoid biosynthesis is controlled by the combination of regulators
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from two transcription factor families (Schijlen et al. 2004). Consequently, over-
expression of Lc and C/, two transcription factors that control flavonoid biosynthe-
sis in maize, resulted in tomato fruit containing 20-fold higher flavonol content than
the respective control. In a similar approach, Butelli et al. (2008) expressed the Del
and Rosl genes from snapdragon in the fruit of transgenic tomatoes. Both genes
encode transcription factors that interact with each other to induce anthocyanin
biosynthesis in snapdragon flowers. The fruit of the transgenic tomato plants accu-
mulated anthocyanins at levels substantially higher than previously reported.
Evidence for a health promoting effect of these engineered tomato fruits comes
from a pilot study in which a cancer-susceptible mouse strain showed a significant
extension of life span when fed on high-anthocyanin tomatoes (Butelli et al. 2008).

11.4.2 Vitamins

Vitamins are a chemically diverse group of organic compounds which are are
classified by their biological and chemical activity, not their structure. Humans
have to acquire a number of vitamins with their diet and many of these compounds
are plant derived products. Vitamin deficiency is a serious problem in the develop-
ing world and optimizing vitamin content of plants through genetic engineering has
received much attention in recent years (Herbers 2003; Zhu et al. 2007). Thus far,
metabolic engineering has resulted in transgenic plants that contain elevated levels
of provitamin A, vitamin C, E and folate (Ye et al. 2000; Agius et al. 2003; Cahoon
et al. 2003; Storozhenko et al. 2007).

The principal example of vitamin metabolic engineering in plants is the synthesis
of B-carotene (provitamin A, a carotenoid) in rice endosperm, which led to the
development of so-called ‘golden rice’ varieties (Ye et al. 2000; Al-Babili and
Beyer 2005). Carotenoids do not accumulate in rice endosperm; however, the pre-
cursor geranylgeranyl pyrophosphate is abundant. By introducing heterologous activ-
ities of a phytoene synthase, a phytoene desaturase, carotene desaturase (the latter two
activities were mediated by a single bacterial enzyme) and lycopene B-cyclase,
Ye et al. (2000) were able to produce rice with up to 2 pg/g B-carotene dry weight.
Additional golden rice varieties have been generated that contain only two recombi-
nant enzymes (daffodil phytoene synthase and Erwinia phytoene desaturase; Beyer
et al. 2002); and most recently, a novel variety has been developed in which the
daffodil phytoene synthase has been replaced by the more efficient maize homolog,
resulting in a 23-fold improvement in B-carotene content (Paine et al. 2005).

Whereas vitamin A is a single compound, eight tocochromanols belong to the
vitamin E family that differ in their methylation pattern of the polar head group and
the saturation of the prenyl tail of the amphiphilic antioxidant. Due to the specificity
of the retrieval system, a-tocopherol has the highest vitamin E activity in humans.
The pathway of tocochromanol biosynthesis in plants has been characterized and
the involved genes have been cloned (DellaPenna and Last 2006; DellaPenna and
Pogson 2006). Work on transgenic plants has shown that the levels of vitamin E
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activity can be increased either by increasing the total amount of tocochromanols
or by shifting the metabolic flux towards o-tocopherol. For example, expression
of a Synechocystis PCC6803 or Arabidopsis y-tocopherol methyltransferase in
Arabidopsis seeds resulted in a fundamental shift from y/5- to o/B-tocopherol
without altering total vitamin E levels (Shintani and DellaPenna 1998). Similarily,
transgenic soybean with more than 95% o-tocopherol in seeds that usually only
contain 10% o-tocopherol were generated by the simultaneous overexpression of
two methyltransferases from the Arabidopsis tocopherol biosynthetic pathway,
AtVTE3 and AtVTE4 (Van Eenennaam et al. 2003). A 10- to 15-fold increase in
total vitamin E has been achieved in Arabidopsis leaves by overexpression of a
homogentisic acid geranylgeranyl transferase (HGGT) from barley while expres-
sion of the same activity in corn seeds increased vitamin E content by a factor of six
(Cahoon et al. 2003). An 8-fold increase in total leaf tocochromanol content was
obtained when yeast prephenate dehydratase (PDH) and Arabidopsis hydroxyphe-
nylpyruvate dioxygenase (HPPD) were overexpressed in tobacco, thereby circum-
venting substrate limitation in the endogenous pathway (Rippert et al., 2004).

11.5 Conclusions

Recent years have seen a vast improvement of our understanding of plant metabo-
lism at the genetic level and the interaction of metabolic pathways at the physio-
logical level. The examples described above illustrate how this knowledge enables
successful manipulation of metabolic networks via the overexpression or repression
of single genes; however, these success stories are yet relatively rare. Multi-point
metabolic engineering is now beginning to supersede single-gene manipulation as
the most promising way to manipulate metabolic fluxes. The analytical tools
available in the post-genomics era will further expand our knowledge of metabolic
pathways, while advances in systems biology will help us to model the impact of
different modifications more accurately. But we should bear in mind that, despite
the encouraging results obtained so far, important questions remain largely unan-
swered to date. For instance, it remains to be shown whether the novel transgenic
varieties which showed considerable improvement in certain traits under controlled
conditions also outperform conventional varieties under high crop density in the
field, something which has rarely been investigated so far.
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Chapter 12
Pharmaceuticals

Andreas Schiermeyer and Stefan Schillberg

12.1 Introduction

Plants and their extracts have long been used as remedies for a variety of health
conditions, and many modern pharmaceuticals are still derived from plants. With
recombinant DNA technology and the advent of efficient transformation techno-
logies for plant cells it is now possible to extend the use of plants for pharmaceutical
purposes by using them as production platforms for biopharmaceuticals. As of
2006, more than 150 biopharmaceuticals were approved for use in human medicine
(Walsh 2006). The vast majority of biopharmaceuticals are proteins of human or
animal origin and include enzymes, blood factors, thrombolytics, monoclonal
antibodies, cytokines, hormones, and growth factors. These proteins are currently
produced mainly in bacterial, yeast, or animal cell cultures. As the demand for and
diversity of biopharmaceuticals increase, we need additional production capacities
to fulfill the market requirements. Therefore, plants and plant cells have been
investigated as alternative production hosts.

Since the first report of the successful production of a monoclonal antibody in
transgenic tobacco plants two decades ago (Hiatt et al. 1989) a great variety of
proteins with potential pharmaceutical applications have been produced in plants
(Basaran and Rodriguez-Cerezo 2008; Fischer et al. 2004; Schiermeyer et al. 2004;
Twyman et al. 2005). These proteins are collectively referred to as plant-made
pharmaceuticals (PMPs) and a large number of plant species have been evaluated as
production platforms for these molecules (Sparrow et al. 2007). These include food
crops such as maize, barley, potato, and tomato, non-food crops such as tobacco and
others such as duckweed and moss. As well as intact plants, certain types of plant
tissue cultures (e.g. hairy roots) and cell suspension cultures from various species
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have been investigated (Hellwig et al. 2004). In the following section we discuss
the basic principles required to produce PMPs, and then we consider four case
studies of plant-derived biopharmaceuticals that have moved from laboratory
proof-of-principle studies into clinical development.

12.2 Expression Systems

The properties of a pharmaceutical recombinant protein often vary according to the
expression platform used to produce it, which takes into account the plant species,
the tissue from which the product is extracted, and the subcellular localization of
the recombinant protein. The selection of an expression system therefore depends
mostly on the required properties of the recombinant protein, but also on considera-
tions such as downstream processing and regulatory issues.

12.2.1 Transient Expression Systems

Transient expression systems do not involve transgenic plants or cells — the
transgene encoding the pharmaceutical protein remains episomal rather than
integrating into the host genome. Such systems are based either on the transient
expression of episomal DNA following standard transformation (Agrobacterium or
direct transfer by particle bombardment, see Chap. 1) or on the use of plant viruses
as vectors. Although transient expression following standard transformation is
mostly used as a rapid testing system to confirm gene transfer and expression,
agroinfiltration (in which recombinant Agrobacterium tumefaciens are infiltrated
into plant tissue) can be used to produce milligram amounts of recombinant
pharmaceutical proteins within a short time-frame. This procedure is described in
more detail by Fischer et al. (1999) and Sheludko (2008).

To date four types of expression systems have been developed using plant
viruses as vectors (Lico et al. 2008). Gene insertion vectors are defined as those
in which the pharmaceutical transgene resides within a complete viral genome and
are usually based on tobacco mosaic virus (TMYV) or potato virus X (PVX). In gene
substitution vectors, an endogenous virus gene such as the coat protein gene is
replaced by the pharmaceutical transgene. Both the insertion and substitution
vector systems have limitations with respect to transgene size, genetic stability,
and expression level. Furthermore, the elimination of the virus coat protein may
impair its ability to spread systemically within a plant. Peptide display vectors have
been employed particularly for the expression of small peptide epitopes for use as
vaccines, although occasionally they have been used to display larger proteins.
They are often based on cowpea mosaic virus (CPMV). When these peptides are
fused with the coat protein of a virus, the resulting chimeric viral coat will display
the epitope on its surface. Such viral particles have proven to be very effective for
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vaccination because they are highly immunogenic, so no additional adjuvants are
needed to induce an immune response in the host. The versatility of these vectors
has been demonstrated with an experimental rabies vaccine that induced a humoral
immune response in laboratory animals and human volunteers (Yusibov et al. 2002)
and a cancer vaccine that induced a cellular immune response in mice (McCormick
et al. 2006). However, while such vectors are useful for the production of chimeric
viral particles, they cannot be used to synthesize intact recombinant pharmaceutical
proteins.

To overcome the limitations with respect to transgene size, transgene stability
and impaired virus spreading, deconstructed vectors have been developed that
preserve beneficial virus replication functions but replace the reliance on systemic
spreading with the ability to transfer DNA into many more cells (Marillonnet et al.
2004). The deconstructed vectors are based on TMV gene substitution vectors (with
the transgene replacing the coat protein gene) so the virus can move to adjacent
cells with the help of the movement protein but cannot spread systemically. Most
virus vectors rely on systemic spreading to achieve high protein expression levels,
but the deconstructed vectors take advantage of the efficiency of Agrobacterium-
mediated gene delivery by enclosing the entire virus vector within a T-DNA, which
is introduced into host cells by agroinfiltration. Under normal circumstances,
episomal T-DNA is short-lived and expression is only possible for a limited time
unless selection is used to propagate cells with integrated T-DNA. However,
because TMV is an RNA virus that naturally replicates in the cytosol, the introduc-
tion of a virus DNA construct into the nucleus allows replication-competent virus
genomes to be produced by transcription. The deconstructed vector system required
several optimizations to achieve high-level expression. Efficient processing of the
transcribed RNA was found when several intron sequences were added to the viral
constructs to ensure correct processing and export from the nucleus. When those
vectors were delivered by vacuum infiltration of recombinant Agrobacterium tume-
faciens into whole Nicotiana benthamiana plants, a process termed Magnifection by
its inventors, yields of up to 4 gkg ' fresh weight of leaf biomass could be achieved
(Marillonnet et al. 2005). Even the production of hetero-oligomeric proteins such as
antibodies is possible when multiple viral vectors are co-infiltrated into the plant
host. Giritch et al. (2006) achieved yields of up to 0.5 g kg™ fresh weight of a human
monoclonal IgG1 antibody when they expressed the heavy and light chains of the
antibody on two separate non-interfering viral vectors based on TMV or PVX
sequences, respectively (Giritch et al. 2006).

12.2.2 Stable Expression Systems

12.2.2.1 Transplastomic Plants

The introduction of transgenes into the circular genome of plastids can be achieved
by biolistic transformation methods (Verma et al. 2008), which is discussed in
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detail in Chap. 2. The transgene is designed to contain flanking sequences homolo-
gous to endogenous plastid genes so that the transgene is inserted into predefined
regions in the plastid genome by homologous recombination. Each plastid contains
several hundred genome copies. Therefore the primary transformants must undergo
multiple rounds of regeneration to achieve the homoplasmic state (in which all
plastid genomes contain the transgene). This is routinely achieved by the introduc-
tion of an aminoglycoside 3''-adenylyltransferase gene that confers resistance to
spectinomycin (Svab and Maliga 1993). Due to the presence of multiple genomes
per plastid it is possible to achieve transgene copy numbers of up to 10 000 per cell
(Bendich 1987). A further increase in the copy number can be achieved by targeting
the transgene to duplicated regions of the plastid genome (Zoubenko et al. 1994).
The high transgene copy number allows recombinant proteins to accumulate to high
concentrations in transplastomic plants, often reaching 10% of the total soluble
protein (TSP) or even higher (Daniell 2006). Since plastids are inherited maternally
in most crop species, gene transfer via pollen is unlikely making this technique an
important biosafety solution to outcrossing (Hagemann 2002).

Plastids are equipped with the enzymes required to assemble multisubunit
proteins like the pentameric cholera toxin B subunit (Daniell et al. 2001) and to
create disulfide bridges in molecules like the human growth hormone somatotropin
(Staub et al. 2000). Native somatotropin has a phenylalanine residue at the
N-terminus but recombinant somatotropin can only be produced in plastids with
methionine at the N-terminus. To meet this challenge, the recombinant molecule
was produced as a N-terminal fusion with ubiquitin, the latter being cleaved by an
endogenous ubiquitin protease to yield the native N-terminal phenylalanine. Some
recombinant proteins expressed in plastids are subject to N-terminal processing by
the endogenous methionine aminopeptidase depending on the amino acid compo-
sition following the initiating N-formylmethionine (Fernandez-San Millan et al.
2007; McCabe et al. 2008). This has to be taken into account in transgene design
when a defined N-terminus is critical for the functionality of the final protein
product.

Tobacco was the first domesticated crop in which plastid transformation was
achieved, and only recently has that success been replicated in other crops, such as
tomato (Ruf et al. 2001) and lettuce (Lelivelt et al. 2005). This means that most
reports of transplastomic plants producing pharmaceutical proteins involve the use
of tobacco, yet the accumulation of recombinant subunit vaccines in the chloro-
plasts or chromoplasts of edible plant tissues would offer additional opportunities
for vaccine production and delivery (Kamarajugadda and Daniell 2006).

Despite the high transgene copy numbers in homoplasmic plants and the absence
of position effects and post-transcriptional silencing, not all recombinant proteins
can be expressed in plastids at high levels. The rotavirus coat protein VP6, a
potential subunit vaccine for enteric infections, accumulated to 3% TSP in the
young leaves of transplastomic tobacco plants, but could not be detected in older
leaves due to proteolytic degradation (Birch-Machin et al. 2004). Similarly the HIV
p24 antigen could be detected in the youngest leaves of transplastomic tobacco
plants but not in mature leaves (McCabe et al. 2008). With a codon-optimized
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construct, homogenous expression was achieved in leaves of all ages but the
transplastomic leaves exhibited a yellow phenotype and rearrangements were
detected within the plastid genome. Proteolysis is a general concern irrespective
of the expression system. Foreign proteins are exposed to proteolysis in planta
during biomass growth phase and upon cell disruption and downstream processing,
and research is ongoing to identify and hopefully inhibit the proteases involved
(Doran 2006; Schiermeyer et al. 2005).

12.2.2.2 Nuclear Transgenic Plants

Many therapeutic proteins expressed in plants are glycoproteins, which means
they must be targeted to the endomembrane system where glycan chains are
added. Since plastids are unable to modify proteins by glycosylation, such proteins
need to be expressed from transgenes integrated into the nuclear genome. Many
plant species have been transformed successfully by either co-cultivation with
Agrobacterium tumefaciens (Twyman et al. 2003) or by biolistic methods (Altpeter
et al. 2005); see Chap. 1 for details. Gene stacking for the expression of hetero-
oligomeric proteins can be achieved by crossing plants that express individual
subunits, or by simultaneous transformation with multiple genes. The former
approach has been used to assemble IgG and IgA class antibodies (Ma et al.
1994) as well as secreted antibodies comprising four different polypeptide chains:
the heavy and light chains, the joining chain, and the secretory component (Ma
et al. 1995).

Breeding programs (see Chap. 6) have been used to increase the yield of
recombinant avidin in transgenic maize plants by a factor of 70 after six generations
(Hood et al. 2002). Also, it is possible to introgress transgene(s) from laboratory
model varieties into elite germplasm that is not readily accessible for transforma-
tion (Rademacher et al. 2008).

In contrast to plastid transgenes, nuclear transgenes can be subject to epigenetic
phenomena such as position effects, transcriptional silencing (TGS) and post-
transcriptional gene silencing (PTGS), the latter of which can be triggered by
aberrant transcripts produced from truncated and rearranged transgenes, inverted
repeats and by readthrough of tandem repeats generating mRNAs without poly-
adenylate tails. This is discussed in more detail in Chap. 5. Although position
effects can often be ameliorated by the use of matrix attachment regions
(Abranches et al. 2005), these do not protect plants from PTGS triggered by
complex transgene structures, so it is usually necessary to screen populations of
independent primary transformants to identify plants with high-level expression.
The targeted integration of transgenes into the nuclear genome by homologous
recombination could circumvent problems caused by epigenetic phenomena, but
this is very inefficient in most plant species with the notable exception of the moss
Physcomitrella patens (Decker and Reski 2004). Very recently it was shown that
homologous recombination in higher plant species can be facilitated by the use of
engineered zinc finger nucleases (ZFN) that introduce DNA double-strand breaks at
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specific sites in the genome, thus stimulating homologous recombination events
(Kumar et al. 2006). This technology could facilitate very precise engineering of
transgenic plants in the future.

12.3 Post-Translational Modifications

The most important post-translational modification for biopharmaceuticals is
N-glycosylation, since ~30% of all approved biopharmaceuticals are glycopro-
teins. Glycan chains affect half-life, stability, and functionality. The glycosylation
machinery in plants is similar but not identical to its mammalian counterpart. In
both cases, the N-glycosylation of a peptide chain starts with the co-translational
transfer of an oligosaccharide precursor to asparagine residues within the consensus
sequence N-X-S/T (X is any amino acid but proline) in the endoplasmic reticulum
(ER). As the protein matures, the oligosaccharide precursor is trimmed to finally
yield a glycoform known as the high mannose type, which is identical in plants and
mammals. When the glycoprotein travels further down the secretory pathway the
glycans are modified stepwise by enzyme activities located in the Golgi apparatus.
The final complex-type N-glycans differ between plants and mammals. Plant
glycoproteins contain B1,2-xylose and a.1,3-fucose, which are absent in mammals,
whereas mammalian glycoproteins contain 1,4 galactose and terminal neuraminic
acid residues that are absent in plants. Proteins with plant-specific glycans may
induce an immune response upon subcutaneous injection in mammals (Bardor et al.
2003). Although this response would be desirable in the case of plant-derived
vaccines, it might limit the use of plant-derived therapeutics that have to be
administered on a regular basis.

Therefore different strategies have been pursued to produce glycoproteins in
plants with humanized glycans. By adding the H/KDEL sequence motif to
the C-terminus of pharmaceutical proteins, they are effectively retained within
the endoplasmic reticulum, which prevents the plant-specific modification in the
Golgi from taking place. This strategy has been employed for the production of a
mouse/human chimeric IgG1 antibody against the human chorionic gonadotropin
(Sriraman et al. 2004). Other approaches aim to modify the endogenous plant
glycosyltransferase system responsible for the transfer of B1,2-xylose and ol,3-
fucose residues. In the moss Physcomitrella patens, the genes for B1,2-xylose-
transferase and ol,3-fucosetransferase have been disrupted by gene targeting
(Koprivova et al. 2004). This double knockout mutant has been used to produce
secreted human erythropoietin that lacks the plant specific core f1,2-xylose and
core aol,3-fucose (Weise et al. 2007). In plants that are less amenable for gene
targeting, an RNA interference (RNA1) approach has been used to silence the endo-
genous B1,2-xylosetransferase and o1,3-fucosetransferase genes. By transforming
the duckweed Lemna minor with a vector coding for the human anti-CD30 anti-
body MDX-060 and an inverted repeat construct homologous to 1,2-xylosetrans-
ferase and o1,3-fucosetransferase, a recombinant antibody was produced lacking
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plant-specific N-glycans (Cox et al. 2006). The plant-derived MDX-060 antibody
was compared to its counterpart produced in Chinese hamster ovary (CHO) cells in
terms of its binding characteristics with respect to the human Fc receptor and its
antibody-dependent cell-mediated cytotoxicity (ADCC) activity. The plant-derived
antibody had >10-fold higher affinity for the human Fc receptor and 20-fold higher
ADCC activity against a tumor cell line in vitro compared to the CHO-derived
antibody. Similarly the HIV-1 neutralizing antibody 2G12 that was produced in a
fucosyltransferase and xylosetransferase T-DNA Arabidopsis double-knockout line
had a homogeneous mammalian-like N-glycosylation pattern (Schahs et al. 2007).

To further humanize the glycan structures of PMPs, the human B1,4-galactosyl-
transferase cDNA has been introduced into tobacco (Bakker et al. 2006; Fujiyama
et al. 2007) and alfalfa (Sourrouille et al. 2008). Glycan analysis of a mouse IgG
antibody that was expressed in the transgenic tobacco lines revealed the presence of
terminal galactose residues in a subset of the analyzed glycopeptides. Surprisingly,
the level of plant-specific core fucose and core xylose residues was also signifi-
cantly reduced.

Many N-glycan structures of human origin contain terminal sialic acid residues.
The presence or absence of this moiety strongly affects the plasma half-life of the
corresponding glycoprotein. In the case of human erythropoietin, enzymatic
removal of the terminal sialic acid residues reduces the serum half-life of this
protein from >5 h to <2 min when injected intravenously in rats (Erbayraktar
et al. 2003). Therefore efforts are ongoing to engineer the pathway that leads to the
formation of CMP-sialic acid and the transfer of sialic acid to recombinant proteins
in plants. Some of the key mammalian enzymes in this pathway — o2,6-sialyltrans-
ferase, UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase,
N-acetylneuraminic acid phosphate synthase, and CMP-N-acetylneuraminic acid
synthetase — have already been expressed successfully in Arabidopsis (Castilho
et al. 2008; Wee et al. 1998).

In contrast to the numerous reports on the significance of N-glycosylation much
less is known about the O-glycosylation of PMPs. This type of glycosylation occurs
on hydroxyproline residues that are formed by the action of prolyl hydroxylases.
This reaction typically occurs on clustered proline residues that are found within the
extensin family of hydroxyproline-rich glycoproteins (HRGPs). A similar proline-
rich sequence motif is found in the hinge region of human IgAl antibodies, and
consequently it became a substrate for O-glycosylation when a recombinant anti-
body of this subclass was produced in maize kernels (Karnoup et al. 2005). Whether
O-glycosylation limits the use of such PMPs remains to be determined. In a
recent study, a synthetic O-glycosylation motif consisting of a tandem repeat of
the dipeptide serine/proline (SP) was fused to the C-terminus of human interferon
a2b. As expected the chimeric proteins had higher molecular masses (up to 75 kDa
for IFNo2-(SO),) due to the presence of O-glycans. When injected intravenously
into mice, this engineered chimeric protein had a 13-fold longer serum half-life
compared to standard IFNa2. The increased serum half-life was explained by
slower renal clearance and greater resistance towards proteolytic degradation
(Xu et al. 2007).
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12.4 Downstream Processing

Downstream processing includes the post-harvesting steps needed to extract, purify,
and formulate the active pharmaceutical ingredient. The first steps of this process
are largely dictated by the expression system (Menkhaus et al. 2004). Although a
secreted protein might be purified directly from the growth medium, possibly after a
concentration step, an intracellular protein needs to be liberated from the surrounding
cell matrix before purification. The crude extract will be subjected to clarification
procedures consisting of centrifugation or filtration steps to remove cell debris and
particles. During these initial steps, measures must be taken to limit the potential
degradation of the target protein by proteolysis and to prevent unintended modifica-
tion of the product by oxidation or the addition of phenolic groups (Pierpoint 2004).
Additional adjustments of the feedstream with respect to the pH or salt concentration
might be necessary to meet the needs for the subsequent chromatography steps, with
two or more orthogonal separation methods typically used to maximize purity and
contaminant removal (Drossard 2004). Potential contaminants include endogenous
plant proteins, metabolites, and nucleic acids, and also environmental contaminants
such as agrochemicals or microbes and insects associated with the plant. The actual
chromatographic methods used depend on the physicochemical properties of the
target protein. Common techniques include affinity chromatography with Protein A
or lectins, ion exchange chromatography, hydrophobic interaction chromatography,
and size exclusion chromatography. The design of the downstream process largely
depends on the level of purity required for the protein’s intended use, e.g. proteins for
injection must be purer than proteins intended for topical administration.

When PMPs enter clinical development, the production process has to meet
certain quality criteria that are defined by current good manufacturing practices
(cGMP). The regulations for biopharmaceuticals (as defined by the Food and
Drug Administration (FDA) in the USA and by the European Medicines Agency
(EMEA) in the EU) apply for all biopharmaceuticals irrespective of the production
platform. Whereas the production of biopharmaceuticals in plant suspension cells
cultivated in fermenters is very similar to microbial systems and mammalian cells,
the production process is quite different when whole plants are used as the expres-
sion hosts. To address these differences, guidance for the production of PMPs has
been issued by the FDA and the EMEA, and consultations are underway to refine
the regulations (Spok et al. 2008).

12.5 PMPs in Advanced Development

12.5.1 Glucocerebrosidase

Recombinant glucocerebrosidase is needed to replace the nonfunctional enzyme
present in patients with the monogenic disorder Gaucher disease, which is char-
acterized by the inability to degrade glucosylceramides, which therefore accumulate
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in the lysosomes of phagocytes. Clinical symptoms of the disease include hepato-
splenomegalia, anemia, and thrombocytopenia. Patients are currently treated with a
recombinant version of the enzyme (imiglucerase, Cerezyme) that is currently pro-
duced in CHO cells. The purified recombinant enzyme needs additional in vitro
enzymatic treatments to expose the mannose residues of its N-glycan chains. These
terminal mannose residues facilitate uptake of the enzyme into macrophages. The
complex production process of imiglucerase makes it one of the most expensive
biologicals to date with an annual treatment cost of ca. US $200 000 per patient
(Kaiser 2008).

The Israeli biopharmaceutical company Protalix has developed an alternative
production process using transgenic suspension cells derived from carrot roots
(Shaaltiel et al. 2007). The 497-amino-acid enzyme is genetically fused to the
N-terminal signal peptide from Arabidopsis thaliana basic endochitinase and
to a C-terminal vacuolar targeting sequence from tobacco chitinase A. The puri-
fied plant-derived glucocerebrosidase (prGCD) contains two additional amino
acids at the N-terminus and seven additional amino acids on the C-terminus
compared to the mature human enzyme. Because prGCD is targeted to the vacu-
ole, the complex type N-glycans are trimmed to expose mannose residues, a
glycan structure known as the paucimannose type. This eliminates the need for
artificial trimming of the glycans during downstream processing. At present,
prGCD is undergoing a clinical phase III study to assess its safety and efficacy
in Gaucher patients.

12.5.2 Insulin

Millions of people suffer from insulin-dependent diabetes mellitus (type I diabetes),
which is now among the most common causes of death in industrialized countries.
The total demand for insulin exceeds 8000 kg year™'. The mature insulin molecule
is a small (5.8 kDa) non-glycosylated protein consisting of a 21-amino-acid
A chain and a 30-amino-acid B chain connected by two disulfide bonds. The
two chains are derived from a single precursor polypeptide (proinsulin) in which
they are connected by a linking C-chain. The C-chain is cleaved off by limited
proteolysis upon secretion from the Langerhans cells in the pancreas. Recombi-
nant insulin is produced either by the separate expression of recombinant A and
B chain mini-genes or by mimicking the natural route from proinsulin. Insulin was
the first biopharmaceutical produced by recombinant DNA technology. Recombi-
nant human insulin achieved market approval in 1982 and current demands are
met by production processes using Escherichia coli (Chance and Frank 1993) and
Saccharomyces cerevisiae (Kjeldsen 2000). Plant-derived human insulin has been
produced by the genetic fusion of a mini-proinsulin polypeptide with a shortened
C-chain to the C-terminus of oleosin, which allows expression in oilseed crops and
accumulation in oil bodies. The chimeric protein is targeted to the ER-derived
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oleosomes in the seeds, and because of the unique properties of these organelles,
they can be purified easily by floating centrifugation and the recombinant insulin
can be proteolytically cleaved off and further purified by chromatography. Human
recombinant insulin (DesBj, insulin) produced with this method in Arabidopsis
seeds is as effective in an insulin tolerance test as human standard insulin
(Nykiforuk et al. 2006). The Canadian company SemBioSys Genetics has com-
mercialized the oleosin fusion system and uses safflower (Carthamus tinctorius)
for the production of insulin. The company recently announced the launch of
a clinical phase I/IT trial in the UK with healthy volunteers to demonstrate the
equivalence of the plant-derived insulin (SBS-1000) to currently marketed recom-
binant human insulins (Moloney et al. 2008).

12.5.3 Idiotype Vaccines

Idiotype vaccines are patient-specific vaccines developed for patients suffering
from clonal diseases such as B cell lymphoma (non-Hodgkin lymphoma, NHL).
The malignant cells carry individual immunoglobulins (idiotypes) on their surface
which can be used to trigger a specific immune response. Currently, the vaccines
are produced from patient B-cell tumor cells that are expanded as human/mouse
heteromyelomas. The monoclonal idiotype antibody is subsequently fused to an
immunogenic carrier protein such as keyhole limpet hemocyanin (KLH) and
injected, usually together with granulocyte-macrophage colony stimulating factor
(GM-CSF) as an adjuvant. These vaccines are currently in clinical development
(Sinha et al. 2008).

Recently, a plant-based production platform has been established to shorten
the time required to derive such a vaccine from the patient’s biopsy. For this
purpose, the variable domains of the idiotype are cloned as single-chain anti-
bodies (scFv) and transiently expressed using a viral vector system in Nicotiana
benthamiana plants (McCormick et al. 2003). Plant-derived idiotype vaccines
have been tested in a phase I clinical trial on 16 NHL patients after an initial
chemotherapy (McCormick et al. 2008). The safety and immunogenicity of the
vaccines were analyzed at two different doses and in the presence or absence of
GM-CSF. Most of the patients displayed a cellular immune response while only
three patients mounted a vaccine-specific humoral immune response. There were
no severe adverse reactions in these trials. The development of plant-derived
idiotype vaccines was initiated by the US-based Large Scale Biology Company
(which filed for Chapter 11 bankruptcy in 2006). Further research has been
undertaken by the German company Icon Genetics, which is a subsidiary
of Bayer. The Bayer group has announced its intention to conduct another
phase I clinical trial in 2009, using the Icon Genetics Magnifection technology
discussed above.
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12.5.4 Interferon

There are three classes of interferons (IFN-o, IFN-, IFN-y) with the o and B
classes grouped together as ‘type I interferons’ because they share 30% sequence
identity and recognize the same receptor, and IFN-y representing the ‘type II
interferons’ because it is more distantly related and recognizes a distinct receptor.
All three interferons have been produced as recombinant proteins and are approved
for the treatment of various conditions, including chronic viral infections (espe-
cially hepatitis B and C), multiple sclerosis and certain types of cancer. All the
interferons have a low molecular mass (~30 kDa) and are thus efficiently elimi-
nated from the body by renal filtration. Unmodified interferons therefore have a
plasma half-life of ~4 h. The plasma half-life can be increased significantly by
attaching the polymer polyethylene glycol (PEG), up to a maximum of ~25 h.

IFN-02b produced in duckweed (Lemna minor) by the United States company
Biolex Therapeutics is currently being evaluated in clinical trials (De Leede et al.
2008). IFN-a2b is a 19-kDa single-chain non-glycosylated protein that is currently
produced in E. coli for therapeutic use. In a clinical phase I dose escalation study,
the plant-derived interferon (BLX-883) was administered in a controlled release
formulation in poly(ether-ester) microspheres (Locteron) to healthy volunteers. The
product was well tolerated at all tested doses and the most common adverse effects
(influenza-like symptoms, injection site reactions, headache) were similar to those
observed in test subjects receiving Peginterferon alpha-2b (PEGIntron). In a
subsequent clinical phase I/II trial, the antiviral properties of Locteron are being
tested in patients with chronic hepatitis C, in comparison with PEGIntron.

12.6 Conclusion

The large number of biopharmaceuticals now in clinical development demonstrates
the need to increase current production capacities and to identify and develop
alternative production systems. Plants are regarded as attractive production plat-
forms because they can offer a virtually unlimited supply when cultivated on an
agricultural basis. However the cultivation of transgenic pharmaceutical plants in
the open field requires appropriate safety measures to exclude the contamination
of food and feed supplies. From the above-mentioned case studies, only safflower is
cultivated in the open field, whereas the others are propagated in closed systems
such as greenhouses, basins, and fermenters.

As plant expression platforms continue to improve in terms of post-translational
modifications and overall protein yield, more PMP processes are likely to become
economically feasible in the future. The whole field will definitely profit if one
of the PMPs currently undergoing clinical development receives market approval.
A step in this direction has been made in the field of veterinary medicine when
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Dow AgroSciences received approval in 2006 for their poultry vaccine against
Newcastle disease, produced in cultivated tobacco suspension cells. It is also
clear that the development and approval of PMPs will be encouraged by the
establishment of solid production guidelines by the relevant regulatory bodies.
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Chapter 13
Biopolymers

Maja Hiihns and Inge Broer

13.1 Introduction

The limited future of the fossil energy providers oil, natural gas and carbon
represents one of the major future problems. Since additionally there are expecta-
tions that the worldwide energy requirement will increase by up to 60% by 2030
(Qaim 2006), there is an urgent need to identify alternative renewable energy
sources based on wind, water or solar forces. The plants’ use of solar energy via
photosynthesis is extremely efficient; hence plants as renewable resources are
surely an option. Nevertheless, any economic use still depends on governmental
subsidies; in addition it seems to be unavoidable to intensify the agricultural land
use in order to satisfy the energy demand, which might lead to a reduction of the
food supply (Thrin et al. 2005). One of the main possibilities to increase harvest is
plant breeding leading either to higher biomass production or to the formation of
new and special ingredients of economic interest, like biopolymers. The combina-
tion of both to create a double-use plant might increase the outcome for the farmer,
reduce the amount of arable land used for non-food purposes and in addition reduce
CO, emission.

Naturally occurring polymers (e.g. polysaccharides, polyamides, polyesters) are
produced by bacteria or plants. The most frequent polysaccharide is cellulose
(glucose monomers connected by glycosidic bounds), the main component of
plant cell walls, to date isolated mainly from wood, cotton, corn and wheat.
Cellulose is the major constituent of paper and cardboard and also textiles made
from cotton, linen and other plant fibres. Furthermore cellulose can be converted
into cellophane, which is used in the packaging industry. Another important
polysaccharide is starch (connected glucose—fructose dimers), the most important
reserve substrate in plants, which is predominantly present as amylose and
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amylopectin. While amylase is used to created foils, amylopectin functions mainly
as food additive, but also for technical applications, for example papermaking, as a
thickener, glue or as raw material for biodegradable packing materials.

Polyamides are polymers containing monomers of amides joined by peptide
bonds. They occur naturally as wool or silk. The best known type of silk is obtained
from cocoons made by the larvae of the mulberry silkworm Bombyx mori, used
for textile manufacture. A further type of silk naturally occurring in spiders like
Nephila clavipes has a high tensile strength that is comparable to that of the
synthetic superfibre Kevlar, but it additionally shows high elasticity (Tirrell 1996).

Polyesters occur in bacteria as a reserve substrate, having a functional ester
group. They have thermoplastic, elastomeric and hydrophobic properties and are
considered very suitable for consumer products such as bottles, fibres and films.

However all these groups have different drawbacks. Cellulose isolated from
wood for the paper industry has some limitations, because costly and environmen-
tally damaging processes are used to extract the lignin in order to obtain pure
cellulose fibres. Therefore the paper industry is very interested in trees with lower
lignin content or with modified lignin that can be more easily separated from
the cellulose.

The usage of natural starch is limited due to its composition of amylose and
amylopectin, components with very different characteristics and separate uses in
industrial processes. Generally, only the thickening properties of amylopectin are
required, while the amylose component is undesirable in many products and can
additionally interfere with certain processes (Pickardt and de Kathen 2004). Unfor-
tunately, the chemical modification or separation of amylopectin and amylose is
associated with increased consumption of water and energy. However, see Chap. 11
for metabolic engineering of starch.

Naturally produced polyamids like spider silk cannot be obtained in large
quantities from spiders, and the most commonly used polyamides, like nylons,
aramids and sodium polyaspartate, do not even appear in nature.

The major problem for the commercial production and application of natural
polyesters like polyhydroxyalkanoates (PHA) in consumer products is the high
costs of bacterial fermentation, making it 5-10 times more expensive then the
petroleum-derived polymers like polyethylene and polypropylene (Poirier 2002).

13.2 Transgene-Encoded Biopolymers

Envisioning both the drawbacks and the huge potential of plants as producers of
cheap biomass, new production technologies are required to improve the competi-
tiveness of plant-made biopolymers. Gene technology provides us with the tools to
add new facilities to plant metabolic pathways, which should lead to the production
of either high-quality or even new polymers in plants, possibly as a byproduct to
traditional materials, such as starch, oil or sucrose. The following section discusses
the production of four groups of polymers in plants in more detail: namely starch
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and cellulose, PHAs, protein-based biomaterial and at least glucosyl glycerol used
for cosmetics.

13.2.1 Starch and Cellulose

13.2.1.1 Starch

Starch is the major reserve carbohydrate in plants. Potato, maize, cassava and
wheat provide the main sources of energy in the human diet, but also serve for
many industrial processes like adhesives, cosmetics, detergents, paper, textiles
and pharmaceuticals (Davis et al. 2003). Starch is also used for the production of
biodegradable plastics as an alternative to petroleum-based products. However,
native starches from various plant species have limited physiochemical proper-
ties, and thus are directly suitable for only a few specific end uses. For many
industrial uses, enzymatic and chemical treatments, it is necessary to improve the
usability of starch. The modification of starch is possible by using biotechnology
to alter starch composition or to modify starch synthesis (Chap. 11). Out of many
examples for starch modification, we describe one example for altered starch
composition.

Starch is composed of amylopectin and amylose, which have different charac-
teristics for industrial purposes. Amylopectin is used as a thickener, while amylose
is undesirable for many products and can interfere with certain processes. Therefore
a transgenic starch potato was developed which produces exclusively the amylo-
pectin component of starch (Kull et al. 1995). In order to do so, the gene encoding
the granule-bound starch synthase (GBSS) for the biosynthesis of amylose was
inactivated by post-transcriptional gene silencing (PTGS). Two subgenomic frag-
ments of the gene were expressed in antisense orientation under control of the
CaMV 35S promoter. The resulting transgenic potato plants were effective in
inhibiting amylose biosynthesis in tubers, thereby leading to an increase in the
branched starch component amylopectin (>98%). The phenotype was stable during
vegetative propagation. For commercial use the potato variety was named “Amflora”
and has been analysed in field trials for several years to test yields and resistance to
pests and disease. Furthermore the allergic and toxic potential of Amflora tubers
was analysed, as well as potential other impacts on human health and the environ-
ment. No increased risk to humans, animals and the environment were shown in
comparison to conventional potatoes (EFSA 2005).

13.2.1.2 Cellulose

All cell walls of higher plants contain: (i) cellulose, a homopolymer of B-1,4-linked
glucose units, which is a flexible structural substance in the form of fibrils, (ii)
hemicellulose, a heterogeneous polysaccharide, which represents a matrix in which



240 M. Hiihns and I. Broer

the cellulose fibrils are embedded, and (iii) lignin, a phenol polymer, which forms a
bond between cellulose and hemicellulose. To date, cellulose is mainly isolated
from trees. In order to obtain pure cellulose fibres (e.g. for the paper industry)
lignins have to be eliminated. The chemical process is very expensive and pollutive
under high energy consumption (Franke et al. 2000), hence reducing the lignin
contents in trees might ease the isolation of cellulose.

Since the beginning of 1990 several strategies were investigated for plants to
reduce lignin contents using gene technology. Mostly poplars were investigated,
because there are fast-growing trees, relatively easy to modify and play an impor-
tant role in paper manufacture. Up to now several effects have been achieved,
due to the modification of biosynthetic pathway steps (Fig. 13.1; Pickardt and de
Kathen 2004).

1. Decrease of complete lignin content by about 45%. Furthermore cellulose
content was increased up to 14% (Hu et al. 1999).

2. Increase of the lignin compounds sinapyl to coniferyl units through overexpres-
sion of coniferaldehyde-5-hydroxylase. The total lignin content is equal.

3. Addition of either effects, when cumarat-CoA-ligase and coniferaldehyde-
5-hydroxylase are overexpressed or downregulated in one transgenic plant. As
a result the total lignin content is reduced about 52%, the part of cellulose

Phenylalanine
l PAL

Cinnamate

lC4H overexpression: CAld5H

4-Coumarate
lCSH downregulation: 4CL

Caffeate
i

Caffeoyl-CoA
CCoAOMT

Feruloyl-CoA

lCCR
Conifer-  LoMdoH AldOMT SAD

5-Hydroxyconnifer- —» Sinapaldehyde —» Sinapy! alcohol

aldehyde aldehyde
lCAD l
Coniferyl alcohol — Guaiacyl-syringyl lignin

Fig. 13.1 Proposed biosynthetic pathway of lignin synthesis in trees. PAL Phenylalanine-
ammoniumlyase, C4H cinnamate 4-hydroxylyase, C3H 4-coumarate 3-hydroxylase, 4CL 4-cou-
marate-CoA ligase, CCoAOMT caffeoyl CoA O-methyltransferase, CCR cinnamoyl-CoA
reductase, CAIldSH coniferaldehyde 5-hydroxylase, AldOMT 5-hydroxyconiferaldehyde
O-methyltransferase, SAD sinapyl alcohol dehydrogenase, CAD cinnamyl alcohol dehydrogenase



13 Biopolymers 241

increased up to 30% and the proportion of sinapyl to coniferyl units increased
up to 64% (Li and Quiros 2003).

4. The proportion of sinapyl to coniferyl units increased, when the coniferylalde-
hyd-5-hydroxylase gene is regulated by the promoter of the cinnamic acid
hydrolase gene. The transgenic poplar trees show no phenotypical changes
compared to control plants; furthermore their wood has a higher decomposition
efficiency than normal poplar trees (Huntley et al. 2003).

The interest of industries in genetically modification of forest trees is extremely
higher in the United States than in Europe, caused by geographical conditions and
therefore expansion of the forest industry. Furthermore, commercialization of
transgenic trees in Europe seems to have fewer chances, due to their risk assess-
ment, e.g. durability and high spreading potential (Sauter and Hiisung 2005).

13.2.1.3 Glucoside

The ingredients for cosmetic creams, lotions, powder, perfumes, lipstick or make-
up come from a variety of sources, for example antioxidants, alcohol, oil and also
polymers. Polymers serve in hair-setting products, as binders in skin creams and to
keep sunscreens from washing off. One example is a-D-glucosylglycerol (a-GG),
which is used as an anti-aging agent and moisture-regulating compound (Da Costa
et al. 1998). a-GG can be produced by chemical as well as by enzymatic methods
and was naturally found in microorganisms as a compatible solute for providing
some protection against stresses due to high salt concentrations, heat and UV radia-
tion. It is also useful as an alternative sweetener in food stuffs, because of its low
caloric value. The microbial synthesis of a-GG is presently not a mature process,
because it does not allow the production of o-GG as a bulk chemical. The achiev-
able concentrations are very low and also the productivity of three days is not
advantageous for industrial production (Roder et al. 2005). However, a-GG is
enzymatically synthesized (Godl et al. 2008) by using sucrose phosphorylase to
convert sucrose with glucosyl and glycerol into a-GG, which is isolated by chro-
matographic methods with a yield greater than 70%. Up to now, besides bacteria,
GG accumulation has only been reported for the plants Lillium japonicum (Kaneda
et al. 1984) and Myrothamnus flabellifolia (Bianchi et al. 1993); however nothing
is known about the metabolic pathway of GG in these plants. In unpublished data
GG accumulation was established in Arabidopsis by expression of the ggpPS
(glucosylglycerol phosphate phosphatase/synthase) gene from the y-proteobacterium
Azotobacter vinelandii. Transgenic plants accumulated GG up to 30 umol/g fresh
weight. However, beside increased salt tolerance, plants with higher GG content also
showed growth retardation, which is not observed in plants with low GG accumula-
tion (1-2 pumol/g fresh weight; Kldhn et al. 2008). The growth retardations might be
caused by the interference of GG synthesis with trehalose biosynthesis and in turn
also other carbohydrates. The improvement of the GG synthesis in plants needs more
investigation by regulated gene expression.
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13.2.2 Polyhydroxyalkanoates

A wide variety of bacteria produce polyhydroxyalkanoates (PHAs) as a carbon
reserve and electron sink (for a review, see van Beilen and Poirier 2008). These
PHASs consist of 3-hydroxy fatty acids with a chain length of 4-16 carbons and have
wide-ranging potential for applications such as the formation of plastic bags, fibres
and films. Besides their CO, neutral production, PHA products can be decomposed,
which is desirable for the environmental friendly dispersal of disposable items as
well as for some medical products which otherwise have to be removed from the
body. Poly-3-hydroxybutyrate (PHB) is the most widespread and best characterized
PHA found in bacteria like Ralstonia eutropha (for a review, see van Beilen and
Poirier 2008). In contrast to cyanophycin synthesis, three enzymes are necessary for
PHB synthesis. The first enzyme, B-ketothiolase, catalyses the reversible conden-
sation of two acetyl-CoA moieties to form acetoacetyl-CoA. The acetoacetyl-CoA
reductase in turn reduces acetoacetyl-CoA to R-(—)-3-hydroxybutyryl-CoA, which
is subsequently polymerized through PHA synthase to form PHB. As an alternative
to petrochemicals, PHA production was established in plants, first in Arabidopsis
thaliana by the expression of the PHB synthase in the cytoplasm leading to a
maximum of 0.1% PHB present in the cytoplasm, nucleus or vacuoles (van Beilen
and Poirier 2008). However, the plants showed strong growth retardation and
reduced seed production. PHB synthesis in the cytoplasm of tobacco (0.01%),
cotton (0.3%) and oilseed rape (0.1%; John and Keller 1996; Nakashita et al.
1999; Poirier et al. 1992) showed similar plant damage. The deleterious effects of
PHB production in the cytoplasm of plants might be caused by the diversion of
acetyl-CoA and acetoacetyl-CoA away from the endogenous flavonoid and iso-
prenoid pathways, which are responsible for the synthesis of a range of plant
hormones and sterols (van Beilen and Poirier 2008). Due to their high metabolic
flow of acetyl-CoA, chloroplasts might provide a more suitable production plat-
form, although B-ketothiolase is not present. Therefore the required enzymes —
including B-ketothiolase — were targeted to plastids, using signal sequences for
plastid import. The highest PHB accumulation was observed in Arabidopsis, with a
maximum of 14% of dry weight in leaves without significant effects on plant
growth but visible leaf chlorosis (Nawrath et al. 1994). In seeds of oil rape up to
8% dry weight PHB accumulation was detected in leucoplasts after the transfer of
all three genes (Houmiel et al. 1999), a strategy leading to even 30—40% of dry
weight in leaves of A. thaliana. Nevertheless, in contrast to the intact canola seeds,
these plants were heavily reduced in growth and did not produce any seeds. Slightly
reduced amounts were detected in corn leaves (6% dry weight), sugar cane leaves
(2% dry weight) and sugar beet hairy roots (5% dry weight), whereas expression of
the PHB pathway in plastids of alfalfa and tobacco led to only low amounts (<0.5%
dry weight; Arai et al. 2001; Saruul et al. 2002. Since nucleus-encoded proteins are
expressed to a lesser extent than those encoded by plastidic genes, it was supposed
that the direct expression of the PHB pathway in the plastid genome might increase
the PHB yield without increasing the deleterious effects. Nevertheless, in tobacco
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this strategy only leads to relatively low amounts up to 1.7% dry weight, accom-
panied by reduced growth and male sterility (Arai et al. 2001; Bohmert et al. 2002;
Lossl et al. 2003).

In order to improve the physical properties of PHB, extensive efforts have made
to synthesise co-polymers with better properties like poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) [P(HB-co-HV)] and medium-chain-length PHA (mcIPHA).
P(HB-co-HV) is produced by the inclusion of 3-hydroxyvalerate in PHB, which
is less stiff and tougher than PHB and also easier to process, making it to a good
target for commercial application (Noda et al. 2005). Coexpression of a threonine
deaminase from E. coli along with the three PHB biosynthetic proteins in plastids
led to P(HB-co-HV) accumulation up to 2.3% dry weight in seeds of oil rape and
1.6% dry weight in A. thaliana (Slater et al. 1999; Valentin et al. 1999). However
there is a constriction providing 3-hydroxyvaleryl-CoA to the PHA synthase, which
is caused by the inefficiency of the pyruvate dehydrogenase complex in converting
2-ketobutyrate to propionyl CoA (for a review, see van Beilen and Poirier 2008).

McIPHA are described as elastomers and their physical properties depend on
the monomer composition (for a review, see van Beilen and Poirier 2008) In
A. thaliana mclPHA monomers were produced up to 0.4% dry weight in seedlings
and consisted of 40-50 mol% of C12 and longer monomers. The production of
mclPHAs with longer-chain monomers by using the conversion of the fatty acid
biosynthetic intermediate 3-hydroxyacyl-ACP into 3-hydroxyacyl-CoA led to only
low amounts (below 0.03% dry weight) of mcIPHA in plastids of potato leaves
(Romano et al. 2005).

The most useful PHA would be a polymer containing primarily 3-hydroxybuty-
rate with a fraction of longer-chain monomers of C6 and higher. In terms of PHA
quantity, plastids are the best location for PHA synthesis. However, the synthesis,
regulation of precursors (like acetyl-CoA, propionyl-CoA or 3-hydroxyacyl-ACP)
and the efficacy to channel them towards PHA without deleterious effects on plant
growth needs more investigation (for a review, see van Beilen and Poirier 2008).

13.2.3 Protein-Based Biomaterials

Protein-based biomaterials have a wide area of application, ranging from tissue
engineering, drug carriers, coatings and glues to elastomers and fibres, dispersants,
thickeners and additives to hydrogels. Two important target proteins are described
here in detail: fibrous proteins (e.g. spider silk) and non-ribosomally produced poly-
amino acids like cyanophycin.

13.2.3.1 Fibrous Proteins

Fibrous proteins contain short blocks of repeated amino acids and can be regarded
as elaborate block co-polymers with unique strength-to-weight, adhesive or elastic
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properties (Huang et al. 2007; Sanford and Kumar 2005; Scheibel 2005). Well
known fibrous proteins are elastin, resilin, collagen, keratin, mussel adhesive pro-
teins and wheat glutenin (Kiick 2007). A huge combinatorial range is available by
combining repeated sequences of the various natural fibrous proteins, or even using
synthetic gene sequences or changing the linker elements between the repeated
sequences (Holland et al. 2007; Nagapudi et al. 2005).

Natural silk fibres are mainly produced by a variety of silkworms (Altman et al.
2003; Shao and Vollrath 2002) and spiders (Perez-Rigueiro et al. 2003; Rising et al.
2005; Vollrath 2000). The development of novel silk-based fibres has mainly
focused on the silks produced by the golden orb-weaving spider Nephila clavipes,
which synthesizes different kinds of silks for several purposes, e.g. weaving
cocoons, as a dragline or constructing a web (Hinman et al. 2000; Vollrath and
Knight 2001). The main focus lays on the silks of the dragline, the main structural
web silk and the spider’s lifeline, because of their high tensile strength. This is
comparable to that of the synthetic superfibre Kevlar, but it additionally shows high
elasticity (Tirrell 1996), useful for industrial and medical purposes. Dragline spider
silk consists of repeated sequence blocks of various types (Huang et al. 2007). The
GGX motif probably forms a B¢ helix, while the GPGXX motif is thought to form
a B-turn spiral. Effective high-level and stable expression of silk proteins in fast-
growing micro-organisms such as yeast and bacteria leads to difficulties, like the
formation of inclusion bodies or distinct codon usage. In addition, bacterial pro-
duction is genetically unstable due to recombination, resulting from the highly
repetitive genes encoding the repetitively composed spider silk proteins. Neverthe-
less synthetic spider silk genes have been successfully expressed in transgenic
tobacco, potato and Arabidopsis thaliana plants (Barr et al. 2004; Scheller et al.
2001) under control of the cauliflower mosaic virus (CaMV) promoter and targeted
to the endoplasmatic reticulum. Transgenic plants were cultivated in greenhouses
and in field trails ( Menassa et al. 2004; Scheller and Conrad 2005). In tobacco and
potato leaves up to 2% of total soluble protein (TSP) was observed (Scheller et al.
2001). The expression only in leaf apoplasts of A. thaliana led to spider silk
production of 8.5% TSP, whereas targeting to seed endoplasmic reticulum yielded
18% TSP (Yang et al. 2005). The expression levels in plants are close to the level of
10% and 30% TSP reported in Escherichia coli and Pichia pastoris. The combina-
tion of spider silk protein and elastin polymer leads to a new biomaterial, which is
used for industrial and medical purposes. For that, the expression of synthetic
collagen, made from repeats of a motif found in elastin, and also of a chimeric
protein composed of silk and elastin domains has been expressed in tobacco or
potato (for a review, see van Beilen and Poirier 2008). The extraction of the proteins
from 1 kg tobacco leaf material leads to a yield of 80 mg pure recombinant spider
silk-elastin protein (Scheller et al. 2004).

The enhancement of fibrous protein synthesis in plant requires several
approaches, for example optimization of the amino acid and tRNA pools for
those amino acids, which form the main part of the protein, like glycine and alanine
in spider silk. Further possibilities are dislocation to compartments and tissues that
are optimal for protein synthesis and storage and also the co-expression of several
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fibrous proteins as found in natural silk (for a review, see van Beilen and Poirier
2008). In addition to the optimized production of fibrous proteins, the resulted fibre
should have characteristics similar to the silk proteins from spider. The properties
of silk fibres depend on correct assembly of the different types of proteins by
spinning. Recombinant spider silk, obtained from mammalian cells, shows similar
toughness to dragline silk, but with a lower tenacity (Lazaris et al. 2002).

13.2.3.2 Non-Ribosomally Produced Poly-Amino Acids

Polymers produced in transgenic plants include polyaminoacids such as poly-
y-glutamate, poly-o-aspartate, and poly-g-lysine, which have a wide range of
applications, e.g. as dispersants, thickeners or additives to hydrogels (Chang and
Swift 1999; Lossl et al. 2003; Oppermann-Sanio et al. 1999; Oppermann-Sanio and
Steinbiichel 2002).

Polyaspartate is a soluble, non-toxic and biodegradable polycarboxylate (Tabata
et al. 2000) that could replace the non-biodegradable polyacrylates in many indus-
trial, agricultural and medical applications (Joentgen et al. 2001; Oppermann-
Sanio and Steinbiichel 2002; Schwamborn 1998; Zotz et al. 2001). Because no
polyaspartate-producing organism has been identified up to now, the polymer is
chemically synthesized (Schwamborn 1996). However, it can also be obtained from
cyanophycin (multi-L-arginyl-poly-L-aspartic acid). Cyanophycin is a cyanobac-
terial reserve polymer composed of a poly-a-aspartic acid backbone with arginine
residues linked via their oi-amino group to the B-carboxyl group of each aspartate
residue (Simon 1976, 1987; Simon and Weathers 1976). Mild hydrolysis of cyano-
phycin (Joentgen et al. 2001) results in homo- and copolymers of polyaspartate and
L-arginine. The basic amino acid L-arginine has been suggested to be a regulator of
some immunological and physiological processes, e.g. being an immune system
stimulator (Cen et al. 1999; de Jonge et al. 2002; Li et al. 2007; Nieves and
Langkamp-Henken 2002; Popovic et al. 2007; Taheri et al. 2001; Tapiero et al.
2002; Yeramian et al. 2006), agrowth inductor (Lenis et al. 1999; Roth et al. 1995;
Wu et al. 2007) or a tumour cell growth inhibitor (Amber et al. 1988; Caso et al.
2004; Flynn et al. 2002). Alternatively, aspartate and arginine from cyanophycin
could serve as a starting point for the synthesis of a range of chemicals (Fig. 13.2).
Arginine can be converted to 1,4-butanediamine, which can be used for the
synthesis of nylon-4,6. Aspartate is converted in several chemicals like 2-amino-
1,4-butanediol, 3-aminotetrahydrofuran (analogues of high-volume chemicals used
in the polymer industry), fumaric acid (used for polyester resins) and acrylamide
(used as a thickener, in manufacturing dyes or in papermaking). Cyanophycin is
synthesized via non-ribosomal polypeptide synthesis in many Cyanobacteria
(Simon 1987) and some other non-photosynthetic bacteria (Krehenbrink et al.
2002; Ziegler et al. 2002). For cyanophycin synthesis, only one enzyme, the
cyanophycin synthetase encoded by cphA, is necessary to catalyse the ATP-depen-
dent elongation of a cyanophycin primer by the consecutive addition of L-aspartic
acid and L-arginine (Ziegler et al. 2002). In cyanobacteria, the polymer is variable
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Fig. 13.2 Potential products derived from the polymer cyanophycin

in length (25-125 kDa), water-insoluble and stored in membrane-less granules
(Allen 1984; Simon 1987). As a first step to establish a system for mass production
of the polymer in plants, the cyanophycin synthetase gene from Thermosynecho-
coccus elongatus BP-1 (cphArt.) was incorporated into tobacco and potato plants,
with mRNA expression under control of the constitutive cauliflower mosaic virus
(CaMV) 35S promoter (Neumann et al. 2005). The maximum amount of cyano-
phycin in the cytosol of tobacco leaves was 1.14% of dry weight. However, the
cyanophycin-producing plants exhibited phenotypical changes like thickened cell
walls, variegated leaves and slow growth. The same was true for the transgenic
potato plants containing maximal amounts of 0.24% of dry weight. The clone
producing the most cyanophycin did not develop eyes and could not be propagated
further. Moreover, in tubers, the presence of cyanophycin could only be demon-
strated by electron microscopy. A much higher capacity to produce cyanophycin
was achieved by targeting the cyanophycin synthetase to plastids of Nicotiana
tabacum (Hiihns et al. 2008). Yields of up to 6.8% dry weight in leaves were
obtained, without significant disturbance of plant growth and development.
However, the line producing the most cyanophycin produced fewer seeds.
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When the cphA expression is restricted to tubers, the plant fitness and cyano-
phycin production in potato is further enhanced up to 7.5% dry weight, with
minimal effects on growth and morphology of the plants.

The improvement of the cyanophycin accumulation in plants may require
optimization of the gene sequence, adapted to the target plant and also the optimi-
zation of the pathways involved in supplying arginine and aspartic acid.

13.3 Conclusion

The production of biopolymers has proven to be feasible and might contribute to a
sustainable agriculture. Nevertheless, application still lies in the far future. Before
transgenic plants can be cultivated and used, they must undergo an authorization
procedure based on a safety assessment to guarantee their safe usage. Currently, the
approval of transgenic plants is an extremely cost and time-demanding process,
specific for one event (one plant line derived from a single transformant with one
insertion locus of the transgene). These efforts will only be undertaken if the
expected gain can exceed the costs. The gain depends on: (i) the potential market
of the biopolymer, (ii) the pureness and concentration of the biopolymer in the
plants, (iii) the potential reduction of the primary value of the cultivar (e.g.
reduction of biomass, starch content or processing quality) and (iv) the isolation
costs. Except for the amylopectin potato Amflora, further investigations have to be
done for all of the polymers described to optimize these parameters as far as
possible, either by modification of the production compartment in the plant, selec-
tion of the production cultivar, support of plant health and biomass production, or
by optimization of cultivation, harvest, storage and isolation strategies. Further, risk
assessment strategies have to be optimized in order to reduce the cost and time for
approval without any reduction in safety. This might be done by the development of
new and specific techniques for analysis as well as by the acceptance of transgene-
and cultivar-specific data to reduce effort for single events. In addition, analysis
always has to be hypothesis-driven and the selection of topics addressed has to be
restricted to risks specific for the event in question.

Due to the different legal frameworks in most parts of the world, it might be
expected that biopolymer-producing transgenic plants will be on the market first in
the United States and Canada since their regulations come under existing laws
covering seed and pesticide approval as well as food and feed control and the basis
for safety assessment of a new transgenic plant is by comparison to known and
established plants and products. Most importantly, the final decision for approval is
carried out by scientists. Nevertheless, no polymer-producing plants are close to the
United States market. In contrast, in Europe, the assessment focuses on the process
(i.e. genetic engineering) and the precautionary approach; and the final decision
is made by the European Commission in consultation with the Member States.
Therefore no transgenic polymer-producing plant has yet been authorized in the
European Union, but the potato event Amflora is close to approval. Nevertheless,
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although the safety assessment for cultivation and for food and feed use by the
European Food Safety Authority (EFSA) was completed years ago, this event is still
waiting for authorization.
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Chapter 14
Engineered Male Sterility

Frank Kempken

14.1 Introduction

The agricultural exploitation of hybrid crop varieties has enabled enormous
increases in food productivity through increased uniformity and hybrid vigour.
Because of hybrid vigour, or heterosis, these crops are characterized by an
increased resistance to disease and enhanced performance in different environ-
ments when comparing the heterozygous hybrid progeny (called F1 hybrids) to the
homozygous parents (Lefort-Buson et al. 1987). Heterotic hybrid varieties in major
crops, such as cotton, maize, and rice, exhibit >20% yield advantage over conven-
tional varieties under the same cultivation conditions. The increased vigour, uni-
formity, and yield of F1 hybrids has been exploited in most crops for which the
pollination system allows for an economical and convenient cross hybridization
(Basra 2000).

In hybrid seed production, one line is designated as the female parent and the
other as the male parent. The production of hybrid seeds requires a pollination
control system to prevent unwanted self-pollination of the female line, which can be
a great challenge, particularly for crop species with hermaphrodite flowers. Many
methods exist to prevent the self-pollination of the seed parent (female line) during
hybrid seed production: the application of male-specific gametocides, such as
mitomycin and streptomycin (Jan and Rutger 1988); some inter- and intra-specific
crosses (Hanson and Conde 1985); the mechanical removal of male flowers or
anthers, chemical treatment, i.e. the patented chemical hybridising agent, Croisor,
and use of genetic cytoplasmic or nucleus-encoded male sterility. Generally,
naturally occurring genetically male sterile plants maintain fully normal female
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functions. The phenotypic characteristics of male sterility are diverse, including the
complete absence of male organs, the abortion of pollen at any step of its develop-
ment, a failure to develop normal sporogenous tissues, the absence of stamen
dehiscence, or an inability of mature pollen to germinate on compatible stigma.

The generation of male sterility, mainly nucleus-encoded, is the basis of new,
reliable, and cost-effective pollination control systems for genetic engineering
that have been developed during the past decade. The propagation of male-sterile
female parent lines is an important aspect for the successful application of these
systems in large-scale hybrid seed production. Engineered male sterility has also
been discussed in a number of recent reviews (Khan 2005; Takada et al. 2005;
Chase 2006; Stockmeyer and Kempken 2006; Pelletier and Budar 2007).

14.2 Natural Male Sterility Systems in Plants

In order to prevent the self-pollination of female lines, pollen fertility must be
controlled to permit fertilization only by pollen from the male parent. A simple way
to establish a female line for hybrid seed production is to identify or create a line
that is unable to produce viable pollen, similar to some lines of maize (Laughnan
and Gabay-Laughnan 1983) or rice (Kadowaki et al. 1988). Therefore, this type of
male-sterile line is unable to self-pollinate and seed formation is dependent upon
pollen from the male line.

14.2.1 Cytoplasmic Male Sterility

The mitochondrion serves essential functions as the centre of energy metabolism
in developing eukaryotic organisms. Pollen development in plants appears to be
particularly influenced by mitochondrial function. Rearrangements of mitochon-
drial DNA that lead to unique chimeric genes sometimes result in an inability of the
plant to produce fertile pollen (Fig. 14.1). This process, known as cytoplasmic male
sterility (CMS), is particularly useful for the production of hybrid varieties for
increased crop productivity and has been extensively reviewed (Schnable and
Wise 1998; Kempken and Pring 1999; Linke and Borner 2005; Chase 2007). The
association of CMS with abnormal mitochondrial gene expression has been estab-
lished in many plant species, including maize (Levings 1990), petunia (Bino 1985),
and sorghum (Pring et al. 1995; Xu et al. 1995a). It is thought that a disruption in
pollen development is a consequence of mitochondrial dysfunction resulting from
chimeric genes. The incorporation of the derived proteins into the mitochondrial
membrane or multi-protein enzyme complexes may lead to the impairment of
mitochondrial function. However, it has only been possible in a few cases to
artificially introduce CMS by expressing CMS-associated chimeric genes, thus
proving them to be causative agents of CMS (Hernould et al. 1993b; Gomez-Casati
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Fig. 14.1 Fertile and sterile sorghum pollen. Iodine—potassium stain of sorghum pollen from
fertile and sterile lines. A Dark-stained fertile pollen indicating starch production. B Unstained
pollen from the sterile line

et al. 2002), because these attempts often fail (Stockmeyer et al. 2007). However,
there are ways to engineer CMS, e.g. expression of the beta-ketothiolase from
Acinetobacter in tobacco plastids conditions maternally inherited male sterility
(Chase 2006; Pelletier and Budar 2007). A unique feature of CMS is that the
expression of the trait is influenced by nuclear fertility restorer genes (Schnable
and Wise 1998; Kempken and Pring 1999). Nuclear restorer genes can suppress
the effect of the sterile cytoplasm and restore fertility in the next generation. A
number of restorer genes have been shown to encode pentatricopeptide repeat
(PPR) proteins (Brown et al. 2003; Desloire et al. 2003; Kazama and Toriyama
2003; Akagi et al. 2004; Wang et al. 2006). The PPR proteins are a large family of
500-600 members in higher plants (Small and Peeters 2000).

Cytoplasmic male sterility has been utilized in some important crops, such as
sunflower, rice (Chap. 22), oilseed rape (Chap. 21), and sorghum, to prevent
unwanted pollinations, but CMS mutants and restorer systems are not available
for all agricultural crops. In some cases, CMS has been associated with increased
disease susceptibility. For example, the susceptibility of T-cytoplasm in maize to
race T of the southern corn leaf blight (Bipolaris maydis) led to an epidemic in the
United States in 1970 (Wise et al. 1987). Cytoplasmic male sterility is only trans-
mitted maternally and all progeny are sterile. These CMS lines must be maintained
by repeated crossings to a sister line, the maintainer line, which is genetically
identical except for possessing normal cytoplasm and is male-fertile. The main-
tainer thus carries the recessive restorer alleles. Fertility restoration is essential in
crops, such as corn or sunflower, where seeds are harvested.

14.2.2 Nuclear Male Sterility

Anther and pollen development and fertilization processes have been the subjects of
much investigation (Goldberg et al. 1993). Many nuclear genes involved in pollen
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development have been identified as mutants that lead to pollen abortion and male
sterility. This nuclear, or genic, male sterility is useful for hybrid seed production,
but it has limitations because female parental lines are heterozygous and their
offspring segregate into fertile and sterile plants in a 1:1 ratio. Nuclear male sterility
in plants includes both spontaneous natural and engineered sterility. Spontaneous
mutations leading to nuclear male sterility commonly occur at a high frequency.
Such mutations can be easily induced by chemical mutagens or ionising radiation.
Nuclear male sterility is usually controlled by a pair of recessive genes. Generally,
these recessive mutations affect a large number of functions and proteins that are,
for example, involved in male meiosis (Glover et al. 1998). In many crops, nuclear
male sterility does not permit the effective production of a population with 100%
male-sterile plants. This fact seriously limits its use in hybrid seed production (see
also Chap. 6).

14.3 Methods of Producing Male-Sterile Plants

Many different strategies have been reported for the production of male-sterile
plants by interfering with the development and metabolism of the tapetum (van de
Meer et al. 1992; Hernould et al. 1998) or pollen (Worrall et al. 1992) in transgenic
plants since the first transgenic male sterility system was described. Male sterility is
further induced by using sense or antisense suppression to inhibit essential genes
(Xu et al. 1995b; Luo et al. 2000) or by expressing aberrant mitochondrial gene
products (Hernould et al. 1993a; He et al. 1996; Gomez-Casati et al. 2002).
However, all of the available strategies have drawbacks, such as metabolic or
general development interference or being restricted to specific species. Thus, a
universal and dominant male sterility system with efficient effects on pollen
growth, and offering the possibility to efficiently restore fertility, would be a
great advantage for the production of hybrid seeds.

14.3.1 The Selective Destruction of Tissues Important
for the Production of Functional Pollen

One way to achieve male sterility systems, is the use of a gene which encodes a
protein that is able to disrupt cell function, for example a ribonuclease that destroys
the RNA of the tapetal cells (Mariani et al. 1990; Mariani et al. 1992; Burgess et al.
2002). A well known example of this kind is the Barnase/Barstar system shown in
Fig. 14.2. Using the PSENDI promoter is a novel method of producing genetically
engineered male-sterile plants by early anther ablation (Roque et al. 2007). The
PsEND1 promoter belongs to an anther-specific gene from pea that confers very
early gene expression in anther primordium cells. The authors fused this promoter
to the barnase gene.
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Fig. 14.2 The Barnase/Barstar system. (a) Normal tapetum development in the wild-type plant.
(b) Tapetal-specific promoter Ta29 drives expression of the barnase gene, leading to male-sterile
plants. (¢) Barnase inactivated by barstar inhibitor, resulting in restored male fertility. Based on
data from Mariani et al. (1990, 1992)

Another way to introduce male sterility is the use of diphtheria toxin A-chain
(Koltunow et al. 1990), which is expressed in a tissue-specific manner. The tapetum
serves as a good target for these expression strategies because it plays a critical
secretion role in the process of pollen formation. In some of these systems, sterility
or fertility can be chemically regulated. For example, inducible sterility can be
obtained through the expression of a gene encoding a protein that catalyses the
conversion of a pro-herbicide into a toxic herbicide only in male reproductive
tissues. In transgenic Nicotiana tabacum plants, male sterility was introduced by
tapetum-specific deacetylation of the externally applied non-toxic compound
N-acetyl-L-phosphinothricin (N-ac-Pt) (Kriete et al. 1996). Transgenic tobacco
plants expressing argE from Escherichia coli under the control of the tapetum-
specific tobacco TA29 promoter were produced. The gene product of argE repre-
sents an N-acetyl-L-ornithine deacetylase, which removes the acetyl group from
N-ac-Pt, resulting in the cytotoxic compound L-phosphinothricin (Pt, glufosinate).
The application of N-ac-Pt leads to empty anthers, resulting in male-sterile plants.
Another example of tissue-specific cell ablation is the use of a bacterial phosphonate
monoester hydrolase as a conditional lethal gene (Dotson et al. 1996).

In Arabidopsis thaliana, pehA from Burkholderia caryophilli, a glyphosate
metabolizing bacterium, has been expressed using a tapetum-specific promoter.
The treatment of transgenic plants with the protoxin glyceryl phosphate leads
to male sterility because of the hydrolysis to glyphosate, a potent herbicide
inhibiting the biosynthesis of aromatic amino acids. Another example for such
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chemical control is the inducible expression of a male-sterility gene by the appli-
cation of a chemical (Mariani et al. 1990; Goff et al. 1999). In order to induce
fertility, the expression of a fertility restorer gene that can complement the
sterility, or a male sterility gene repressor, can be chemically controlled (Cigan
and Albertsen 2000).

An alternative method for fertility restoration has been suggested by Luo et al.
(2000). They used a site-specific recombination system, FLP/FRT from yeast, to
restore fertility in Arabidopsis plants that were male-sterile due to the antisense
expression of the pollen- and tapetum-specific bcpl (Mariani et al. 1992) restored
the fertility of male-sterile plants generated through the use of the bacterial extra-
cellular ribonuclease Barnase (Paddon et al. 1989) by expressing a specific inhibitor
of Barnase, called Barstar (see Fig. 14.2).

Ethylene controls many physiological and developmental processes in plants,
including fruit and flower development. Ethylene exerts its effects through the
ethylene receptor, which has been isolated in a variety of plant species. The over-
expression of mutated melon ethylene receptor genes affects pollen development
and induces a male-sterile phenotype in transgenic plants. The inducible male
sterility system using mutated ethylene receptor genes could be a possible strategy
for preventing pollen dispersal from these plants, thereby reducing the potential
impact associated with transgenic plants. The system has been tested in tobacco and
lettuce (Lactuca sativa; Takada et al. 2005; Ma et al. 2006; Takada et al. 2006;
Takada et al. 2007).

Yet another, though quite unusual, approach is based on the nuclear expression
of the mitochondrial atp9 from wheat (see also Sect. 14.3.3). In plant mitochondria,
the atp9 transcript is subject to RNA editing. This editing process is believed to be
essential for the function of the encoded peptide. To obtain male-sterile plants, the
unedited sequence is fused to a mitochondrial targeting sequence and expressed
under control of three different promoters in A. thaliana. Indeed male-sterile plants
have been obtained (Hernould et al. 1993b; Gomez-Casati et al. 2002).

14.3.2 Changing the Levels of Metabolites Needed
Jor the Production of Viable Pollen

Another approach to induce male sterility in plants is the metabolic engineering
of the carbohydrate supply. Carbohydrates are important for anther and pollen
development. The extracellular invertase Nin88 mediates the phloem unloading
of carbohydrates via an apoplastic pathway. Tissue-specific antisense repression of
nin88 in tobacco causes male sterility because early stages of pollen development
are blocked (Goetz et al. 2001). McConn and Browse (1996) demonstrated that
Arabidopsis triple mutants that contained negligible levels of trienoic fatty acids,
such as jasmonate, were male-sterile and produced no seed. In that case, the fertility
could be restored through the exogenous application of jasmonate.
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14.3.3 Engineering Cytoplasmic Male-Sterile Plants

Several efforts are being made to generate engineered CMS plants (Chase 2006;
Pelletier and Budar 2007). A quite promising approach was described by Ruiz and
Daniell (2005) and reviewed by Khan (2005). Their approach has three advantages:
(i) pollination and subsequent self-fertilisation is artificially suppressed, (ii) the trait is
based on a cytoplasmic trait that cannot be transmitted via the pollen, and (iii) it allows
for the selective restoration of male fertility, at least to some extent. This approach is
based on inserting phaA, a gene that encodes B-ketothiolase, from the bacterium
Acinetobacter into the chloroplast genome under control of the chloroplast pshA
promoter. In transgenic tobacco plants, the enzyme accumulates in the leaves and
anthers, altering the course of fatty acid synthesis (Fig. 14.3). By modifying lipid
metabolism, pollen development is strongly impaired (Ruiz and Daniell 2005). The
expression of B-ketothiolase also accelerates anther development and causes the
pollen grains to collapse, leading to male sterility. Fertility restoration was achieved
to some extent by growing the plants under continuous light. This effect is due to the
light-sensitive gene expression controlled by the psbA promoter. Under these condi-
tions, acetyl-CoA carboxylase gains the upper hand, thereby restoring normal fatty
acid metabolism (Ruiz and Daniell 2005). However, restoration is only partial and the
procedure does not appear to be applicable to field conditions.

14.4 Strategies for the Multiplication of Male-Sterile Lines

Although the described systems have provided important information about
anther and pollen development, and ways to interfere with it, their potential use
for commercial hybrid seed production is often limited because of the lack of

a b
L HOTA B-ketothiolase
i carboxylase
acetyl-CoA }::> malonyl-CoA acetyl-CoA pd acetoacetyl-CoA

Normal anther development Distorted anthers
male fertile plant male sterile plant

Fig. 14.3 Engineering male sterility with B-ketothiolase. (a) In chloroplasts, acetyl-CoA is
normally converted by acetyl-CoA carboxylase to yield malonyl-CoA. (b) In transgenic plants
expressing high amounts of B-ketothiolase, this enzyme out-competes acetyl-CoA carboxylase
converting acetyl-CoA into acetoactyl-CoA. As a consequence, anther development is impaired.
Based on data from Ruiz and Daniell (2005)
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cost-effective and efficient methods to multiply the engineered male-sterile plants
(for an overview of multiplication strategies, see Perez-Prat and van Lookeren
Campagne 2002).

14.4.1 Herbicide Application for Selection of Male-Sterile Plants

One strategy for the propagation of male-sterile plants is to combine a gene
conferring dominant male sterility with an herbicide resistance gene (Denis et al.
1993). After crossing the heterozygous male-sterile plants with a wild-type line of
the same genetic background, the male-sterile progeny can be selected by herbicide
application. It is important to eliminate all of the fertile plants to prevent any self-
pollination, as this could lead to impure hybrid seeds (see Chap. 6).

14.4.2 Reversible Male Sterility

One approach for multiplying male-sterile plants is to produce plants that are
conditionally fertile. During female parent multiplication, male-sterile plants are
treated with a fertility-restoring chemical and can self-fertilize. For the production
of hybrid seeds, chemical application is not required and the plants remain sterile.
This system has some advantages over the selection of male-sterile plants by
herbicide application. For example, the chemical has to be used during female
parent multiplication and not during hybrid seed production and can be applied to a
smaller acreage.

Based on conditional male fertility, several pollination control systems have
been described. An example of the regulation of male fertility is that the manipula-
tion of hormones in male reproductive tissues (Huang et al. 2003) induced male-
sterile plants through tissue-specific expression of the CKX! genes and gai, which
are involved in oxidative cytokinin degradation and gibberellin signal transduction.
In this dominant male-sterility system, the male-sterile phenotype is achieved in
transgenic plants that are homozygous for the transgene, and it is reversible by
exogenous hormone application.

Alternatively, fertility can be induced by environmental conditions. In thermo-
sensitive genetic male-sterile (TGMS) and photoperiod-sensitive genetic male-
sterile (PGMS) mutants of rice, male sterility is influenced by temperature and
photoperiod length (He et al. 1999; Dong et al. 2000). The temperature just after
panicle initiation is the most critical in the expression of fertility and sterility.
Most rice TGMS lines are male fertile at temperatures less than 25°C and sterile
at higher temperatures (Sun et al. 1989). The seeds from TGMS lines are multiplied
by selfing when exposed to the right temperature at the critical growth stage.
The PGMS lines are fertile under the conditions of a natural short day and are
male-sterile under long-day conditions. In this system, the male-sterile female line
can be propagated by growing it under the environmental conditions that restore
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fertility. This approach requires no restorer lines and no chemical treatment. How-
ever, controlled environmental conditions are needed to avoid the plants being
constantly challenged by unfavourable fluctuations in their environment. Other con-
ditional male fertility systems are based on repressing the male sterility gene or the
inducible expression of a fertility restorer gene that complements the defect (Cigan
and Albertsen 2000). Recently, a combination of reversible male sterility and
doubled haploid production by targeted inactivation of cytoplasmic glutamine syn-
thetase in developing anthers and pollen was established (Ribarits et al. 2007).

14.4.3 Use of Maintainer Lines

The propagation of nuclear male-sterile plants can also be achieved through cross-
breeding with a maintainer plant that is male-fertile but produces 100% male-sterile
progeny when used to pollinate male-sterile plants. Perez-Prat and van Lookeren
Campagne (2002) developed pollen lethality and colour maintainer lines that are
useful for propagating both dominant and recessive male-sterile lines. The main-
tainer plants are genetically identical to the nuclear male-sterile plants with the
exception of a transgenic maintainer locus that renders it male-fertile. This system
does not require chemical application but a fertility restorer gene and, in the case of
colour maintainers, seed sorting might also be needed.

14.5 Commercial Use of Male Sterility

A number of CMS systems have been and are being used in traditional plant
breeding in order to generate hybrid varieties. From the many potential procedures
for obtaining transgenic male sterility, only a few have been developed so far for
commercially available crops. A compilation of these crops is given in Table 14.1.
The events include several in canola, one in chicory, and three in maize. In almost
all cases, the Barnase/Barstar system is being employed, with the notable exception
of a DNA adenine methylase from E. coli that causes male sterility if expressed in
certain plant tissues. Recently, the Barnase/Barstar system was adopted to Indian
oilseed mustard (Brassica juncea; Ray et al. 2007), but this has not yet been
developed for commercial use.

14.6 Conclusions and Future Perspectives

The use of hybrid crops has been a very important agricultural advance in recent
years, because hybrids have an increased yield and a wider environmental adapt-
ability and are more insect- and disease-resistant. One strategy that has been
utilized for hybrid crop production is male sterility. Biotechnology has enabled
new methods for obtaining male-sterile plants and developing several new
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Table 14.1 Commercially used male-sterile plants. Data are from AGBIOS GM database (http://
www.agbios.com). Barnase and barstar genes are from Bacillus amyloliquefaciens. fr Fertility
restoring line, ms male sterile line, PPT phosphinothricin-N-acetyltransferase gene from Strepto-
myces hygroscopius or S. viridochromogenes

Event Company Description Marker
gene
Brassica napus (Canola)
MS1, RF1  Aventis Crop Science (formerly ms: barnase ribonuclease gene; ms + fr:
Plant Genetic Systems) fr: barstar RNAse inhibitor gene PTT
MSI1, RF2  Aventis Crop Science (formerly ms: barnase ribonuclease gene; ms + fr:
Plant Genetic Systems) fr: barstar RNAse inhibitor gene PPT
MS8xRF3  Bayer Crop Science (Aventis Crop ms: barnase ribonuclease gene; ms + fr:
Science; AgrEvo) fr: barstar RNAse inhibitor gene PPT
PHY 14, Aventis Crop Science (formerly ms: barnase ribonuclease gene; ms + fr:
PHY35 Plant Genetic Systems) fr: barstar RNAse inhibitor gene PPT
PHY36 Aventis Crop Science (formerly ms: barnase ribonuclease gene; ms + fr:
Plant Genetic Systems) fr: barstar RNAse inhibitor gene PPT
Cichorium intybus (Chicory)
RM3-3, Bejo Zaden BV ms: barnase ribonuclease gene PPT
RM3-4,
RM3-6

Zea mays (Maize)
676, 678, Pioneer Hi-Bred International Inc. ms: DNA adenine methylase from PPT

680 E. coli
MS3 Bayer Crop Science (Aventis Crop ms: barnase ribonuclease gene PPT
Science; AgrEvo)
MS6 Bayer Crop Science (Aventis Crop ms: barnase ribonuclease gene PPT

Science; AgrEvo)

pollination control systems that could be useful for hybrid seed production. How-
ever, the inability to propagate the male-sterile female parent line in a cost-effective
and efficient way limits the potential application of commercial hybrid production.
Future research should take into account the importance of developing solutions for
propagation because, for many crops, it is the limiting factor in the large-scale
production of hybrids. Male sterility systems are also being developed for tree
species which in the future may be used in other tree species (Hofig et al. 2006).
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Chapter 15
Cotton

Keerti S. Rathore

15.1 Introduction

The cotton plant is the most important source of natural fiber and has met the
clothing needs of mankind for several millennia. This plant plays a major role in the
economy and social structure of many countries, and in fact, has helped shape
the history of some parts of the world. Although many other natural and synthetic
fibers have been available, advantages related to the cost of production, many
unique features offered by cotton lint, and the growing world population will ensure
a continued increase in the demand for cotton. Not only will the tools offered by
biotechnology help us to achieve the needed increase in the production of this crop,
this technology will also be used to confer properties to the fiber that are difficult or
impossible to achieve by traditional breeding. The increasing demand for food,
feed, and energy will also help the cottonseed to achieve a better status than merely
a byproduct of lint production. Again, there is tremendous scope for improving the
quality of cottonseed through biotechnology.

Cotton is grown in over 80, mostly developing countries where it is a cash crop
for many poor farmers. With its share of more than 90% of the worldwide acreage,
the tetraploid Gossypium hirsutum or upland cotton is the predominant cultivated
species. The other tetraploid species, G. barbadense or Egyptian cotton, is also
grown in some parts of the world for its prized extra-long staple. Because of
their low productivity and poor quality fiber, the two Old World, diploid species,
G. arboreum and G. herbaceum, are cultivated only on limited acreage in some
parts of Africa and Asia. China is the largest producer of cotton, followed by India
and the United States. In 2006, the global area under cotton cultivation was
estimated to be approximately 34.3 million hectares (Mha) leading to ~25 million
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metric tonnes (MMT) of fiber production (FAO 2008). Cotton is grown primarily
for its fiber, however, the plant also produces large quantities of seeds. Worldwide,
~44 MMT of cottonseed was produced in the year 2006 (FAO 2008). A portion of
this abundant agricultural byproduct is used to obtain edible oil; however, a large
share of the cottonseed/cottonseed meal is simply used as a feed for the ruminant
animals. The presence of a toxic terpenoid, gossypol, renders the protein-rich seed
unfit for consumption by monogastric animals and prevents its direct use as food.
Elimination of this toxin from the seed will ensure a more efficient utilization of this
resource and help fulfill the growing, worldwide demand for food and feed.

15.2 Importance and Potential Impact of Genetic
Modification in Cotton

Cotton plants are particularly susceptible to a wide variety of insect pests and
nematodes, and their cultivation has traditionally relied on the use of large amounts
of highly toxic pesticides. Some estimates suggest that, prior to the widespread
adoption of Bt cotton, nearly 25% of all insecticides used worldwide were needed
for the production of cotton (Pannetier et al. 1997). Genetically modified cotton
produced by incorporating the Bt gene was therefore a huge success in the United
States following its introduction in 1996 (see also Chap. 11). Amongst the cotton-
producing countries, India has the largest area under cotton cultivation and yet it
has ranked third in terms of production until very recently. This was because the
average yield of cotton in India was one of the lowest in the world. Several factors
accounted for this low productivity including insect pests. The yield of lint+cotton-
seed in this country averaged 561 kg ha™' in 2001; however, it increased to 1019 kg
ha~' in 2007 (FAO 2008). In a recent publication from the International Food
Policy Research Institute (IFPRI), Gruere et al. (2008) report that in the year 2007/
08, India’s cotton production exceeded that of the United States. Most of this rise in
the production is attributed to an increasing use of Bt cotton varieties following
their introduction in the year 2002 (Qaim and Zilberman 2003; James 2007; Gruere
et al. 2008). It is not surprising then that, once approved by the respective regulatory
agencies, cotton growers in many other countries have readily adopted GM cotton.
The example of India illustrates the potential impact of biotechnology in enhancing
global cotton production. Overall improvements in the production of cotton will be
considerable once this technology is adopted by the rest of the cotton producing
countries. Currently, Bt-mediated insect resistance and herbicide resistance are the
only two transgenic traits available in cotton. When the traits that confer resistance
to various other biotic and abiotic stresses become available, the combined impact
of various transgenic traits on the total output will be much more substantial than
what has been achieved thus far. In addition to its impact on the production, genetic
engineering is likely to play a very important role in improving the quality of fiber
as well as the seed.
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15.3 Transformation of Cotton and its Improvement
via Genetic Modification

There are some excellent reviews available on transgenic cotton (Murray et al.
1993; John 1997; Chlan et al. 2000; Wilkins et al. 2000; Rajasekaran et al. 2001;
Kumria et al. 2003; Rathore et al. 2008). Table 15.1 provides a list of selected
papers describing the key transformation methods and the introduction of certain
useful traits via genetic engineering. General aspects of genetic transformation are
discussed in Chap. 1.

15.3.1 Methods Used to Transform Cotton

The first two reports on successful cotton transformation were published by scien-
tists at Agracetus (Umbeck et al. 1987) and Agrigenetics (Firoozabady et al. 1987).
In both cases, tissue explants obtained from a young seedling were transformed via
Agrobacterium tumefaciens. The transformed tissues growing on selection medium
were cultured for several months before recovering the transgenic plants via
somatic embryogenesis. This procedure is rather long and laborious, and is limited
for use in only a few genotypes that are able to regenerate via somatic embryogen-
esis. However, it is a robust protocol and with some modifications, is widely used
to obtain transgenic cotton plants in both academic and industrial laboratories
(Table 15.1). A comprehensive investigation was undertaken in author’s laboratory
to understand both the transformation and regeneration processes (Sunilkumar and
Rathore 2001; Rathore et al. 2006). This study made use of green fluorescent pro-
tein (GFP) gene as a reporter and showed clearly that the transfer of T-DNA per se,
from Agrobacterium to the cotton cells at the wound site in a cotyledon, hypocotyl
and cotyledonary petiole, is an efficient process. In addition, its integration into the
cotton genome is also quite effective. It is the culture of transformed cells to obtain
a friable, embryogenic callus capable of plant regeneration, that is a highly geno-
type-dependent process (Trolinder and Xhixian 1989). Even with the regenerable
genotypes, a high degree of tissue culture skills are required to obtain transformed
cotton plants. Bearing in mind the difficulties faced by many researchers in produ-
cing transgenic cotton, a simplified protocol describing various steps in detail has
been published (Rathore et al. 2006).

Thus, genotype-dependence, in terms of regeneration via somatic embryo-
genesis, does remain a limitation in introducing a transgenic trait directly into
commercial varieties. The same constraints also apply to methods that utilize
particle bombardment-mediated transformation of cultured cells. These limitations
have served as an impetus to find alternative methods to produce transgenic cotton.
Since regeneration of plants from shoot apical meristem is genotype-independent,
relatively rapid, and a rather straightforward process, many laboratories have
targeted the cells within this explant for transformation. The research involving
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particle bombardment of isolated shoot apical meristems followed by the recovery
of plants has provided unambiguous evidence for the transgenic status of the
regenerants and proved the feasibility of this approach (McCabe and Martinell
1993; McCabe et al. 1998). The gene gun-based microprojectile bombardment is a
direct, physical method that can deliver the genes into the epidermal cells of the L1
layer or the germline progenitor cells of L2/L.3 layer within the apical meristem. As
expected, the progeny plants from L1 transformants did not inherit the transgene. In
contrast, the germline transformants resulting from the transformation of L2/L.3
cells passed on the transgenic trait to subsequent generations. However, the primary
transformants recovered from these shoot apices are chimeric and the efficiencies of
recovering germline transformation events are very low. As this method is highly
labor- and resource-intensive, it has not been used by others. There are reports from
three laboratories on Agrobacterium-mediated transformation of shoot apical meri-
stem to obtain transgenic cotton plants (Zapata et al. 1999; Satyavathi et al. 2002;
Uceer and Koc 2006). The ability to tolerate kanamycin was used as a major
criterion to identify the putative transformants and each report provided some
molecular evidence. However, these reports did not provide any information on
the type of cells that were transformed within the shoot apical meristem. The
transformation efficiencies reported in these papers differ drastically, thus raising
questions about the criteria used to assign transgenic status to the regenerated
plants. Additional, convincing evidence that includes phenotypic analysis, molecular
proof that discounts the possibility of Agrobacterium contamination of the plant
tissue, and genetic analysis in several generations will be needed to confirm the
reliability, efficiency, and robustness of this method. If an unambiguous proof of
Agrobacterium-mediated transformation of shoot apical meristem is provided, it
will ensure a widespread adoption of this technique by other researchers who are
interested in a genotype-independent method to transform cotton.

15.3.2 Selectable Markers and Reporter Genes used
for Cotton Transformation

Chap. 3 generally discusses the use of marker genes in transgenic plants. Neomycin
phosphotransferase II (nptll) gene in combination with kanamycin as the selection
agent was used in the first two investigations reporting successful cotton transfor-
mation (Firoozabady et al. 1987; Umbeck et al. 1987). The papers listed in Table
15.1 suggest that this gene continues to be used widely to obtain transgenic cotton.
Its wide popularity stems from the fact that kanamycin is relatively inexpensive and
does not adversely affect regeneration from cultured cotton tissues. Hygromycin
phosphotransferase (4pt) gene is also suitable for producing transgenic cotton and
has been used as a selectable marker in some studies (Finer and McMullen 1990).
Cotton has been transformed with the bialaphos resistance (bar) gene; however, the
initial selection of transgenic tissue was based on the expression of a linked nptl]
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gene in these studies (Keller et al. 1997). Bialaphos-tolerant cotton has been
also developed by Bayer CropScience and is marketed by FiberMax under the
name LibertyLink (Perkins 2004). The list provided in Table 15.1 shows that
f-glucuronidase (gusA) remains the gene of choice to evaluate different transfor-
mation methods as well as for the characterization of promoter activities in various
tissues in cotton. This is because GUS activity assays are relatively simple and the
enzyme activity can be quantitated (Jefferson et al. 1987). The utility and versatility
of GFP reporter gene (allowing non-invasive monitoring of its expression) was
demonstrated by observing the tissue- and development-specific activity of CaMV
35S promoter in cotton (Sunilkumar et al. 2002b).

15.3.3 Genetically Engineered Traits in Cotton

Bt was the first commercially useful gene introduced into cotton (Perlak et al.
1990). This cotton was later developed and marketed under the trade name Bollgard
by Monsanto/Delta & Pine Land (Jones et al. 1996; Jenkins et al. 1997). These
plants expressed a truncated, codon-modified CrylAc gene from Bacillus thurin-
giensis (Bt) encoding a d-endotoxin that is toxic to tobacco budworm and American
bollworm (Jenkins et al. 1997). These Bt cottons were readily accepted by farmers
in the United States and other countries that had allowed their cultivation. Bollgard
II, introduced in 2003, contains Cry2Ab in addition to CrylAc (Micinski et al.
2006; Robinson 2006). This second Bt gene broadens the resistance to include
fall armyworm, beet armyworm, cabbage looper, and soybean looper (Perlak et al.
2001). Syngenta has developed VIP-Cotton containing a different gene from
B. thuringiensis that encodes a vegetative insecticidal protein (VIP; Estruch et al.
1996). The VIP is structurally, biochemically, and functionally different from the
Bt d-endotoxins and exhibits insecticidal activity against a variety of lepidopterans
(McCaffery et al. 2006). Another type of insect-resistant cotton has been developed
by Dow AgroSciences by combining CrylF and CrylAc genes. This product,
WideStrike cotton, also confers resistance to several Lepidopteran pests (Bacheler
et al. 2006; Micinski et al. 2006). Thus, a choice of more than one insect resistance
genes with different modes of action, especially if they are stacked, will help
broaden the spectrum of insects that can be controlled by the genetically modified
plants and also help counter the development of resistance in the target insects.
Roundup Ready cotton that is resistant to glyphosate-based herbicide (see also
Chap. 10 for references) was introduced in 1997 by Monsanto (Nida et al. 1996).
This trait was engineered by expressing a gene encoding 5-enolpyruvylshikimate-
3-phosphate synthase (derived from Agrobacterium sp. strain CP4) under the
control of FMV 35S promoter. In 2006, Roundup Ready Flex cotton became
available that allows safe application of the herbicide well beyond the five-leaf
stage (Chen et al. 2006). Glyphosate-tolerant cottons help in the effective manage-
ment of weeds and were also readily adopted by the United States cotton growers.
Glufosinate- or bialaphos-tolerant cotton, developed by Bayer CropScience and
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marketed by FiberMax under the name LibertyLink, is also available commercially
(Perkins 2004).

As is the case with most other crop plants, no commercial, transgenic products
are yet available in cotton that address the problems of biotic or abiotic stresses.
However, there are some published reports describing transgene-mediated resis-
tance to various fungal diseases in cotton (Murray et al. 1999; McFadden et al.
2000; Emani et al. 2003; Wang et al. 2004b; Rajasekaran et al. 2005). Although
some of these studies appear promising, in each case, the transgene conferred
protection to only a limited spectrum of pathogens. Similarly, there are a number
of reports describing attempts to engineer cotton to tolerate abiotic stresses, includ-
ing freezing (Kornyeyev et al. 2001, 2003a, b; Payton et al. 2001), water-logging
(Ellis et al. 2000), salt stress (He et al. 2005) and drought (Yan et al. 2004).

Since cotton is grown mainly for its fiber, it is an obvious target for improvement
via genetic engineering. In addition to the usual desirable properties that include
strength, fineness, length, and uniformity, cotton fiber can benefit from characte-
ristics such as better dye binding, wrinkle resistance, and shrinkage resistance.
Improvements in these last three categories will help cotton fiber compete more
effectively against synthetic fibers. The number of genes involved in controlling
some of these traits is likely to be large and the mechanism controlling these
characteristics is expected to be complex. Several laboratories are involved in
identifying and isolating genes that are involved in fiber initiation, elongation, and
development. As these genes become available and are characterized, their coding
and regulatory sequences will be used to engineer the cotton plant to address issues
related to fiber quality improvement. Nevertheless, some interesting work to modify
cotton fiber has been already conducted by scientists at Agracetus and elsewhere.
An early example of such research involved the synthesis of novel biological
materials in the fiber. Expression of some genes derived from Alcaligenes eutrophus
in the developing cotton fibers resulted in the deposition of poly-D-(-)-3-hydroxy-
butyrate (PHB) in their lumens (John and Keller 1996; Rinehart et al. 1996). The
modified fiber exhibited altered thermal properties resulting in improved insulating
characteristics (Chowdhury and John 1998). Although this product was not devel-
oped further, the results demonstrated the feasibility of improving cotton fiber in a
manner that is impossible to achieve by traditional breeding methods. Two recent
studies have examined the effects of manipulating endogenous gene expression in
cotton fiber cells (Ruan et al. 2003; Li et al. 2005). Although each of these studies
involved suppression of a cotton gene that adversely affected fiber growth/develop-
ment, the results indicate the feasibility of altering fiber properties. In a more recent
study, Haigler et al. (2007) showed that constitutive overexpression of spinach
sucrose phosphate synthase gene in cotton resulted in the improvements in fiber
quality when the cotton plants were grown under controlled environmental condi-
tions. Chapman et al. (2008) reported an interesting and unexpected outcome of
manipulating the oil composition by overexpressing a non-functional rapeseed
FAD-2 gene in cottonseed. They showed that, while the seeds from transformed
lines were smaller, of poor quality and had lower oil content, the lint produced was
significantly increased, suggesting a redirection of carbon reserves. These reports on
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transgenic manipulation of cotton fiber are promising. However, considering the
importance of this agricultural product, the progress in improving its characteristics
and yield through biotechnology has been rather slow. As more fiber-specific genes
and their regulatory sequences become available, transgenic technology is expected
to make a significant impact on the quality and yield of this most important product
of the cotton plant (Li et al. 2002; Wang et al. 2004a).

Cotton plant produces about 1.6 times more seed than fiber. Cottonseed contains
~21% oil and a substantial portion of the global production is used to obtain edible oil.
Since cottonseed oil is rather low in monounsaturated fatty acid, gene-suppression
technologies have been used to improve its fatty acid composition in favor of higher
oleic acid. Use of antisense technology to suppress A-12 desaturase gene resulted in
doubling of oleic acid from a wild-type level of ~15% to ~30% and a reduction in
linoleic acid level from ~55% to ~35% (Sunilkumar et al. 2005). Interestingly,
RNAi-mediated suppression of the same target gene resulted in a fivefold increase in
oleic acid level and a concomitant reduction in the linoleic acid (Liu et al. 2002). In a
separate set of transformants, RNAi-mediated downregulation of the SAD-1 gene
resulted in a >10-fold increase in stearic acid level in cottonseed oil. Importantly, it
was possible to stack the two traits by intercrossing (Liu et al. 2002). These results
demonstrate that transgenic technology can be used to modify fatty acid biosynthetic
pathway in a tissue-specific manner to improve storage and cooking properties of the
cottonseed oil. In addition to the oil, cottonseed also contains ~23% protein that is
of relatively high quality. Global cottonseed output of ~44 MMT year' can
potentially meet the basic protein requirements of 500 million people. However,
the ability to utilize this abundant, protein-rich resource for food is hampered by
the presence of toxic gossypol. This cardio- and hepatotoxic terpenoid, present
in cottonseed glands, renders the seed unsafe for human and monogastric animal
consumption. Glands containing gossypol and related terpenoids are present in
most parts of a cotton plant. The terpenoids are believed to play a protective
role in defending the cotton plant against various insect pests and diseases
(Hedin et al. 1992; Townsend et al. 2005). To avoid the weakening of defensive
capability of the cotton plant, the elimination of gossypol must be strictly
limited to the seed. Since traditional breeding methods have failed to achieve
this goal, biotechnological approaches were tested in many laboratories around
the world to solve the problem of cottonseed toxicity. Most of these attempts
over the past decade have been unsuccessful (see Townsend et al. 2005 and
references therein). However, in a relatively recent breakthrough, the feat of
selective and significant reduction of gossypol in cottonseed was achieved by
disrupting its biosynthesis through RNAi-mediated suppression of §-cadinene
synthase activity in the developing seed (Sunilkumar et al. 2006). Some of the
RNAI lines obtained showed a 98% reduction in the concentrations of gossypol
in the seed. Importantly, these transformants maintained normal levels of gossy-
pol and related terpenoids in all other parts of the plant. These studies involving
alteration of oil composition and gossypol reduction suggest that a genetically
modified cotton plant, in addition to meeting the clothing requirements, can also
play an important role in fulfilling the nutritional needs of the growing human
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population. More details on different engineered traits may be found in Sect. C
of this volume.

15.3.4 The Role of New Technological Advances in Cotton
Improvement

Successful transformation of the plastid genome in cotton has been achieved by
Kumar et al. (2004). Although chloroplast transformation is more difficult and less
efficient compared to the nuclear transformation, it does offers some advantages,
including transgene containment because of maternal inheritance of the trait and a
high level of consistent transgene expression. Lower efficiency and the complexity
of the plastid transformation system have prevented widespread adoption of this
technology. However, it may be useful for some specific applications.

The two examples provided earlier of transgene-encoded RNAi to improve
cottonseed quality demonstrate the power of this gene silencing technology.
Undoubtedly, it will be used to improve other properties of this important resource
in the future. As the genes involved in controlling various aspects of fiber growth
and development are identified, RNAi will serve as a valuable tool in the engineering
of desired characteristics in the fiber. In addition to the use of RNAi to improve the
quality of seed and fiber, some recent reports suggest exciting new possibilities in
harnessing the power of this technology to control nematodes and insect pests of
cotton. Yadav et al. (2006) transformed tobacco plants to express dsRNA against
important genes of a root-knot nematode (RKN) which resulted in a virtual elimi-
nation of the target mRNA in the parasite and significant resistance in the host plant.
In another report, Huang et al. (2006) describe results of a transgene-encoded
expression of ingestible dsSRNA in Arabidopsis targeting an RKN gene that encodes
16D10, a secretory peptide essential for the nematode parasitism of the plant. The
transformants showed significant resistance to four major RKN species. Corn plants
expressing dsRNA against Western corn root-worm V-ATPase were effectively
protected against the insect (Baum et al. 2007) and this protection was comparable
to that provided by Bt. The results obtained by Mao et al. (2007) illustrate an
interesting possibility to confer protection against cotton bollworm by expressing
dsRNA in the plant that targets an insect cytochrome P450 monooxygenase,
believed to be involved in detoxifying the natural insecticide gossypol in cotton
plants. These examples illustrate that RNAI is a versatile and highly effective tool
that can be used to engineer cotton plants to confer resistance to various pests.

15.4 Future Perspectives

It has been two decades since the first reports on cotton transformation were
published. Bt cotton was introduced in the marketplace in the United States in
1996, with herbicide-tolerant cotton a year later. In 2005, GM cotton (Bt cotton,
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herbicide-resistant cotton) garnered 79% of the cotton acreage in the United States
(Brookes and Barfoot 2006). Especially, Bt cotton has enjoyed the same enthusiastic
acceptance by the farmers in many other countries where its use was permitted by
their respective regulatory agencies. In 2006, of the 11 million small farmers who
grew GM crops, most were Bt cotton farmers, including 7.1 million in China and
3.8 million in India (James 2007). However, the current GM cotton varieties offer
only insect- and herbicide-resistance traits that benefit largely the growers. Avail-
ability and choice of these and other input traits is likely to increase in future. The
published reports described in this chapter show the efforts underway to engineer a
number of useful output traits into cotton. As new genes and their regulatory
sequences become available from cotton and other species, and as the genetic
modification technologies are further refined and improved, we can expect cotton
plants with novel input and output traits for the benefit of growers, consumers, and
the environment. The current product-line is available from just a few large
companies and the farmers have to pay a premium to grow their GM cotton
varieties. However, some of the basic patents on various GM-related technologies
will start to expire soon. This will open up opportunities for the scientists to
engineer cotton to meet the more specific, local needs of the poor farmers in the
developing countries.
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Chapter 16
Triticeae Cereals

Jochen Kumlehn, Grit Zimmermann, Carolin Berger, Cornelia Marthe,
and Goetz Hensel

16.1 Introduction

The Triticeae cereals include two of the most important crops worldwide — wheat
(Triticum aestivum, T. turgidum conv. durum) and barley (Hordeum vulgare) —
along with cereal rye (Secale cereale) and triticale (xTriticosecale), both of which
are relevant in certain agricultural environments. Together with maize (Zea mays)
and rice (Oryza sativa), wheat represents a major food crop, with >600x 10° t (Mt)
global annual production of bread wheat (T. aestivum) contributing about 20%
of the global calorie requirement. About 100 Mt of wheat is used for animal feed,
and a growing proportion of the crop provides raw material for biofuel. Wheat is
cultivated in over 80 countries and is adapted to a wide range of environments. Its
largest yields are obtained in temperate regions, such as in northern Europe, but
large areas are grown profitably in environments which are rather dry (NRCS 2005),
making China, India and the United States the world’s leading producers in terms of
bulk. Barley was one of the first grains to be domesticated, and is also grown over a
broad environmental range. Like wheat, it is most productive in temperate zones
which allow a growth period of at least 90 days, but its cultivation is also viable in
the sub-arctic (e.g. in Alaska and Norway), where only a very short growing period
is available. Barley is comparatively heat and drought tolerant, and is therefore
preferred to wheat in arid environments. The 2008 barley harvest was about 140 Mt
from a cultivated area of 57x 10° ha (Mha; FAO 2008; International Grains Council
2009), and the world’s major producers are Russia, Canada and Germany. Most of
the barley crop is used for animal feed, with about 15% supplying the malting and
food sectors (US Grains Council 2006). The cereal rye crop is used mainly for
animal feed, but some is used for food production since the grain has a high dietary
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value. A small amount of rye is produced for fermentation and distillation. Further,
it is emerging as a feedstock for bioethanol production. In 2005, the cereal rye crop
was 15.5 Mt, with the main producers being Russia, Poland and Germany (FAO
2008). As modern harvesting technology is adapted to short-stature crops, the
production of cereal rye has been in decline over recent years. Unique among the
Triticeae crops, cereal rye is an outbreeder, a property which complicates its
handling in the light of regulations surrounding genetic engineering. Finally, triti-
cale is a synthetic allopolyploid derived from the cross between tetraploid wheat
(T. durum, as female) and cereal rye (as male). Its grain phenotype is intermediate
between those of wheat and cereal rye. In 2005, 13.5 Mt were harvested (FAO
2008), mainly from Poland, Germany and France. Over half of the triticale crop is
used for animal feed, but a small amount is used for human food.

16.1.1 The Generation of Transgenic Triticeae Plants

Achieving stably transformed Triticeae plants has been a challenge, both because
they are only poorly compatible with Agrobacterium spp., and because it has
proven difficult to induce adventitious shoots from somatic tissue (for general
information on transformation see Chap. 1). Nevertheless, these hurdles have
largely been overcome by substantial improvements in cell culture and transfor-
mation technology over the past 15 years. The first transgenic wheat plants were
obtained by Vasil et al. (1992), who used particle bombardment of callus grown
from immature zygotic embryos. An intensive effort to optimize the method
resulted in a marked improvement in the recovery of transgenic plants, to the extent
that the method could be shown to be relatively reproducible (Becker et al. 1994;
Nehra et al. 1994). Similar protocols were quickly thereafter established for barley
(Wan and Lemaux 1994), cereal rye (Castillo et al. 1994), triticale (Zimny et al.
1995) and durum wheat (Bommineni et al. 1997). Particle bombardment was also
successfully directed at immature embryogenic barley pollen (Jachne et al. 1994),
inflorescence primordia of tritordeum (the amphiploid formed from the cross
H. chilense x durum wheat; Barcelo et al. 1994) and barley shoot meristematic
cultures (Zhang et al. 1999).

Even though the grasses are not natural hosts for Agrobacterium spp., inocula-
tion of highly totipotent immature embryos was successfully used to generate stably
transgenic wheat (Cheng et al. 1997) and barley (Tingay et al. 1997) lines. Current
protocols claim to deliver at least one transgenic barley line from ten inoculated
embryos (i.e. >10% transformation effciency; e.g. Hensel et al. 2008), which is
much greater than what has been achieved using particle bombardment. Transfor-
mation efficiency in wheat and cereal rye lags that of barley, and currently lies at
best in the region of 5% (e.g. Popelka and Altpeter 2003; Wu et al. 2003),
comparing favourably with what can be achieved by particle bombardment (e.g.
Rasco-Gaunt et al. 2001; Popelka et al. 2003). Other recipient cells and tissues, such
as embryogenic pollen cultures in barley (Kumlehn et al. 2006), have also been
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used to generate stably transgenic plants in Triticeae species. As the target cells in
embryogenic pollen are typically haploid, a transformed cell (upon chromosome
doubling) becomes perforce homozygous for the transgene; this is particularly
advantageous, as it removes any need for the genetic fixation required when diploid
tissue is used as gene transfer recipient. A second transformation target, which has
remained to date exclusive to barley, is represented by cultivated ovules at the
zygote or few-celled embryo stage (Holme et al. 2006). This approach has also lent
itself to dispensing with the use of a selectable marker gene, although at a cost of
lower transformation efficiency. In the authors’ laboratory, the optimization of this
method has resulted in achieving a transformation efficiency of as high as 8%
(Marthe et al., unpublished data).

A frequently noted problem with transgenesis in the Triticeae species has been
the influence of recipient genotype on regeneration. Immature zygotic embryos of
the barley cultivar “Golden Promise” and the wheat breeding line “Bobwhite” have
proven highly amenable to gene transfer and in vitro shoot proliferation. Often
however, it is desirable or even necessary to apply genetic engineering to other
cultivars. To characterize genetic variation for “transformability”, sets of both
wheat and barley (e.g. Wu et al. 2003; Hensel et al. 2008) cultivars have been tested
using the available gene transfer methods. In these studies, several lines proved in
principle amenable to genetic engineering, albeit with lower efficiency as compared
to the above model lines. It has only recently been shown that the isolated ovules
approach is less genotype-dependent than other methods (Holme et al. 2008).

The pattern and location of integration of a transgene is relevant both for
fundamental and applied research. The analysis of transgenic wheat lines produced
by particle bombardment has revealed that integration sites are generally randomly
distributed across the genome and that transgene expression is more dependent on
the identity of the promoter than on the integration site (Jackson et al. 2001). In
barley also there does not appear to be any spacial preference for transgene
insertion, irrespective of whether the transformation has been effected by particle
bombardment or by means of Agrobacterium (Salvo-Garrido et al. 2004). However,
anumber of studies have shown that Agrobacterium-mediated gene transfer is more
likely to produce low-copy transgenic insertions than does particle bombardment
(e.g. Travella et al. 2005). Where multiple transgenes were inserted at one locus by
Agrobacterium-mediated gene transfer, they appeared to be generally oriented in
tandem with one another (Stahl et al. 2002).

16.1.2 Transgene Expression Systems

Appropriate promoters capable of effectively driving transgene expression are of
central importance for the genetic engineering of plants. Many of the promoters
isolated and characterized to date have originated from dicotyledonous species such
as Arabidopsis thaliana, and since the experience has been that most of these
promoters are not effective in a monocotyledonous host, so the choice of promoters
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for the cereals remains relatively limited. Ubiquitous transgene expression in the
Triticeae is possible using either the maize Ubi-I or the CaMV35S promoter. Thus
Stoeger et al. (1999) were able to show that the GUS gene directed by the ZmUbi-1
promoter generates ubiquitous expression in both barley and wheat. A more
detailed functional analysis of the CaMV35S promoter in wheat was carried out
by Furtado and Henry (2005), taking advantage of GFP as a reporter gene. The
actin promoter Actl, obtained from rice, is able to drive fairly strong ubiquitous
expression in both barley and wheat (Vickers et al. 2006; Primavesi et al. 2008).
While all three of these promoters produce ubiquitous expression, the level of
transgene expression induced varies greatly both between cell types and between
developmental stages, with zero detectable reporter gene expression observed in
some particular cell types.

Since the composition and yield of grain is of such interest in applied cereal
research, it is scarcely surprising that most of the promoter characterization research
carried out to date in the Triticeae cereals has been concerned with grain-specific
expression. For example, high levels of endosperm-specific transgene expression in
barley and/or wheat could be obtained by exploiting promoters derived from endo-
sperm storage protein genes such as rice Glu-B1 (Patel et al. 2000; Xue et al. 2003;
Huang et al. 2006), barley Hor3-1 and Hor2-4 (Cho et al. 1999; Patel et al. 2000)
and the wheat high-molecular-weight glutenin subunit genes Glu-Al-1, BI-1 and
D1-1 of wheat (Lamacchia et al. 2001; Schuenmann et al. 2002; Brinch-Pederson
et al. 2003). The highest level of endosperm-specific expression in barley achieved
to date has involved the oat Glol promoter (Vickers et al. 2006). The barley
aleurone-specific High-pl a-amylase promoter (Jensen et al. 1996; Nuutila et al.
1999; Matthews et al. 2001; Stahl et al. 2002) and the trypsin inhibitor T1 (Joensuu
et al. 2006) promoter have also been successfully used to drive transgene expression.

The entry point for most fungal pathogens is through the outermost cell layer of
the plant, namely the epidermis, so it has been of some interest to identify promoters
active in this tissue. Altpeter et al. (2005) showed that the wheat-derived TaGstAl
promoter meets this requirement. In barley, its specificity was confirmed by
patterns of GUS expression (Himmelbach et al. 2007). A further major target for
pathogen attack in the cereals is the bract including the awn. Skadsen et al. (2002)
demonstrated that the HvLeml promoter conducts expression in the bracts, and
similar patterns of expression were induced by this promoter in wheat (Somleva
et al. 2006). In contrast, the promoter of HvLem2, a second member of the same
gene family, was strongly induced by exogenously applied salicylic acid and was
preferentially expressed in the lemma, palea and coleoptile (Tilahun et al. 2006).

16.2 Tolerance to Abiotic Stress

Plants have evolved to combat episodes of environmental stress, which inevitably
affect growth and reproduction. Although conventional breeding has succeeded
in improving tolerance to such stresses to some degree, one of the major promises
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of genetic engineering is the opening up of additional alleviation strategies.
However, as yet only a small number of examples demonstrate how a transgenic
approach can improve the tolerance of the Triticeae species to abiotic stress (see
also Chap. 8).

16.2.1 Drought and Salinity

Drought represents the single most limiting environmental factor to crop produc-
tivity worldwide. Its occurrence is frequently associated with soil salinity, which
occurs naturally but has all too often been induced by poor irrigation practices.
Plants respond to drought and salinity in many ways. The engineering of stress
tolerance requires the identification and functional analysis of the key genes
involved in the plant response. Gene expression is altered by the imposition of
stress, and some of the major changes involve the increased synthesis and accu-
mulation of signal molecules, such as abscisic acid, osmotically active metabolites
and proteins acting as scavengers of free oxygen radicals (Ramachandra-Reddy
et al. 2004). Comparative transcriptome analyses have identified several genes as
responding to abiotic stress (reviewed by Umezawa et al. 2006), and among these,
transcription factors are of particular importance. These activate genes, or groups of
genes, which encode proteins directly required for the stress response. In an attempt
to transgenically enhance the drought-tolerance of wheat, the A. thaliana DREBIA
transcription factor was ectopically expressed under control of the stress-induced
promoter of the AtRd29A gene (Pellegrineschi et al. 2004). In a field experiment
comparing transgenic and wild-type plants, the withholding of irrigation induced
drought symptoms in the wild-type plants after just 10 days, while some of the
transgenic plants only expressed these symptoms after 15 days.

A further drought response pathway involves the enhanced synthesis of “com-
patible solutes” or “osmoprotectants”, for example mannitol, proline and glycine-
betaine (Sakamoto and Murata 2000). The presence of these molecules is thought
to reduce water loss via their effect on cellular osmotic potential, an action which
prolongs normal cell function during episodes of stress. The Vigna aconitifolia gene
P5CS (A'-pyrroline-5-carboxylate synthase) encodes an enzyme required for proline
biosynthesis and has been transgenically expressed in wheat under the control of a
stress-induced promoter consisting of a regulatory ABA-responsive sequence cou-
pled to a minimal actin promoter Act-100 (Gruszka-Vendruscolo et al. 2007).
Transgenic plants accumulated more proline in their leaves than did wild-type
ones, and showed an enhanced level of tolerance to water deficit. Moreover, leaves
of the transgenic lines generated less malondialdehyde, a marker for the presence of
oxidative stress. Overall, it appeared that the higher than normal level of proline
acted to attenuate membrane damage caused by lipid peroxidation. The cellular
accumulation of mannitol has also been associated with enhanced abiotic stress
tolerance. The E. coli gene MtID (encoding mannitol-1-phosphatase dehydrogenase)
is part of the mannitol biosynthesis pathway. When this gene was ectopically
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expressed in wheat under the control of the ZmUbi-1 promoter, the transgenic plants
showed improved growth in the face of both drought and salinity (Abebe et al. 2003).

The late embryogenesis abundant (LEA) proteins represent a group of gene
products significantly up-regulated upon exposure to abiotic stress, as well as during
seed desiccation. Their function is thought to be associated with the protection from
modification and degradation of mRNA, enzymes and lipids brought about by water
deficit. Like many other LEA protein genes, HvAI is induced by ABA (Hong et al.
1988), and when this gene was ectopically expressed in wheat under the control
of ZmUbi-1 promoter, both biomass productivity and water use efficiency were
enhanced in the presence of a controlled water deficit (Sivamani et al. 2000). These
initial glasshouse-derived results were later confirmed in a series of field experi-
ments (Bahieldin et al. 2005). Transporter and channel proteins are known to
accumulate under water deficit conditions, and their role is believed to involve the
stabilization of cell membrane integrity. The A. thaliana gene NHXI encodes a
vacuolar Na*/H"* antiporter, and when ectopically expressed in wheat under the
control of the CaMV35S promoter T1 seedlings had enhanced tolerance to salt
stress, while T2 plants produced more biomass than their non-transgenic counter-
parts in the presence of salt stress. Under saline field conditions, the mean grain yield
of T3 lines surpassed that of the non-transgenic controls (Xue et al. 2004).

16.2.2 Aluminium Toxicity

About 30% of arable land in the tropics and subtropics has acidic soil. The low pH
encourages the solubility of the AI** ion, which is toxic to root growth and function.
Plants counteract this challenge by accumulating organic acids (such as malic acid)
in their roots, and these are able to detoxify AI** by chelation and subsequent
secretion of the chelated complexes (Delhaize et al. 1993). The TaALMTI gene,
which co-segregates with aluminium tolerance in wheat, was cloned by Saskia et al.
(2004). This gene then was shown to encode a membrane-bound aluminium malate
transporter. Barley is particularly sensitive to aluminium damage, so an attempt was
made to constitutively express TaALMT 1. The outcome of this experiment was that
the rate of malate efflux from the roots was dependent on the concentration of
aluminium ion in the hydroponic solution. Homozygous T2 plants were better able
to grow in a high aluminium acidic soil than were their wild-type counterparts. In
turn, the neutralization of the soil by application of CaCOj; resulted in comparable
root growth in transgenic and non-transgenic lines (Delhaize et al. 2004).

16.3 Resistance to Fungal Infection

Besides the pre-formed constitutive barriers against pathogen infection, such as the
cuticle and the cell wall, the resistance of plants against fungal attack requires
the sensing of the presence of the pathogen by the plant, followed by a signalling
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process which induces specific defence mechanisms. The expression of pathogenesis-
related (PR) genes induced by the recognition of pathogen-associated molecular
patterns (PAMPs) constitutes the basal layer of plant defence, which is generally
effective against a broad spectrum of pathogens. However, the recognition of a
fungal pathogen can be suppressed or evaded by the presence of fungal avirulence
factors. Plants, in turn, have evolved race-specific resistance (R) proteins. Activa-
tion of the R genes typically results in a locally restricted hypersensitive reaction, in
which cell death occurs rapidly around the infection site, thereby isolating the
pathogen from the rest of the plant. The complex plant—pathogen interactions
offer a multitude of opportunities to genetically engineer plants with improved
resistance to fungal pathogens.

16.3.1 Regulators of Plant Defence

Key regulators which control an entire pathway of defence represent prime
candidates for genetic engineering approaches, especially with a view to establish-
ing broad spectrum and durable resistance. The term “systemic acquired resis-
tance” (SAR) describes the resistance which develops throughout the whole plant
following an earlier localized exposure to a pathogen. As the A. thaliana gene
NPRI is a key regulator of SAR, an attempt was made to elevate the resistance of
wheat to fusarium head blight (FHB) by ectopic expression of At/NPRI in a
susceptible wheat host. The transgenic wheat showed an enhanced level of resis-
tance to infection with Fusarium graminearum, which it was possible to associate
with a more rapid and stronger expression of the defence protein PR1 (Makandar
et al. 2006). Glutathione reductases (GRs) belong to the flavoprotein oxidoreduc-
tase family, and play a pivotal role in the plant’s response to oxidative stress which
is often associated with pathogen attack. The Triticeae species Haynaldia villosa
shows a particularly strong resistance to the powdery mildew pathogen, so was
targeted as a source of GRs which could improve the level of resistance of wheat
to this pathogen. When a particular H. villosa GR gene was constitutively
expressed in a susceptible wheat, the resulting transgenic lines accumulated both
PRI and PRS5 transcript associated with reduced susceptibility to the pathogen
(Chen et al. 2007).

16.3.2 Pathogenesis-Related Proteins

The expression of the PR proteins is up-regulated upon the recognition of a
pathogen (Bol et al. 1996). The PRs do not prevent the establishment of an inter-
action between the host and the pathogen, but rather attenuate fungal reproduction.
Some PR proteins are thaumatin- or thionin-like, and others have glucanase or
chitinase or peroxidase activity. The over-expression of some of these genes in
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the Triticeae has achieved enhanced basal resistance to various pathogenic fungi.
Chitinases and -1,3-glucanases catalyse the hydrolysis of, respectively, chitin and
glucan, which together represent the major structural components of the fungal
cell wall. Many plant chitinases and glucanases possess anti-fungal activity in vitro
(Cornelissen et al. 1996). The barley chitinase Il gene constitutively expressed in
wheat under the control of ZmUbi-1 promoter improves the level of resistance to a
number of fungal diseases, including powdery mildew, FHB and leaf rust under
glasshouse conditions (Bliffeld et al. 1999; Oldach et al. 2001), and the FHB effect
could be confirmed under field conditions (Shin et al. 2008). Similarly the expres-
sion of a barley f-1,3-glucanase gene in wheat also reduced the severity of FHB
under both glasshouse and field conditions (Mackintosh et al. 2007).

Plant ribosome-inactivating proteins (RIPs) are translation inhibitors which
impede protein elongation by depurinating conserved adenine residues of the
28S rRNA of the eukaryotic ribosome (Stirpe et al. 1992). RIPs which specifi-
cally inhibit other species’ ribosomes have been recruited as a defence mecha-
nism against certain pathogens (Jensen et al. 1999). Activity against various
phytopathogenic fungi could be demonstrated in vitro by RIP30, which is present
in the barley caryopsis (Leah et al. 1991). A transgenic wheat constitutively
expressing HvRIP30 displayed an enhanced level of resistance against powdery
mildew (Bieri et al. 2000). In a similar approach, the use of maize RIP b-32
resulted in attenuated disease symptoms in wheat infected by F. culmorum
(Balconi et al. 2007).

Thaumatin, a molecule extracted from the African shrub Thaumatococcus
daniellii, is used as a sucrose substitute in human food. Thaumatin-like proteins
(TLPs, such as PRS) are produced in some plants as a response to either pathogen
attack or osmotic stress. Their anti-fungal activity is based on an ability to
destabilise fungal cell membranes. The constitutive expression of a rice TLP
gene in barley and wheat gave enhanced resistance to F. graminearum under
glasshouse conditions (Chen et al. 1999; Anand et al. 2003). Moreover, the
constitutive expression of a barley TLP gene in wheat was able to reduce the
severity of FHB in both the glasshouse and the field (Mackintosh et al. 2007).
The TLPs and thionins (such as PR13) also interact with the fungal cell mem-
brane. Mackintosh et al. (2007) have shown that over-expression of an endoge-
nous o-/-purothionin gene leads to a reduction in F. graminearum induced FHB
severity in wheat.

In order to engineer durable resistance in Triticeae cereals, several attempts have
been made to stack several transgenes in a single line. In one example, barley and
rice chitinase, [3-1,3-glucanase and RIP genes were co-expressed in wheat in
various combinations, but the synergistic effects which had been expected from
cognate experiments in dicotyledonous species were not statistically significant
(Chen et al. 1999; Bieri et al. 2000, 2003). When Anand et al. (2003) co-expressed a
chitinase and a f3-1,3-glucanase gene cloned from the partially FHB resistant wheat
cultivar “Sumai 3” in an FHB susceptible wheat, plants in which both transcripts
were expressed showed delayed spread of FHB symptoms under glasshouse
conditions. A recent report described the stacking of rice TLP and chitinase
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genes in barley, but no pathology phenotypes are as yet available (Tobias et al.
2007). The over-expression of a wheat peroxidase (TaPERQO) gene driven by the
epidermis-specific TaGstAl promoter was attempted by Altpeter et al. (2005). The
TaPERO protein is assumed to contribute to the modification of cell wall compo-
nents. Experimentally, the transgenic lines showed an enhanced level of resistance
to powdery mildew infection.

The phytoalexins are low-molecular, anti-microbial plant metabolites. In
grape, groundnut and pine, reduced susceptibility to pathogen attack has been
associated with high levels of resveratrol, the synthesis of which relies on the
expression of stilbene synthase. The ectopic expression of the grape Stilbene
synthase gene VSTI under the control of its own promoter resulted in a height-
ened resistance of wheat to the necrotrophic fungus Botrytis cinerea (Leckband
and Loerz 1998).

The wheat puroindolines (PINs) are endosperm-specific lipid-binding proteins
with a unique tryptophan-rich domain, and have a pronounced effect on grain
hardness, a trait which is of major importance for end-use quality. However, they
also have been shown to exhibit anti-bacterial and anti-fungal activity (Jing et al.
2003). When the PIN genes of hexaploid wheat were constitutively expressed in a
tetraploid (durum) wheat lacking any endogenous PIN, the appearance of leaf rust
infection symptoms was delayed in the transgenic lines. In addition, when disease
control was effected by fungicide application, the disease symptoms disappeared
more rapidly in the transgenic lines than in the non-transgenic controls (Luo et al.
2008).

16.3.3 R Proteins

Most R proteins have a characteristic nucleotide-binding leucine-rich repeat (NB-
LRR) domain. A typical example is barley RPGI, which mediates resistance
against several isolates of stem rust. When the resistant barley cultivar “Morex”
RPG1 sequence was stably expressed under the control of its own promoter in the
susceptible barley cultivar “Golden Promise”, over-expressing lines showed a
significantly improved level of stem rust resistance (Horvath et al. 2003). The
constitutive over-expression in a susceptible wheat of LRI0, a wheat R gene
which interacts with leaf rust, resulted in an improved level of leaf rust resistance
under both glass house and field conditions (Feuillet et al. 2003; Romeis et al.
2007). The endopolygalacturonases secreted by fungi act to degrade plant cell walls
by cleavage of the a-(1-4)-bond of D-galacturonic acid residues, and plants have
evolved the so-called “polygalacturonase-inhibiting proteins” (PGIPs), which are
cell wall glycoproteins able to inhibit this fungal enzyme activity. The PGIPs
belong to a class of R proteins which have an extracellular LRR domain (Chisholm
et al. 2006). When a common bean PGI/P gene was constitutively expressed in
wheat, Janni et al. (2008) observed an enhancement in the level of resistance to the
fungus Bipolaris sorokiniana.
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16.3.4 Fungal Proteins

FHB is a serious disease in barley and wheat, because many of the causative
pathogens produce the trichothecene toxin deoxynivalenol (DON). The synthesis
and catabolic pathways of trichothecene are well explored. The TRII0! gene
encodes a 3-OH-trichothecene acetyltransferase which catalyses the conversion
of trichothecene into less toxic products. It is assumed that this reaction con-
stitutes a protective mechanism for F. graminearum against damage from the
activity of its own toxin (Kimura et al. 2003). When F. sporotrichoides TRI101
was constitutively expressed in wheat and barley under control of the ZmUbi-1
promoter, glasshouse grown plants were partially protected from FHB infection
and the amount of DON accumulating in their grain was less than in comparable
non-transgenic control plants. Under field conditions, however, no significant
reduction in DON accumulation was recorded (Okubara et al. 2002, Manoharan
et al. 2000).

16.3.5 Viral Proteins

Many fungi contain virus-like particles, some of which exhibit anti-fungal activity.
The presence of persistent, non-infectious viral RNA sequences which encode the
so-called “killing proteins” (KPs) is of considerable interest. In maize, some corn
smut strains secrete KP4, a toxin which inhibits the development of competing
fungi. The constitutive expression of recombinant KP4 in transgenic wheat
resulted in a significant decrease in the level of colonization in the grain by both
loose smut and common bunt, which are both readily disseminated during harvest
and grain storage (Clausen et al. 2000). The enhancement of resistance to common
bunt was verified in a field trial by Schlaich et al. (2006), who were also able to
show that the toxicity of KP4 is highly specific for Ustilaginales fungi, and was
non-toxic for in vitro cultures of hamster or human cells. The presence of recom-
binant KP4 did not appear to interfere with any endogenous defence mechanisms
in wheat.

16.4 Resistance to Viral Infection

Certain viruses can cause spectacular yield losses in the Triticeae cereals. To date,
very little progress has been made in improving virus resistance in the Triticeae by
transgenic approaches unlike the situation in dicots, such as potato. Little unambig-
uous evidence has been generated to demonstrate that virus load can be reduced by
transgene expression. However, the ectopic expression in barley of the coat protein-
encoding gene of Barley yellow dwarf virus (BYDV) and some other BYDV or
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Cereal yellow dwarf virus genes did result in a reduction in virus titre and reduced
disease symptoms. This resistance could not, unfortunately, be unequivocally asso-
ciated with the presence of the transgene product, and no clear evidence of trait
heritablity has been provided (McGrath et al. 1997; Wang et al. 2001). Transgenic
wheat lines expressing a viral coat protein or an RNA-dependent RNA polymerase
sequence of Wheat streak mosaic virus were resistant to virus infection under
glasshouse conditions, but the resistance phenotype was not reproducible under
field conditions (Sharp et al. 2002).

16.5 Resistance to Insects

Widespread outbreaks of insect pests do not occur very frequently in Triticeae
cereals, yet they can cause substantial crop losses. In order to enhance the insect
resistance (see also Chap. 10) of wheat, Stoeger et al. (1999) generated transgenic
lines which expressed the insecticidal lectin-encoding GNA gene from snowdrop
(Galanthus nivalis). The transgene was directed either by the ubiquitous maize
Ubi-1 promoter or by the phloem-specific sucrose synthase 1 promoter of rice. By
means of an infestation bioassay using the grain aphid Sitobion avenae under
glasshouse conditions, they showed that the generative reproduction of aphids on
GNA-expressing plants was significantly reduced.

The barley trypsin inhibitor BTI-CMe, encoded by the HvITRI gene, is a
protease inhibitor putatively involved in defence against herbivores. Purified gene
product was shown to reduce the in vitro activity of trypsin and trypsin-like
proteases of fall armyworm (Spodoptera frugiperda) gut extracts (Alfonso et al.
1997). Ubiquitous expression of the ITR/ gene in wheat significantly inhibited the
development and reduced the survival rate of Angoumois grain moth (Sitotroga
cerealella) neonate larvae reared on mature grains. In contrast, survival or weight
gain of the grasshopper Melanoplus sanguinipes, which is another important pest in
cereals, was not significantly reduced upon feeding on CMe-expressing wheat
leaves compared to administration of non-transgenic control leaves (Altpeter
et al. 1999).

16.6 Grain Quality

Grain yield and quality depend on complex physiological processes occurring
during plant development. However, protein content is a major determinant of the
feed value of cereal grains. The protein content of wheat can be increased by
conventional breeding, but not without compromising yield, so genetic engineering
approaches have been suggested as having some potential in this context (see also
Chap. 11). In an attempt to channel greater amounts of major substrates of protein
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biosynthesis into the developing grain, the broad bean (Vicia faba) amino acid
permease AAPI gene and the barley sucrose transporter Sut/ gene were ectopically
expressed in wheat caryopses. The grain of the resulting transgenic plants had a
higher protein content under glasshouse conditions, and a field validation of this
result is currently underway (Biosicherheit 2008).

Proteins which can enhance the availability of nutrients or facilitate the down-
stream processing of cereal grains are of particular interest. Xylans and glucans are
major components of the cereal grain cell wall. Neither is readily digested by
monogastric animals (such as poultry and pigs), because the monogastric intestine
lacks the appropriate hydrolases (Bedford 1995). In addition, the high viscosity of
solutions containing xylans and glucans inhibits the digestion and absorption of
some of the other nutrients present, and so can result in a poor feed conversion ratio.
A common solution to this problem is the supplementation of animal diets by the
appropriate enzymes (Bedford 1995; Malathi and Devegowda 2001; Juanpere et al.
2004), but a transgenic approach, where the necessary recombinant hydrolases
(glucanases, xylanases, phytases) are accumulated in the endosperm, is also possi-
ble (Jensen et al. 1996; Nuutila et al. 1999; Horvath et al. 2000; Patel et al. 2000;
Xue et al. 2003). While those glucanases and xylanases can contribute to the
digestibility of the grain, the availability of phosphorus, iron and zinc can be
improved by the incorporation of a recombinant phytase from Aspergillus niger
(Brinch-Pedersen et al. 2000).

Glucanases are also important for the malting and brewing processes. The
ectopic expression of glucanases in the endosperm enhances not only the utiliza-
tion of the glucans themselves, but also the accessibility of other grain consti-
tuents. Plant glucanases are irreversibly inactivated at temperatures above 55°C,
which limits their relevance in conventional grain processing. Thus, thermo-
tolerant enzymes obtained from fungi and bacteria are preferred for this appli-
cation (Jensen et al. 1996; Nuutila et al. 1999). Kihara et al. (2000) ectopically
expressed a thermostable f-amylase gene in barley, and this led to an improve-
ment in kilning and mashing, as well as to increased fermentability later in the
brewing process.

Baking quality in wheat depends strongly on the amount and composition of the
endosperm storage proteins. Each of the high molecular weight glutenin subunit
genes (Glu-1) encodes a pair of subunits, termed x and y. The gene encoding the A
genome Glu-1 x subunit (1Ax1) was over-expressed in a wheat cultivar lacking this
allele and, while mixing time, loaf volume and water absorbance were all improved
in some of the transgenic lines, there were also substantial disturbances observed
in the abundance of other storage protein fractions (Altpeter et al. 1996). Barro
et al. (1997) undertook a similar analysis involving the D genome Glu-/ x and y
subunits (respectively, 1Dx5 and 1Dy10) under the control of their own regulatory
sequences. Some of the resulting transgenic lines had improved dough elasticity.
Under field conditions, Shewry et al. (2006) were able to show that these transgenes
were consistently expressed, without any negative effects on overall plant perfor-
mance. Similar results have been obtained in both cereal rye (Wieser et al. 2005)
and durum wheat (Gadaleta et al. 2008).
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16.6.1 Production of Recombinant Proteins

Crop plants offer an inexpensive and convenient production system for high value
recombinant molecules, an approach currently termed “molecular farming” (see
Chaps. 12, 13). The Triticeae cereals have some specific advantages in this context
(Ma et al. 2003). Firstly, the grain itself constitutes a natural storage organ, which
can be composed of up to 20% protein. Second, breeding and cultivation of these
cereals is well advanced, and commercial yields of up to 10 t/ha are not uncommon
under intensive cultivation conditions. Third, long-term storage post-harvest is
enabled by the low moisture content of the mature grain, which limits the exposure
of recombinant proteins to degradation from hydrolases and proteases. The binding
activity of a recombinant antibody expressed in the wheat endosperm remained
stable over several months of grain storage (Stoeger et al. 2000; Brereton et al.
2007). Unlike microbial production systems, therefore, there is no requirement for
low temperature and sterile storage conditions for the harvested product; and
furthermore the processing of the recombinant protein can be de-coupled from its
harvesting. Another advantageous feature relevant to downstream processing is the
lack of phenolics in the grain, which can complicate extraction from other expres-
sion systems (Ma et al. 2003). Finally, from a biosafety viewpoint, since wheat and
barley are both self-pollinating, the uncontrolled spread of transgenes by out-
crossing can be relatively easily controlled by physical isolation (Commandeur
et al. 2003).

Barley has emerged as a preferred expression system for recombinant proteins
for industrial purposes. The T. daniellii Thaumatin I gene has been expressed in
barley endosperm, driven by the D-hordein promoter, and a number of transgenic
production lines have been grown in the field over several years (gmoinfo 2008).
Stahl et al. (2002) generated transgenic barley plants expressing human antithrom-
bin III, al-antitrypsin and serum albumin. Some therapeutic proteins, such as the
human proteins lactoferrin and lysozyme, which exhibit antibacterial, antifungal
and antiviral effects, have already been produced from transgenic field-grown
barley (Huang et al. 2006; Ventria Bioscience, Fort Collins, USA). In a rather
different approach, a barley suspension cell-based expression system has been
developed to determine the patterns of intracellular accumulation, and the structure
and composition of barley-derived recombinant full-length human collagen I alpha
I chain, in order to optimize constructs for monocot in planta expression (Ritala
et al. 2008).

Recombinant antibodies can be used for diagnostic as well as for therapeutic
purposes. The first stable expression in wheat of a medically relevant antibody
concerned the single-chain antibody scFvT84.66, which recognizes carcinoem-
bryonic antigen, a well characterized tumour-associated marker. Brereton et al.
(2007) constitutively expressed in wheat two recombinant single chain antibody
genes, whose gene products reduce the incidence of corneal graft rejection. The first
report of a recombinant antibody-fusion protein which could be used directly as
a medical-diagnostic assay was described by Schuenmann et al. (2002). This
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antibody was expressed in the endosperm of barley, and is designed to replace a
commercial diagnostic reagent for the detection of HIV-1 antibodies in human
blood.

The administration of immunogenic proteins via the ingestion of transgenic
barley grain is much simpler than having to use oral vaccination, although a
vaccine produced in barley can be administered intravenously as well as orally.
Joensuu et al. (2006) produced the F4 fimbral subunit protein FaeG in transgenic
barley endosperm. F4-positive enterotoxigenic E. coli strains are a frequent cause
of porcine post-weaning diarrhoea. Orally applied FaeG induces a strong protective
mucosal immune response. A second example of this technology has involved the
production in barley endosperm of E2, the major envelope glycoprotein present on
the surface of classic swine fever virus and the testing of the transgene product by
oral vaccination (Maltagen, Andernach, Germany). A number of other animal and
human growth factors are currently being commercially produced in barley (ORF
Genetics, Reykjavik, Iceland).

The efficiency of molecular farming is highly dependent on the yield of recom-
binant protein in the plant. In addition to relying on effective endosperm-specific
promoters, the expression of transgenes in barley has been further enhanced by
modifying codon usage to better suit expression in barley (Jensen et al. 1996;
Horvath et al. 2000; Xue et al. 2003). The efficient accumulation of transgene
products also requires their targeting to sub-cellular storage compartments, such as
protein bodies or protein storage vacuoles, by linking appropriate signal peptides to
the coding sequence (Horvath et al. 2000). Brereton et al. (2007) have described
how protein accumulation can be further increased by the ligation of an H/KDEL
peptide tag to the C-terminal end of the transgene, as this ensures the retention
of the gene product within the endoplasmic reticulum lumen, thereby minimizing
protein loss via exocytosis. In barley and wheat, respectively, as much as 0.15 g/kg
and 0.18 g/kg of recombinant antibody has been produced (Schuenmann et al. 2002;
Brereton et al. 2007).
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