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1 Historical perspective on adoption of new 
technologies by plant breeders 

Plant breeding has been successfully used for many years for the genetic improvement of crop 
plants. It began with unconscious selection by early hunter-gatherer communities at the dawn of 
agriculture, followed by the deliberate saving of seed from preferred plant types. Over many 
hundreds of years, such ancient practices resulted in the gradual domestication of the majority 
of crop plants known today. Although plant breeding was a well established activity before the 
genetic basis of inheritance was elucidated by Mendel, it became recognised as a more 
scientifically directed endeavour with the improved understanding of classical genetics in the 
early decades of the 1900s. Over the past 60 years the combined efforts of plant breeders to 
develop and release new crop cultivars successfully have provided the basis for the consistent 
supply of food in a changing global environment and ever-changing pest and disease 
populations. This has been a major contributing factor toward the alleviation of world hunger 
and suffering, and the consequent maintenance of political stability. 

Improvements in yield performance, specific quality attributes, resistance to specific diseases 
and pests, and environmental adaptation are constantly demanded from plant breeders. Over 
the recent history of modern plant breeding, ‘new technologies’ have been used regularly to 
facilitate the development of new gene combinations during the breeding of new cultivars. 
These technologies have included: 

 manipulating ploidy levels by generating haploid plants and chemical induction of 
chromosome doubling to restore the diploid chromosome number; 

 chromosome manipulation through the development of specific addition and substitution 
lines; 

 chemical and radiation treatments to induce mutations and chromosome rearrangements; 

 cell and tissue culture approaches such as embryo rescue, in vitro fertilisation and 
protoplast fusion to allow the recovery of interspecific and intergeneric hybrids, as well as 
the recovery of plants with spontaneous genome rearrangements. 

The genetic gains made possible by integrating these technologies into mainstream plant 
breeding have culminated in substantial improvements in the performance of the resulting 
cultivars. Over the past five decades these approaches have become a routine component of 
the genetic improvement of crops and have quietly revolutionised plant breeding. They have 
been usually utilised by plant geneticists involved in a ‘pre-breeding’ phase associated with the 
development of novel germplasm. This material has been subsequently used as a resource 
from which plant breeders have developed new cultivars. Consequently, the contribution that 
these technologies have made to the final production of new cultivars is often overlooked. 
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2 Genetic engineering: a step too far 
Since the early 1980s, advances in molecular biology have resulted in the development of two 
technologies that offer the basis for the next level of genetic gain in crop cultivars: 

 the construction of genetic maps saturated with DNA markers, and the subsequent 
design of relatively simple high-throughput assays to facilitate the transfer and selection 
of desired alleles and the development of plant lines with desired combinations of traits 
(marker-assisted selection); 

 the cloning and DNA sequencing of specific genes, the reassembly of specific DNA 
fragments into functional chimeric genes, and the transfer of such genes to single plant 
cells from which complete plants can be regenerated via cell and tissue culture. 

The first of these two approaches to crop improvement involves the molecular diagnosis of the 
existing genetic variation in crop plants. The latter approach involves genetic engineering of 
plants and now allows the routine transfer of DNA from any source to specific crops. Both of 
these technologies offer immense opportunities for the efficient development of new crop 
cultivars. They are being used to facilitate the transfer of genes conferring resistance to pests, 
diseases, herbicides, and environmental stress, as well as quality traits such as improved 
postharvest storage, flavour, nutrition, and colour. The resulting novel germplasm is predicted to 
allow plant breeders to respond much more quickly to the market need for new and improved 
cultivars, and satisfy increasing consumer demand for a consistent supply of high quality, 
blemish-free grains, fruits and vegetables with reduced pesticide residues. 

The potential benefits of genetic engineering for improving the reliability and quality of the world 
food supply have been contrasted with public concerns raised about the food safety of the 
resulting products. As a consequence, the development and release of genetically engineered 
plants has been subjected to strict regulations throughout the world. In most Western countries 
these regulations have been embraced in legislation since the early 1990s. However, new 
breeding and genetic modification techniques have continued to evolve rapidly after most 
countries adopted legislation regulating genetic engineering. In some instances it is now unclear 
whether these new techniques result in genetically modified organisms as defined in legislation. 
Furthermore, there is growing interest in developing biotechnology approaches that result in 
plants that do not contain any new DNA sequences. In some cases the resulting changes are 
similar to, or identical to, those achievable with conventional breeding techniques. 
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3 Intragenic/cisgenic transfer of genes 
The current research in genome sequencing and functional genomics in plants is delivering a 
new platform of knowledge for genetic improvement of crops. Within the next few years the full 
genome sequence of all our major crops will be known. This will provide unprecedented 
opportunities for discovering genetic elements within species for use in the genetic 
enhancement of crop plants. Most importantly, it will provide a resource of gene sequences for 
transfer within species or the genepools already available to plant breeders through traditional 
hybridisation. 

Vectors for gene transfer to plants traditionally rely on DNA from bacteria. Therefore, even if 
genes are transferred from apple to apples or potatoes to potatoes, the mechanism involved still 
transfers foreign DNA into plants as part of the 'carrier' system. A recent advance in gene 
transfer involves the construction of gene transfer vectors from DNA sequences originating from 
within the genome of the target crop. Assembling such intragenic vectors from the DNA of a 
specific crop plant develops a tool for accomplishing non-transgenic gene delivery. These 
vectors can be used to transfer genes from within the gene pool available to plant breeders, 
resulting in genetically modified plants without foreign DNA. 

Given public concerns over the deployment of GM crops in agriculture, especially for food 
crops, intragenic vector systems may provide a more socially acceptable and responsible way 
forward for genetic engineering within species approaches. This approach is anticipated to help 
alleviate some of the ethical issues associated with transferring DNA across wide taxonomic 
boundaries. 

The terms ‘intragenics’ and ‘cisgenics’ have been used in differing ways to describe plant 
transformation using ‘endogenous’ genes. The term ‘cisgenes’ refers to intact endogenous 
genes with their introns and flanked by their ‘native’ promoter and terminator regions in the 
normal ‘sense’ orientation, whereas ‘intragenes’ refers to genes with interchanged ‘native’ 
endogenous regulatory regions to modify the desired expression of the endogenous gene. The 
terms ‘cisgenic’ or ‘cisgenesis’ are often used to describe the transfer of intact cisgenes using 
standard vectors based on foreign prokaryotic DNA. These vectors are usually based on 
standard ‘minimal’ T-DNA vectors based on the minimal features necessary for efficient plant 
transformation. Cisgenic plants produced using these approaches are still transgenic for small 
‘footprints’ of foreign DNA sequences such as T-DNA border regions, multiple cloning sites, and 
remnants of recombination sites. Nevertheless, cisgenes could be delivered via intragenic 
vector strategies to circumvent the transfer of this foreign DNA. 

A contentious issue that remains with gene transfer via intragenic/cisgenic approaches is the 
random insertion of DNA into the genomes of plants. This is often perceived as having the 
potential to result in unpredictable outcomes from the novel genome location as well as 
mutagenic events from the disruption of endogenous genes. However, genome rearrangements 
commonly arise through both natural spontaneous genome changes as well as random events 
during mutation breeding in crops. Such genome changes may arise through deletions, 
amplifications, inversions and translocations, as well as other complex rearrangements and 
mutations. They have formed an important genetic basis for natural evolutionary changes in 
plant genomes and for the development of new cultivars of crops via mutation breeding. The 
natural activity of transposable elements in plant genomes, as well as errors during various 
forms of genetic recombination in meiotic and somatic cells, can give rise to identical ‘random’ 
effects in plant genomes. While such random insertion events are general features of both 
intragenic and transgenic modifications, the consequences of identical genome disruptions 
already exist in many important and widely grown modern day cultivars of crop species. 
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Therefore, any concerns about the random insertion of DNA into crop genomes equally apply to 
many products of traditional plant breeding, which are already exempt from regulatory controls. 
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4 Targeted mutagenesis 

For many years plant breeders have exploited mutation breeding to generate new variation in 
crop plants. This has involved the treatment of plants or seeds with mutagenic chemicals or 
radiation. Virtually all modern day cultivars of most major crops will have in their pedigree some 
form of induced mutations. The release of over 2250 new crop cultivars directly following 
mutagenic treatments, or derived from progeny of mutagenised material, has recently been 
documented. Of this total, 60% were released since 1985 and 89% were derived from radiation-
induced mutations. These mutational events have been induced at random and selected from 
large populations as something unusual, then used in the breeding programme. They involve 
changes in the DNA that may include nucleotide substitutions, deletions, additions or 
rearrangements. 

New techniques are being developed that allow the exact desired change to be induced in a 
genome.  These approaches are usually grouped under the term ‘oligonucleotide-directed 
mutagenesis’ (ODGM) and employ oligonucleotides for the targeted (site-specific) change of 
one or a few adjacent nucleotides. Oligonucleotides of approximately 20 to 100 nucleotides are 
delivered to the cells by methods suitable for the different cell types (including electroporation, 
PEG-mediated transfection, natural transformation). The approach exploits the sequence 
specific interaction of the oligonucleotide with the resident DNA of the cell, resulting in a gene- 
targeting event. This directs the attempted genetic modification to a specific region in the DNA 
or even more precisely to a specific base pair. The genetic modification can be the induction of 
a new mutation (‘repair’ of one or a few base pairs or introduction of short deletions), or 
reversion of an existing mutation, which may lead to changes in the expression or functionality 
of a gene. 

Four different types of oligonucleotides have been used so far: 

 single-stranded homologous DNA with a single mismatch to the target sequence; 

 chimeric oligonucleotides consisting of RNA stretches within single-stranded DNA (these 
are often reported to be of lower efficiency and reproducibility compared to deoxy-
oligonucleotides); 

 triple helix-forming oligonucleotides (TFOs) which form relatively stable associations with 
duplex DNA. Chemical modification of the sugar backbone of TFOs give rise to ‘locked 
nucleic acids’ (LNA;) with increased stability of the oligonucleotide and of the triplex. 
Peptide nucleic acids (PNAs) can also be employed as TFOs. The introduction of a 
genetic change by TFOs close to or at the site of binding is thought to involve the cellular 
DNA repair complex and in some instances the simultaneous presence of an 
oligonucleotide with the desired point mutation sequence. 

 RNA oligonucleotides have also been investigated to induce RNA-mediated DNA 
modifications and RNA-templated DNA repair resulting in point mutations. 

The oligonucleotide molecules are not incorporated into the genome of the plant cells. Instead 
they induce a DNA repair mechanism that changes the endogenous sequence to mimic the 
desired sequence. In this manner, desired DNA changes to confer a specific new character in 
plants can be specifically induced. Details of the mechanisms involved in oligonucleotide-
induced DNA sequence changes are still not completely understood. Recent results suggest 
that the type of oligonucleotide, the status of the resident DNA and its enclosure in the 
chromatin structure, the components of the cellular DNA recombination and repair machinery 
affect the outcome of the targeted DNA sequence change. The oligonucleotides are thought to 
induce a gene conversion event at the target sequence. In the case of TFOs, they appear to 
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simulate DNA damage due to their duplex DNA association, which in turn recruits DNA repair 
and recombination enzymes that are responsible for the final genetic change. 

The induction of gene-targeted mutation using oligonucleotides has been performed in 
agriculturally important plants, including maize, tobacco, rice, and wheat (e.g. herbicide 
tolerance), and in animals including sheep and cattle (e.g. genetic improvement of livestock 
animals). Other organisms include mouse, human cells, yeasts and bacteria. The application of 
this technology to plants has resulted in some major drawbacks, such as the difficulty to 
regenerate plants bearing mutations, the spontaneous occurrence of somatic mutations that 
obscure the effect of the technique, the low frequency of the repair event and the difficulty for 
further selection and regeneration of plants containing the mutation due to the absence of a 
selective marker. 
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5 Other emerging technologies for genetic 
modification 

1. Zinc Finger Nuclease Technology 

2. RNA dependent DNA methylation via RNAi/siRNA  

3. Reverse Breeding  

4. Agro-infiltration 

5. Synthetic Biology 
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6 Conclusions 
The further refinement of genetic modification techniques is beginning to challenge definitions 
embraced in the legislation of most countries. It is now unclear whether some of these new 
techniques result in genetically modified organisms. Since some new approaches to genetic 
modification result in plants that do not contain any new DNA sequences, the resulting changes 
are similar to, or identical to, the results of conventional breeding. Together, these issues raise 
some important points: 

 it becomes a matter of interpretation whether such new techniques fall within the scope of 
the existing GMO legislation; 

 the legal definitions of GMOs often subtly differ between countries, resulting in further 
potential confusion and inconsistencies in interpretation; 

 enforcement becomes more difficult if the resulting organisms are indistinguishable from 
their conventional counterparts or natural variants and cannot be detected to be the result 
of genetic modification. 

With the development of refined techniques for genetic modification of plants, there is no longer 
a clear biological distinction between traditional plant breeding approaches and genetic 
modification. There is now a complete continuum of crop improvement technologies ranging 
from approaches used in traditional plant breeding for the past 50–60 years, such as wide 
hybridisation or induced mutagenesis, through to targeted mutagenesis and developing cisgenic 
plants using intragenic or standard vectors. Therefore, defining the logical boundary between 
GM and non-GM approaches presents a challenge for societal debate and regulatory 
enforcement. There is no longer a clear point of demarcation on which to base a legal definition 
of genetic modification that has biological relevance and is enforceable by law. 

 


