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1Introduction

Abstract

A brief and general description of mutation breeding is provided. Mutation 
has been a successful strategy in producing over 3000 mutant cultivars in 
over 200 crop species worldwide. Oil palm is one of the few major crop spe-
cies, and the only oil crop not to have been improved by mutation breeding. 
However, pioneering work in mutation breeding in oil palm did take place 
in Ghana in the 1970s. This produced the first M1 population in oil palm 
and has only recently been progressed by developing M2 populations and in 
discovering mutants for crop improvement.

1.1 Brief History of Plant Mutation Breeding

The history of plant breeding spans centuries. The improvement of crop 
plants has been continuous since the domestication of species: initially by 
simple selection of naturally occurring forms; later by deliberate interven-
tion. A landmark for plant breeding was the establishment of the laws of 
inheritance (Mendel, 1866), which transformed plant breeding from an art 
into a science. Since then, various plant breeding technologies have had 
significant impacts on plant breeding. These include: induced polyploidy; 
interspecific hybridization; chromosome engineering; alien gene introgres-
sion; doubled haploidy; F1 hybrids; transformation; genetic modification 
(GM); and induced mutation.

The history of plant mutation breeding has been the subject of numerous 
publications (van Harten, 1998; and, more recently, Forster and Shu, 2012; 
Kharkwal, 2012; Bado et al., 2015; Bado et al., 2017) and, therefore, only a 
brief overview is given here. Hugo de Vries is regarded as the founding father 
of mutation breeding (his life and work is described by Blakeslee, 1935). At 
the beginning of the 20th century, de Vries published a series of papers on 
mutation theory (1901, 1903, 1905) in which he advocated its potential in 
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plant breeding. Up to this point, natural spontaneous mutations were the only 
means of generating new genetic diversity.

Important spontaneous mutants in oil palm include shell-less fruit (Pisifera; 
Fig. 1.1) and virescent fruit colour (Fig. 1.2). The shell gene (Sh) is the most 
economically important gene in oil palm production and has been the subject 
of intense genetic studies. The gene has been sequenced and DNA diagnostic 
markers have been developed and used in determining shell type (Singh et al., 
2014). Wild-type plants, known as Dura (Sh/Sh), have a thick shell (endocarp) 
around the kernel of the fruit, whereas mutant types, known as Pisifera (sh/sh), 
have no shell (and often exhibit female sterility). The hybrid between Dura × 
Pisifera crosses, known as Tenera (Sh/sh), has a thin shell and has the most 
productive fruit in terms of oil content. Tenera types are the commercial planting 
material (Kelanaputra et al., 2018). The virescent mutant is also of interest, as 
the change from green to yellow/orange fruits on ripening is more marked than 
the normal black to orange/red. This can be exploited in selecting fruit bunches 
at the optimal stage (fully ripe) for oil extraction. Like Sh, genetic markers have 
been developed for the detection of variation in the Vir gene. These can be 
exploited in marker-assisted breeding (Singh et al., 2015).

(a) (b)

Fig. 1.2. Fruit colour in oil palm: (a) nigrescent wild-type fruit colour change 
from black unripe fruit (centre) to orange/red ripe fruit (perimeter); (b) virescent 
mutant-type fruit colour change from green unripe fruit (centre) to yellow/orange 
ripe fruit (perimeter).

(a) (b) (c)

Fig. 1.1. Fruit types of oil palm: (a) Dura wild-type fruit with a thick shell 
around the kernel; (b) Pisifera mutant-type, shell-less fruit (the kernel has no 
shell protection); and (c) Tenera thin-shelled fruit.
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After de Vries, proof of his mutation theory was established, notably by 
the pioneering work of Lewis John Stadler, who induced mutations in crop 
plants (barley and maize; Stadler, 1928). A major milestone was the first 
mutant crop variety, cv. Chlorina in tobacco. This was produced by X-ray 
 irradiation in Indonesia in the 1930s (Tollenaar, 1934). The success in tobacco 
was followed by the establishment of physical mutation induction techniques 
(gamma and X-ray) and their worldwide application in a large range of 
crops, promoted and supported by the Joint FAO/IAEA Division of Nuclear 
Techniques in Food and Agriculture. Mutation breeding is now integrated 
into a range of enabling biotechnologies, especially those that aid the detec-
tion of desired mutations and further accelerate the plant breeding process.

A history of plant mutation breeding has been given by van Harten 
(1998) and updated by Kharkwal (2012), who lists five distinct periods:

Period 1 (300 bc to 1894): observation and documentation of early 
 spontaneous mutants.
Period 2 (1895–1920): conceptualization of mutation and mutation 
 breeding.
Period 3 (1926–1959): proof of induced mutations and release of the first 
commercial mutant varieties.
Period 4 (1964–1990): large-scale application of mutation breeding.
Period 5 (1983 to present): integration of plant mutation with biotechno-
logies and genomics.

(See Kharkwal (2012) for details of the key events in each of these periods.)

The main factors that contribute to the success of plant mutation breeding are:

• It is fast, much faster than cross-breeding.
• Mutation induction is quick and easy.
• It is cheap: there is no need to invest in specialized equipment, as regis-

tered irradiation facilities are available nationally, regionally and inter-
nationally (see Chapter 6 of this manual).

• Desired traits can be induced directly into elite lines.
• It is ubiquitous, as it can be applied to any crop and for any trait.
• It is successful: there are well over 3000 registered mutant varieties in 

over 200 crop species (IAEA, 2017).
• It is NOT a GM technique.

The major limitations in plant mutation breeding are:

• Mutation detection: until recently this has relied entirely on the pheno-
typic selection of mutant traits and could only be applied to the M2 gen-
eration at the earliest (Shu et al., 2012a). However, new developments 
in genotypic selection provide more efficient selection systems.
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• The length of time needed to develop mutant varieties in perennial crops.
• The space required to grow out large mutant populations; this is particu-

larly problematic for perennial crops such as trees, which take up a lot 
of space.

• Not all types of useful variation can be induced as mutations.

Much of the early success in mutation breeding was with annual seed- 
propagated crops, as it is relatively quick to get through the life cycles needed 
to develop mutant varieties from the initial (M0) mutant population, usually 
up to M6–8. Vegetatively propagated crops and perennial crops (including oil 
palm) have lagged behind, due to the limitations listed above. However, this 
is changing. New developments in tissue culture offer efficient methods for 
the selection and development of mutant lines in vegetatively propagated 
crops (reviewed by Bado et al., 2017). Also, genomic screening in early 
generations provides a means of short-cutting generations and accelerating 
mutation breeding in perennial crops (see Chapter 4 of this manual).

1.2 General Principles of Plant Mutation Breeding

Mutation breeding typically aims to improve elite lines or superior cultivars 
for desired traits, such as resistance to diseases and pests, tolerance to biotic 
and abiotic stresses, quality, yield and agronomic traits (height, flowering 
time, etc.), and in the case of oil palm, novel traits for mechanical harvesting. 
Mutation induction may be brought about by physical, chemical or biological 
mutagens. Physical mutagenesis, especially gamma irradiation, is a proven 
and widely used method in mutation breeding. Plant materials are exposed 
to irradiation for various times at a dose that provides the optimal mutation 
frequency; this is provided by a radio-sensitivity test (see Chapter 3 of this 
manual). Irradiation is usually performed in a contained gamma cell: this is 
generally used for small plant materials, for example seeds and in vitro cut-
tings. Gamma greenhouses and gamma fields are available for whole-plant 
irradiation (Shu et al., 2012a; Bado et al., 2015). A detailed account of the 
physics, chemistry and biology involved in transmitted energy, DNA damage 
and DNA repair in mutation induction is given by Lagoda (2012).

The impact of induced mutation using gamma irradiation has been signifi-
cant, producing over 60% of mutant cultivars among the over 3000 officially 
released mutant cultivars (Bado et al., 2015; IAEA Mutant Variety Database: 
http://mvgs.iaea.org). Mutagenesis is applicable to all plant species and has 
remained popular for close to a century as a result of its effectiveness, simplicity, 
usability on a small or large scale and its economic impact (Saddiqui and Khan, 
1999; Ahloowalia et al., 2004; Shu et al., 2012b; Bado et al., 2015).

Mutation breeding offers good prospects in crop improvement, as wit-
nessed by over 3000 mutant cultivars that have been officially released from 
over 200 crop species (IAEA Mutant Variety Database: http://mvgs.iaea.org). 

http://mvgs.iaea.org
http://mvgs.iaea.org
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Mutation breeding is classed as a conventional method; it is not a GM 
method and is without the regulatory restrictions faced by genetically modi-
fied materials (Maluszynski et al., 2000). However, oil palm is not found 
in the list of mutant cultivars released and remains a major crop, and the 
only oil crop that has not been improved by mutation breeding. Some of 
the challenges of oil palm mutation breeding include its perennial nature, 
provision of good growing conditions for M1 populations (shade, irrigation, 
space and time), and its heterozygosity (as a result of its outbreeding repro-
ductive system). Another issue with oil palm is that it has one meristem, 
it does not branch; therefore, the tricks that are commonly used in tree  
crops to overcome the juvenile stage, such as irradiating buds from mature 
branches, are not possible. The generation time factor (4–5 years from 
seed to seed) remains a major issue to be overcome in mutation breeding, 
as normally mutation detection is performed in the M2 generation at the 
earliest. M1 phenotypic screening is limited to dominant traits (with height 
and virescent fruit as examples) or dominant allele knockouts at hetero-
zygous loci and genotypic screens (detecting sequence changes). Mutant 
screening is not carried out until the M2 generation at the earliest, as M1 
plants are often weak and suffer from chimeras and physiological perturba-
tions caused by the mutagenic treatment. However, although phenotypic 
screening is not recommended in the M1, it is possible to screen genotypi-
cally in the M1, and this saves many years in rearing an M2 population and 
selecting plants for further development, as well as saving valuable nursery 
and field space.

1.3 Breeding Limitations in Oil Palm

Oil palm (Elaeis guineensis Jacq.) is highly productive compared to other oil 
crops, and it is capable of meeting the growing world demand for vegetable 
oils, projected to reach 240 million tonnes (Mt) by 2050 (Corley, 2009). 
Current production is based on increased acreage and there is now a need 
to produce more sustainable yields, particularly by higher yields per land 
area. Plant breeding requires the genetic variation of useful traits for crop 
improvement. Often, however, the desired variation is lacking. Mutagenic 
agents, such as radiation and certain chemicals, can be used to induce mu-
tations and generate genetic variation from which the desired mutants may 
be selected. Mutation induction has become a proven method of creating 
variation within a crop. It offers the possibility of inducing desired attributes 
that either cannot be found in nature or have been lost during crop evolution. 
Breeding for improved plant cultivars is based on two principles: genetic 
variation and selection. In mutation breeding, this can be altered to: muta-
tion induction and mutant selection. Induced mutagenesis has been practised 
with great success in crop breeding programmes throughout the world since 
the 1930s (Ahloowalia et al., 2004; Bado et al., 2015).
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1.4 Mutation Breeding in Oil Palm

Oil palm is a diploid: this is an advantage, as induced mutants will not 
be masked by homologous or homoeologous genes in another genome, a 
problem encountered in polyploid crops. Other advantages include the large 
numbers of seed produced from one female flower bunch (300–3000); in 
addition, the pollen is both abundant and storable and can be used as a 
target for mutation induction. Recently, haploid production methods have 
been developed for oil palm (Nelson et al., 2009; Dunwell et al., 2010), and 
these now offer a new target for mutation induction, as homozygous mu-
tants can be produced instantly by the conversion of haploids to doubled 
haploids. This is significant, as the vast majority of induced mutations are 
recessive and therefore their phenotype cannot be seen until the mutant alleles 
are made homozygous.

In 1977, the Oil Palm Research Institute (OPRI) of the Council for 
Scientific and Industrial Research (CSIR) in Ghana initiated work with the 
Ghana Atomic Energy Commission (GAEC) to use gamma rays to promote 
the germination of oil palm seeds and pollen. The work was spearheaded by 
Dr J.B. Wonkyi-Appiah (former Director of OPRI). Among all the electro-
magnetic radiations, gamma rays (which are ionizing radiation) have proven 
to be the most effective, having the energy level of about 10 kilo electron 
volts (keV) to several hundred keV. Gamma rays have more penetrating 
ability than alpha and beta rays. In crop improvement, genetic variability 
has occurred in irradiated seeds, and plant breeders have been able to select 
new genotypes with improved characteristics such as salinity tolerance, dis-
ease resistance, grain yield and quality (Ashraf et al., 2003; Shu et al., 2012b; 
Bado et al., 2015).

The gamma irradiation treatments, 10–50 Gy for both pollen and 
seeds, used by OPRI and GAEC in 1977 were comparatively low for muta-
tion breeding purposes. However, this may not be a disadvantage, as semi- 
dwarfism and other desirable mutant traits often occur at relatively high 
frequencies and may appear in subsequent generations (Forster et al., 2012). 
As a consequence of this work, OPRI has produced the first induced mu-
tant populations (M1) in oil palm and has a population of 575 M1 palms 
 obtained from irradiated seeds and irradiated pollen. The M1 population 
represents a unique and very valuable resource for oil palm improvement. 
As stated above, M1 plants usually suffer from chimeras and physiological 
disorders, and therefore cannot be used for phenotypic screening of her-
itable traits. The chimeras are dissolved through meiosis, and therefore 
there is the need to produce the M2 population and subsequent mutant 
generations. In addition, if the traits appear in the M2 and advanced gen-
erations, they generally must be heritable (Prina et al., 2012; Ukai and 
Nakagawa, 2012). The oil quality of all oil crops has been improved by 
mutation breeding, with the notable exception of oil palm (Vollmann and 
Rajcan, 2010).



9Introduction

Oil palm takes 4–5 years to flower from planting a seed; that is, at least 
4–5 years to produce the M2 seed from sowing the M1. The Ghana M1 
population represented the only known induced mutant population in oil 
palm until Verdant began a mutation breeding programme in 2017. The 
OPRI M1 trees are currently about 40 years old, and in general are pheno-
typically normal (Fig. 1.3) and based on the regular production of fruit 
bunches. Good trees were selected from various irradiation regimes for 
pollen collection for subsequent self-pollination to produce M2 seeds; this 
was done in 2010. The seeds were processed and germinated and trans-
ferred to the nursery stage in 2017 (Fig. 1.4). Pollen collection and selfing 
started in 2010 and was supported by the International Atomic Energy 
Agency (IAEA) and Sumatra Bioscience, Indonesia. The IAEA continues to 
support this programme through capacity building, training and equipment 
(IAEA Technical Cooperation Project GHA5036). The M2 seedlings are cur-
rently being screened in the nursery for resistance to fusarium wilt disease, 
semi-dwarfism, drought tolerance, vegetative characters and any abnormal-
ities. Screening will not only be phenotypic, as molecular methods will also 
be employed to screen for traits genotypically; traits such as shell thickness, 
virescent fruit, oil quality, mantled fruit and other traits of interest where 
gene sequence data are known.

Plant research has been revolutionized as a result of the development 
of biotechnology tools, particularly in the area of molecular breeding. 
Molecular breeding is a concept in which conventional breeding is assisted 
by DNA markers (Rafalski and Tingey, 1993). The genome of oil palm has 
been sequenced (Singh et al., 2013) and it is now practicable to employ 

Fig. 1.3. Mature M1 populations at OPRI, Ghana.
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sequence data to screen for mutations in target genomic regions in mutant 
populations. The main advantage of marker-assisted selection is that plants 
may be selected early in plant development (at M1), before the trait of 
interest is expressed (shell type, fruit colour, oil quality, mantled fruits, etc.), 
and this in turn can reduce greatly the time required to bring new cultivars 
to the market (Mazur and Tingey, 1995).

Harvesting oil palm is expensive in terms of manual labour: it is an 
arduous task compared to the ease of combine-harvesting arable crops, 
which has been assisted greatly by the introduction of semi-dwarf mutant 
cultivars (Corley and Tinker, 2003; Bado et al., 2015). Radical changes 
to the oil palm tree architecture are needed to enable the development 
of harvesting machines, and this involves novel traits; for example, palm 
height, late fruit abscission, long bunch stalk and fruit colour marker for 
ripeness (Le Guen et al., 1990). M2 oil palms will be grown in the field 
and at maturity screened for other traits of value, such as those required 
for mechanical harvesting.
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