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ABSTRACT ARTICLE HISTORY

The first step in plant breeding is to identify suitable genotypes containing the desired genes Received 31 May 2015
among existing varieties, or to create one if it is not found in nature. In nature, variation occurs Accepted 24 August 2015
mainly as a result of mutations and without it, plant breeding would be impossible. In this context, KEYWORDS

the major aim in mutation-based breeding is to develop and improve well-adapted plant varieties Induced mutations; mutant
by modifying one or two major traits to increase their productivity or quality. Both physical and value; mutagens; crop
chemical mutagenesis is used in inducing mutations in seeds and other planting materials. Then, improvement; economic
selection for agronomic traits is done in the first generation, whereby most mutant lines may be impact

discarded. The agronomic traits are confirmed in the second and third generations through evident

phenotypic stability, while other evaluations are carried out in the subsequent generations. Finally,

only the mutant lines with desirable traits are selected as a new variety or as a parent line for cross

breeding. New varieties derived by induced mutatgenesis are used worldwide: rice in Vietnam,

Thailand, China and the United States; durum wheat in Italy and Bulgaria; barley in Peru and

European nations; soybean in Vietnam and China; wheat in China; as well as leguminous food crops

in Pakistan and India. This paper integrates available data about the impact of mutation breeding-

derived crop varieties around the world and highlights the potential of mutation breeding as a

flexible and practicable approach applicable to any crop provided that appropriate objectives and

selection methods are used.

Introduction Primarily, simple selection of desirable offspring was the
first method of breeding and this utilized the occurrence
of spontaneous mutations.[1,2]

Genetics became a fundamental science of plant
breeding after Gregor Johann Mendel discovered the
laws of heredity in the nineteenth century. However, fur-
ther advancements in plant breeding took place when
the hybridization methodology was developed. Its aim
was to combine desirable genes found in two or more
different varieties in order to produce pure-line progeny
superior to the parental types in many respects.[1] Cross
breeding (or recombinant breeding), based on crossing
of different genotypes followed by trait selection, has
become a common practice in plant breeding. Later, the
work on the induction of genetic alterations through
X-rays by Lewis John Stadler in the late 1920s and early
1930s laid the foundation of another type of plant breed-
ing known as mutation breeding.[2] The variation so

It is well known that evolution and practical breeding
depend on genetic variation. The variations that are
found in nature do not represent the original spectra of
spontaneous mutations. Rather, they are the result of
genotypes recombining within populations and their
continuous interaction with environmental factors.[1]
Green plants are essential for human existence as a
source of food, clothing and energy resources. As
highlighted in [1], prehistoric hunter-gatherers
depended on their hunting skills and on abundant natu-
ral vegetation to get non-poisonous and nutritious fruits,
tubers, seeds and other food stuffs. With the growth of
human population, larger and safer food supplies had to
be found and gradually large-scale production systems
based on plant domestication were developed. The
means by which new plant varieties were developed for
cultivation and used by humans is called plant breeding.

CONTACT Mohd Y. Rafii @ mrafii@upm.edu.my

© 2015 The Author(s). Published by Taylor & Francis.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1080/13102818.2015.1087333

2 (& Y.OLADOSUETAL.

created is further amplified by recombination of alleles
on homologous chromosomes and their independent
assortment at meiosis. Mutations are the primary source
of all genetic variations existing in any organism, includ-
ing plants.[3] The resulting variation provides the raw
material for natural selection and is also a driving force
in evolution. Spontaneous mutations are very rare and
random in terms of time of occurrence, which makes
them more difficult to use in plant breeding pro-
grammes.[4] In this way, mutant forms showing both
large and small effects on the phenotype arise for all
kinds of traits.[3] Mutation breeding involves the devel-
opment of new varieties by generating and utilizing
genetic variability through chemical and physical muta-
genesis. It is now a pillar of modern plant breeding,
along with recombinant breeding and transgenic breed-
ing.[2] As underlined by Novak and Brunner,[1] this
method, often supplemented by germplasm derived
from induced mutation, has become the most common
one for breeding plants through sexual reproduction.

In crops that do not produce seeds, e.g. edible banana
or seedless grapes, mutation induction may be the only
productive way of increasing variability for developing
new cultivars.[5—7] This also applies to many root and
tuber crops,[5,6,8] and the development of novel colours
and variations in ornamental plant species propagated
vegetatively.[6,9] Crossbreeding in vegetatively propa-
gated perennial crop species, such as many fruit crops, is
also subject to constraints of time, growing space and
clonal identity. In this case, mutation induction can be a
valuable breeding strategy.[6,8,10,] (Reviewed in [11])
For plants that are fully sterile without seeds, alternative
approaches have to be developed. This is the technique
of somatic tissue manipulation by mutation breeding
and biotechnology.[1]

Mutation breeding

Mutagenesis is the process whereby sudden heritable
changes occur in the genetic information of an organism
not caused by genetic segregation or genetic recombi-
nation, but induced by chemical, physical or biological
agents.[12] Mutation breeding employs three types of
mutagenesis. These are induced mutagenesis, in which
mutations occur as a result of irradiation (gamma rays,
X-rays, ion beam, etc.) or treatment with chemical muta-
gens; site-directed mutagenesis, which is the process of
creating a mutation at a defined site in a DNA molecule;
and insertion mutagenesis, which is due to DNA inser-
tions, either through genetic transformation and inser-
tion of T-DNA or activation of transposable elements.
[13,14] Plant breeding requires genetic variation of use-
ful traits for crop improvements.[1] However, multiple

mutant alleles are the sources of genetic diversity for
crop breeding as well as functional analysis of the tar-
geted gene in many cases. The key point in mutation
breeding is the process of identifying individuals with a
target mutation, which involves two major steps: mutant
screening and mutant confirmation.[14] Mutant screen-
ing is a process involving selection of individuals from a
large mutated population that meet specific selection
criteria, e.g. early flowering, disease resistance as com-
pared to the parent. However, these selections are often
regarded as putative mutants or false mutants. Mutant
confirmation, on the other hand, is the process of re-
evaluating the putative mutants under a controlled and
replicated environment using large samples. Through
this process, many putative mutants are revealed to be
false mutants. In general, the mutations that are impor-
tant in crop improvement usually involve single bases
and may or may not affect protein synthesis.[15]

History of plant mutagenesis

It has been suggested that the history of plant mutation
could be traced back to 300 BC with reports of mutant
crops in China.[3,16] For a detailed review, see [3]. Muta-
tions as a mechanism of creating variability were first
identified by Hugo de Vries in the late nineteenth cen-
tury, while experimenting on the ‘rediscovery’ of Men-
del’s laws of inheritance.[3] He considered this variability
as heritable changes by mechanisms very distinctive
from segregation and recombination. He described this
occurrence as swift changes in organisms, which were
hereditary and thus produced relatively large effects on
the phenotypic appearance of organism. He then coined
the term ‘mutation’ and presented an integrated con-
cept concerning the occurrence of sudden, shock-like
changes (leaps) of existing traits which leads to develop-
ment of a new species and variation. Radiation-induced
mutations as a tool for generating novel genetic variabil-
ity in plants advanced as a field after the discovery of
the mutagenic action of X-rays demonstrated in maize,
barley and wheat by Stadler.[17] The first commercial
mutant variety was produced in tobacco in 1934. Prior to
1995, Acquaah [18] reported 77 cultivars that were
developed via mutagenesis. In 1995, the number of com-
mercially released varieties increased to 484. This num-
ber has sharply increased since with new mutant
varieties being continuously reported in different conti-
nents (Figure 1). Some of the plants include fruit trees
(e.g., apple, citrus, peach), ornamentals (e.g., chrysanthe-
mum, dahlia, poinsettia), food crops (e.g., rice, barley,
wheat, corn, pea), etc. Agronomic traits modified due to
mutation breeding include lodging resistance, early
maturity, winter hardiness, product quality (e.g., protein
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Figure 1. Method of mutation breeding.

and lysine content) and numerous ornamental mutants.
As a breeding tool, mutagenesis became very popular
from the 1950s onwards when a large range of crop and
ornamental plant species were predominantly treated
by irradiation to increase trait variation.[19—21]

Mutagenic agents

Agents of artificial mutations are called mutagens. They
are generally grouped into two broad categories, namely
chemical mutagens and physical mutagens.[18,22] Tradi-
tionally, to induce mutations in crops, planting materials
are exposed to physical and chemical mutagenic agents.
Mutagenesis can be performed with all types of planting
materials, e.g. whole plants, usually seedlings, and
in vitro cultured cells. Nevertheless, the most commonly
used plant material is seed. Multiple forms of plant prop-
agules, such as bulbs, tubers, corms and rhizomes [23]
and more recently, the induction of mutations in vegeta-
tively propagated plants is becoming more efficient as
scientists take advantage of totipotency (ability of a sin-
gle cell to divide and produce all of the differentiated
cells in an organism to regenerate into whole plants)
using single cells and other forms of in vitro cultured
plant tissues.[15] The starting materials for the induction
of mutations are vegetative cuttings, scions, or in vitro
cultured tissues like leaf and stem explants, anthers, calli,
cell cultures, microspores, ovules, protoplasts, etc. Game-
tes, usually inside the inflorescences, are also targeted
for mutagenic treatments through immersion of spikes,
tassels, etc. [23] Whereas chemical mutagens are prefera-
bly used to induce point mutations, physical mutagens
induce gross lesions, such as chromosomal abbreviation

or rearrangements.[13] As pointed out by Mba,[15] it is
noteworthy that the frequency and types of mutations
are direct results of the dosage and rate of exposure or
administration of the mutagen rather than its type. In
the end, the choice of a mutagen will be based more
often than not on the particular researcher’s circumstan-
ces, such as safety of usage, ease of use, availability of
the mutagens, effectiveness in inducing certain genetic
alterations, suitable tissue, cost and available infrastruc-
ture among other factors.

Physical mutagenesis

In the past 80 years, physical mutagens, mostly ionizing
radiations, have been used widely for inducing heredi-
tary aberrations and more than 70% of mutant varieties
were developed using physical mutagenesis (reviewed
in [15,24]). Radiation is defined as energy travelling
through a distance in the form of waves or particles.
These are relatively high-energy levels of electromag-
netic (EM) spectrum that are capable of dislodging elec-
trons from the nuclear orbits of the atoms that they
impact upon. The impacted atoms, therefore, become
ions. Hence, the term ionizing radiation. These ionizing
components of the EM include cosmic, gamma (y) and
X-rays.[15] The most commonly used physical mutagens
are shown in Table 1. X-rays were the first to be used to
induce mutations. Since then, various subatomic par-
ticles (neutrons, protons, beta particles and alpha par-
ticles) have been generated using nuclear reactors.[18]
Gamma radiation from radioactive cobalt (*°Co) is widely
used. It has high penetrating potential and is hazardous.
However, it can be used for irradiating whole plants and
delicate materials, such as pollen grains. Various mutants
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Table 1. Examples of commonly used physical mutagens.

Mutagen Source Characteristics Hazard

X-rays X-ray machine Electromagnetic radiation; penetrates tissues from a few millimetres to  Dangerous, penetrating
many centimetres

Gamma rays Radioisotopes and nuclear reaction  Electromagnetic radiation produced by radioisotopes and nuclear Dangerous, very penetrating
reactors; very penetrating into tissues; sources are %0Co (Cobalt-60)
and '¥Cs (Caesium-137)

Neutrons Nuclear reactors or accelerators There are different types (fast, slow, thermal); produced in nuclear Very hazardous

reactors; uncharged particles; penetrate tissues to many

centimetres; source is
Produced in particle accelerators or from radioisotopes; are electrons;

Beta particles  Radioactive isotopes or accelerators

235U

May be dangerous

ionize; shallowly penetrating; sources include *2P and "*C

Alpha particles Radioisotopes Derived from radioisotopes; a helium nucleus capable of heavy Very dangerous
ionization; very shallowly penetrating

Protons Nuclear reactors or accelerators Produced in nuclear reactors and accelerators; derived from hydrogen ~ Very dangerous
nucleus; penetrate tissues up to several centimetres

lon beam Particle accelerators Produced positively charged ions are accelerated at a high speed Dangerous

(around 20%—80% of the speed of light) deposit high energy on a

target

References: [23,24].

have been developed through gamma radiation.[25] The
mutagenic effect results mostly from DNA double-strand
breaks. The mutants show higher potential for improving
plant architecture leading to better crop improvement
and are used as a complementary tool in plant breeding
[26]. Gamma rays have a shorter wave length and there-
fore, possess more energy than protons and X-rays,
which gives them ability to penetrate deeper into the tis-
sue.[27] Neutrons are hazardous and hence have less
penetrating abilities, but they are known to cause seri-
ous damage to the chromosomes. They are best used for
materials, such as dry seeds.[18] Various forms of neu-
trons were also studied extensively for their use in muta-
genesis in the 1960s and 1970s. Though it has been
proved to be an effective mutagen, particularly for pro-
ducing large DNA fragment deletions, the application of
neutrons in induced mutagenesis is limited.[3] The muta-
genic effect of ultraviolet light was discovered by Alten-
bung [28] through irradiation of the polar cap cells of
fruit fly eggs. The mutagenic potential of these rays have
since been confirmed in many organisms. In those
organisms, germ tissue could be easily exposed to the
low-penetrating ultraviolet light which resulted in cova-
lent dimerization of adjacent pyrimidine.[3,29] Emission
of UV light (250—290 nm) has a modest capacity to infil-
trate tissues as compared with ionizing radiation. loniz-
ing emission goes deeper into the tissue and can cause
a great number of variations in the chemical composi-
tion. The major advantage of using physical mutagenesis
compared to chemical mutagenesis is the degree of
accuracy and sufficient reproducibility, particularly for
gamma rays, which have a uniform penetrating power in
the tissue.[30] During the past two decades, ion beams
either through implantation or irradiation have become
a new type of physical mutagen instead of the widely

used gamma rays, X-rays and neutrons.[31—33] They
consist of particles travelling along a path that vary in
mass from a simple proton to a uranium atom which are
generated through particle accelerators.[34] The posi-
tively charged ions are accelerated at a high speed
(about 20%—80% of the speed of light) and form high
linear energy transfer (LET) radiation. LET radiation
causes significant biological effects, such as chromo-
somal aberration, lethality, etc,, as compared to other
types of radiation used in physical mutagenesis. The
damage caused by ion beams to DNA double strands is
less repairable when compared to that induced by
gamma rays due to deletion of DNA fragments of various
sizes.[35] More recently, to study the intricacies of muta-
tion induction in space, plant materials have been sent
out into aerospace.[3] It has been speculated that the
special environment of space flight, such as cosmic radi-
ation, microgravity, weak geomagnetic field, etc. con-
tains the potential agents of mutation induction.
However, knowledge of the underlying genetics of aero-
space mutagenesis is so far scarce.[3]

From the past to the present, doses that lead to 50%
lethality (LD50) have often been chosen.[19] As noted by
Oldach,[19] it can be argued that LD50 is quite arbitrary
and might lead to a high number of (mostly deleterious)
mutations in every plant. This could go to the extent
that desirable mutations are either lost or overlooked
due to either plant mortality or poor agronomic perfor-
mance in generations following the mutagenesis. There-
fore, a mutation rate targeting a lower LD (e.g. LD20)
with a survival rate of 80% appears to be more suitable
for mutation breeding in selfing plant species. Maluszyn-
ski et al.[36] also suggested that the final doses for muta-
genic treatment should be rather low if the aim is to add
new traits to an already high-quality genetic
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Mutagen group Example

Mode of action

Alkylating agents  1-methyl-1-nitrosourea (MNU); 1-ethyl-1-nitrosourea
(ENU); methyl methanesulphonate (MMS); ethyl
methanesulphonate (EMS); dimethyl sulphate
(DMS); diethyl sulphate (DES); 1-methyl-2-nitro-1-
nitrosoguanidine (MNNG); 1-ethyl-2-nitro-1-
nitrosoguanidine (ENNG); N,N-dimethylInitrous
amide (NDMA); N,N-diethylnitrous amide (NDEA)

Sodium azide

Hydroxylamine

Hydroxylamine

Azide
Hydroxylamine
Hydroxylamine

Antibiotics Actinomycin D; mitomycin C; azaserine; streptonigrin
Nitrous acid Nitrous acid
Acridines Acridine orange

Base analogues  5-bromouracil (5-BU); maleic hydrazide; 5-

bromodeoxyuridine; 2-aminopurine (2AP)

React with bases and add methyl or ethyl groups and, depending on the affected
atom, the alkylated base may then degrade to yield an abasic site, which is
mutagenic and recombinogenic, or mispair to result in mutations upon DNA
replication.

Same as alkylating agents.

Same as alkylating agents.

Same as alkylating agents.

Chromosomal aberrations also reported to cause cytoplasmic male sterility.

Acts through deamination, the replacement of cytosine by uracil, which can pair
with adenine and thus through subsequent cycles of replication lead to
transitions.

Intercalate between DNA bases thereby causing a distortion of the DNA double
helix and the DNA polymerase in turn recognizes this stretch as an additional
base and inserts an extra base opposite this stretched (intercalated) molecule.
This results in frame shifts, i.e. an alteration of the reading frame.

Incorporate into DNA in place of the normal bases during DNA replication
thereby causing transitions (purine to purine or pyrimidine to pyrimidine);
and tautomerization (existing in two forms which interconvert into each
other, e.g. guanine can exist in keto or enol forms).

References: [15,23].

background, such as varieties or elite breeding lines.
They conclude that the doses with an LD50 generally
applied in the mutation breeding programmes of the
1960s and 1970s were too high and thus did not lead to
the success expected from this technology (reviewed in
[19]).

lonizing radiations cause mutations by breaking
chemical bonds in the DNA molecule, deleting a nucleo-
tide, or substituting it with a new one.[18] Acquaah [18]
also pointed out the importance of radiation being
applied at the proper dose, a factor that depends on
radiation intensity and duration of exposure. The dosage
of radiation is commonly measured in roentgen (r or R)
units. The exposure may be chronic (continuous low
dose administered for a long period) or acute (high dose
over a short period). The quality of mutation (proportion
of useful mutations) is not necessarily positively corre-
lated with dose rate. It is common knowledge that a
high dose does not necessarily yield the best results [18].
The mutagen dose used should be a compromise
between mutation load and the chance to find desirable
mutations, and this greatly depends on the cost effec-
tiveness of selection. Screening of larger mutant popula-
tions that originate from a lower mutagen dose may be
feasible for traits with simple phenotypic selection crite-
ria, such as early maturity. On the other hand, screening
the same population for complex phenotypic traits, such
as seed protein quality would not be feasible.

Chemical mutagenesis
The effect of chemical mutagens on plant materials is
generally considered milder.[18] An advantage of

chemical mutagenic agents is that they can be applied
without complicated equipment or facilities. The ratio of
mutational to undesirable modifications is generally
higher for chemical mutagens than for physical muta-
gens (reviewed in [18]). Usually, the material is soaked in
a solution of the mutagen to induce mutations. How-
ever, chemical mutagens are generally carcinogenic and
therefore, extra care must be taken for health protection
during the procedure. Material and safety data sheets for
the specific chemical mutagen chosen should be care-
fully read and the agent should be appropriately inacti-
vated before disposal. Despite the large number of
mutagenic compounds, only a small number has been
tested in plants.[23] Among them, only a very restricted
group of alkylating agents has found large application in
plant experimental mutagenesis and plant mutation
breeding. Over 80% of the registered new mutant plant
varieties reported in the International Atomic Energy
Association (IAEA) database [37] obtained via chemical
mutagenesis were induced by alkylating agents. Of
these, three compounds are significant: ethyl methane
sulphonate (EMS), 1-methyl-1-nitrosourea and 1-ethyl-1-
nitrosourea, which account for 64% of these varieties.
For review, see [23].

Alkylating agents can be found among a large array of
classes of compounds, including sulphur mustards, nitro-
gen mustards, epoxides, ethyleneimines, ethyleneimides,
alkyl methanesulphonates, alkylnitrosoureas, alkylnitroso-
amines, alkylnitrosoamides, alkyl halides, alkyl sulphates,
alkyl phosphates, chloroethyl sulphides, chloroethyl-
amines, diazoalkanes, etc.[23] One of the most effective
chemical mutagenic groups is the group of alkylating
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agents (these react with the DNA by alkylating the phos-
phate groups as well as the purines and pyrimidines).[18]
Another group is that of the base analogues (they are
closely related to the DNA bases and can be wrongly
incorporated during replication). Examples are 5-bromo-
uracil and maleic hydrazide (Table 2). A clear advantage of
the point mutations created by chemical mutagens is their
potential to generate not only loss-of-function but also
gain-of-function phenotypes if the mutation leads to a
modified protein activity or affinity, like tolerance to the
herbicide glyphosate [38] or sulphonylurea shown in the
legume Medicago truncatula.[39] The concentration of the
mutagen, the length of treatment and the temperature at
which the experiment is carried out affect the efficiency of
mutagenesis. As chemical mutagens are very reactive, it is
important to use fresh batches of the chemical(s) that
have been appropriately stored.

Types of mutations

Mutations can be broadly divided into intragenic or
point mutations (occurring within a gene in the DNA
sequence); intergenic or structural mutations within
chromosomes (inversions, translocations, duplications
and deletions) and mutations leading to changes in the
chromosome number (polyploidy, aneuploidy and hap-
loidy).[11] In addition, it is important to distinguish
between nuclear and extranuclear or plasmone (mainly
chloroplast and mitochondrial) mutations, which are of
considerable interest to agriculture.[11]

A neat and concise outline of the types of mutations
is given in [3]. Among the various kinds of mutational
changes at the molecular level are base substitutions, a
term meaning nucleotide changes that involve substitu-
tion of one base for another. This can happen through
mis-pairing of the base analogue in the treated DNA dur-
ing replication, leading to mutation through transitions
when exchanges occur either between purines (A—G) or
between pyrimidines (T—C) and transversions when
purines are exchanged for pyrimidines or vice versa (A,
G-T, Q).[3]

Basically, transitions and transversions are the simplest
kinds of base pair changes, but they may result in pheno-
typically visible mutations. There are no restrictions on the
different kinds of sequence changes in the DNA of a gene
following different types of misprints during replication.
Another common error would be addition or deletion of a
nucleotide base pair when one of the bases manages to
pair with two bases or fails to pair at all. These kinds of
sequence changes resulting in an alteration in the reading
frame of the gene’s DNA are known as frame-shift muta-
tions. They are more drastic in their effect as they may
completely change the message of the gene starting with

the point of deletion/addition. Some of the mutations
occur from rearrangement of bases in the DNA. A small or
large sequence of bases may be inverted as a result of
chromosome breakage, and reunion of the broken ends
may involve different DNA molecules in a reciprocal rear-
rangement or in loss of a fragment. Duplication of a DNA
sequence is another common mechanism for change in
the structure of a gene leading to gene mutation.[3]

Practical considerations in induced crop
mutagenesis

The dose of a mutagen that achieves the optimum muta-
tion frequency with the least possible unintended dam-
age is regarded as the optimal dose for induced
mutagenesis.[22] For physical mutagens, this is esti-
mated by carrying out tests of radiosensitivity (from radi-
ation sensitivity), a term described as a relative measure
that gives an indication of the quantity of recognizable
effects of radiation exposure on the irradiated subject.
[16] Its predictive value, therefore, guides the researcher
in the choice of optimal exposure dosage depending on
the plant materials and the desired outcome. Mba et al.
[22] further describe the steps and procedures used for
induction of mutations in vegetatively propagated
plants and seeds, based on established protocols vali-
dated for cassava and rice, respectively. These protocols
are for chemical mutagenesis (using EMS) and physical
mutagenesis (using gamma rays) and include a list of
the required equipment and reagents. The protocols
cover the procedures ranging from pre-treatment to
mutagenic treatments to post-treatment handling of the
propagules materials, as well as the methodologies for
data collection and analysis.[15,22]

Important factors influencing the outcome of muta-
genesis using chemical mutagens include the condition
of the mutagenic solution; inherent characteristics of the
targeted tissue; the environment; concentration of muta-
gen; treatment volume; treatment duration; tempera-
ture; presoaking of seeds; pH (7.0); catalytic agents (Cu?*
and Zn?") and post-treatment handling. Factors influ-
encing the outcome of mutagenesis using physical
mutagens includes oxygen; moisture content; tempera-
ture; physical ionizing agents (EM and ionizing radiation);
dust and fibres (e.g. from asbestos); biological and infec-
tious agents (both viral and bacterial).[22] In general, the
steps required for inducing and detecting mutations
vary among sexually and asexually propagated plants/
crops but there are some basic principles that they share
in common. The common practical considerations that
need to be taken into account in induction and detec-
tion of mutations as summarized by Mba [15] include
the following.



A perfect understanding of the genetic makeup of

the traits to be improved is very important. For

example, a trait controlled by many genes (i.e,

polygenic) has less chances of inducing modifica-

tion compared to a trait that is governed by a single
gene (i.e,, monogenic).

e Understanding the mode of reproduction of the
target crop is also a prerequisite, whether asexually
or sexually propagated. If it is asexually propagated,
then the method to employ is the next question:
whether it will be in vitro or in vivo. If the crop is
seed propagated, the question will be on the type
of fertilization (self or cross-fertilization) to be used.

e The determination of the material that is to be used
for the propagation prior to treatment, i.e. gametes
or seeds for sexually propagated crops; and stem
cuttings, buds, nodal segments or twigs for asexu-
ally propagated ones.

e Knowledge of the number of sets of chromosomes
in the nucleus of a cell (ploidy) of the target crop,
especially when it relates to how hybridization bar-
riers could impact on the predicted effectiveness of
the induced mutants.

e Determinations of the genetic pedigree of the tar-
get crop for inducing mutations, i.e. selecting
homozygous plants and the best genotype that is
deficient in a single trait.

e Selection of an appropriate mutagen (physical or
chemical mutagens) and dose (duration and con-
centration of mutagens). That is why a pilot assay is
advisable to be carried out prior to the large-scale
treatment of propagules.

e |dentification of infrastructure (irradiation house,
laboratories, screen/glass house, fields, etc.) for suc-
cessful selection of desired mutants.

e Screening techniques for dissociation of chimeras

from stable mutants.

Mutation breeding strategy for obtaining
mutants

Any mutation breeding strategy requires several sequen-
tial steps. The effectiveness of mutation breeding over
other breeding methods depends upon the efficacy of
selection of useful variant mutants in the second (M,) or
third (Ms) generation as summarized in Figure 2. The first
step in mutation breeding is to reduce the number of
potential variants among the mutagenized seeds or other
propagules of the first (M;) plant generation to a signifi-
cant level to allow close evaluation and analysis.[12]
Determination of the target population size in the first
generation of mutants is a prerequisite for potential suc-
cess in any mutation breeding programme. The targeted
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u Africa (66)

m Asia (1,943)

= Australia and Pacific (10)
¥ Europe (953)

= Latin America (50)

¥ North America (200)

Figure 2. Distribution of mutant crop varieties by continents
(Accessed on 15th July, 2015).

(Source: Joint Division of the Food and Agriculture Organization
of the United Nations and the International Atomic Energy
Agency [Joint FAO/IAEA, 2015], [IAEA mutant database, http://
mvgs.iaea.org/] Reproduced with permission)

population should be fixed so as to allow a high number
of mutation measurements. Thus, the population size
should be managed effectively by the breeder. It should
be noted that the population size depends on the inheri-
tance pattern of the target gene. Therefore, it is advisable
to select mutagens that give a high mutation frequency
so as to reduce the population size of the M; generation.
[12] Genetically, M; mutant plants are heterozygous. This
is because only one allele is affected by one mutation
during treatment. However, the probability of having a
mutation on both the alleles concurrently is a product of
individual probability of mutation. Therefore, its occur-
rence is extremely low. Moreover, in M, only dominant
mutations can be identified, while it is impossible to iden-
tify a recessive mutation expression at this stage. In this
case, a plant breeder should attempt screening mutations
in subsequent generations where segregation will occur.
[12] Consequently, the plant breeder generates homozy-
gotes for dominant or recessive alleles. Caution should be
taken to prevent cross pollination among the M; popula-
tion as this would lead to generation of new variation
which will be difficult to differentiate from the effect of
mutation.[12,40] Screening and selection start in the M,
generation. Roychowdhury et al.[41] discuss three main
types of screening/selection techniques. These are physi-
cal/mechanical, visual/phenotypic and other methods.
Physical or mechanical selection can be used efficiently to
determine the shape, size, weight, density of seeds, etc,
using appropriate sieving machinery. Visual screening is
the most effective and efficient method for identifying
mutant phenotypes. Visual/phenotypic selection is often
used in selection for plant height, adaptation to soil,
growing period, disease resistance, colour changes, earli-
ness in maturity, ion-shattering, climate adaptation, etc. In
the category of ‘others’, physiological, biochemical,
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Table 3. Officially released mutant varieties in the FAO/IAEA Mutant Varieties Database, July 2015.[37]

Country Registration date No. of released varieties Country Registration date No. of released varieties
Albania 1996 1 Korea 1970—2008 35
Algeria 1979 2 Malaysia 1993—-2002 7
Argentina 1962—1987 6 Mali 1998—2000 15
Australia 1967—2010 9 Mexico 0 5
Austria 1959—1995 17 Moldova 2004—2007 7
Bangladesh 1970—2010 44 Mongolia 1984—2004 4
Belgium 1967—1987 22 Myanmar 1975—2004 8
Brazil 1974—2005 13 Netherlands 1954—1988 176
Bulgaria 1972—-2010 76 Nigeria 1980—1988 3
Burkina Faso 1978—1979 2 Norway 1978—1988 2
Canada 1964—2000 40 Pakistan 1970—2009 53
Chile 1981-1990 2 Peru 1995—2006 3
China 1957—-2011 810 Philippines 1970—2009 15
Congo 1972 3 Poland 1977—1995 31
Costa Rica 1975—1996 4 Portugal 1983 1
Cote D'lvoire 1976—1987 25 Romania 1992 1
Cuba 1990—2007 12 Russia 1965—2011 216
Czech Republic 1965—1996 18 Senegal 1968 2
Denmark 1977—1990 21 Serbia 1974 1
Egypt 1980—2011 9 Slovakia 1964—1995 19
Estonia 1981—1995 5 Spain 2010 1
Finland 1960—1981 1 Sri Lanka 1970—-2010 4
France 1970—1988 38 Sudan 2007 1
Germany 1950—2005 171 Sweden 1950—1988 26
Ghana 1997 1 Switzerland 1985 1
Greece 1969—1970 2 Syrian 2000 1
Guyana 1980—1983 26 Taiwan 1967—1973 2
Hungary 1969—2001 10 Thailand 2006 20
India 1950—2010 330 Tunisia 1977—-2007 1
Indonesia 1982—-2011 29 Turkey 1994—2011 9
Iran 2004—2008 4 Ukraine 1997—-2007 10
Iraq 1992—1995 23 United Kingdom 1966—1990 34
Italy 1968—1995 35 United States 1956—2006 139
Japan 1961—2008 481 Uzbekistan 1966—1991 9
Kenya 1985—2001 3 Viet Nam 1975—-2011 55
Total 3,222

chemical, physio-chemical procedures for screening may
be used for selection of certain types of mutants. When a
mutant line appears to possess a promising character, the
next stage is seed multiplication for extensive field trials.
In this case, the mutant line, the mother cultivar and
other varieties will be tested. The methods for compara-
tive trials of mutants are the same as those for any other
newly developed varieties. The purpose of field trials is to
find whether the mutant promises to become a commer-
cial variety that is superior to the mother cultivar. Prior to
release as a commercial variety, the promising mutant
should be studied for combinations of different characters
like growth habit, structure and yield components in a
wide range of environments under varying water avail-
ability, plant density, sowing dates, etc.[12]

Impact of mutant cultivars

Genetic variability as a result of induced mutation by var-
ious mutagens has contributed to modern plant breed-
ing. Over the past five decades, it has played a major
role all over the world in the development of superior
plant varieties [13] with characteristics of high-yield,
early maturity, lodging resistance among others. Global

impact of developed and released varieties in major
crops all over the world has been reviewed by Ahloowa-
lia et al.[42] Several achievements in crop improvement
through mutation breeding have resulted in two major
outcomes: improved varieties that are directly used for
commercial cultivation and new genetic stocks with
improved characters or with better combining ability of
traits.[12] These traits could be increased vyield,
enhanced nutritional quality, resistance to pest and dis-
ease, early maturity, drought and salt tolerance, etc.
Although the development of new cultivars has been
the primary objective of mutation breeding, the genetic
stocks developed can have numerous applications in
plant breeding, from being used as a donor parent in
conventional breeding programmes or as a parent in
hybrid breeding programmes. Apart from these, muta-
tion research itself has also a very different objective, i.e.,
mapping of genes.[12] The technique of identification of
a gene by knockdown of the phenotypic expression
through induced mutagenesis is a major component of
research on molecular genetics and genomics today.
However, the discussion of this technique is beyond the
scope of this paper. This paper primarily concentrates on



the application of mutation breeding towards crop
improvement. |IAEA has categorized its mutant variety
database [37] of 3222 (July 2015) varieties according to
four breeding methods, namely

(1) direct use of a mutant line that is developed
through physical and chemical mutagenesis, or
somaclonal variation;

(2) indirect use of a mutant line/lines, which is/are
used as a parental variety/varieties in cross breed-
ing (cross between mutant lines or with a commer-
cial variety/varieties);

(3) use of mutant gene allele (trait), e.g. the Calrose 76
sd1 allele (semi-dwarf 1 trait) in rice and

(4) use of wild species’ genes translocated into plant
genomes through irradiation-facilitated transloca-
tions, e.g. genes of wheat wild relative species.

Among the other classes, more success has been

achieved by using mutant lines as a parent in breeding
programmes as well as mutagenesis in breeding nurser-
ies. As reviewed by Kharkwal and Shu,[13] induced muta-
tions have contributed to significant increase in crop
production at locations people could directly access. The
worldwide uses of new varieties derived directly or indi-
rectly from induced mutants are rice in China, Thailand,
Vietnam and the United States; barley in European coun-
tries and Peru; durum wheat in Bulgaria and Italy, wheat
in China; soybean in China and Vietnam; as well as other
food legumes in India and Pakistan.

Impact of mutation breeding in different countries
Over 232 different crops and plant species have been
subjected to mutation breeding, including various

Table 4. Applications of induced mutagenesis for biotic stress
resistance in plant breeding.

Highlight Crop References

Resistance to bacterial wilt (Ralstonia Tomato [44]
solanacearum)

Resistance to stem rot (Sclerotinia Rapeseed [45]
sclerotiorum)

Resistance to powdery mildew (Podosphaera  Apple [6,46]
leucotricha) and apple scab (Venturia
inaequalis)

Resistance to Ascochyta blight and Fusarium  Chickpea [47,48]
wilt

Resistance to yellow mosaic virus Mungbean [37]

Resistance to black stem rust Durum wheat [37]

Resistance to stripe rust Wheat [37]

Resistance to blast, yellow mottle virus, Rice [13,37,48]
bacterial leaf blight and bacterial leaf
stripe

Resistance to Myrothecium leaf spot and Soybean [37]
yellow mosaic virus

Resistance to bacterial blight, cotton leaf curl ~ Cotton [49]
virus

Phytophthora nicotiana var. parasitica Sesame [50,51]

Resistance against pathogen striga (Striga Maize [52]

asiatica)
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essential crops, such as wheat, rice, grapefruit, rapeseed,
sunflower, cotton and banana.[37] The recent database of
Food and Agriculture Organization of the United Nations
(FAO)/IAEA [37] indicates that 3222 mutant varieties with
improved characters have been released officially as sum-
marized in Table 3. More than 67% of the varieties were
obtained through direct mutation.[42,43] The induced
mutant varieties possess both agronomic and nutritional
quality traits that make them the most preferred varieties
on the market. Some examples of different applications
of induced mutagenesis for biotic stress resistance in
plant breeding are shown in Table 4. For instance, Peiris
et al.[44] described a tomato cultivar resistant to bacterial
wilt (Ralstonia solanacearum). It was obtained by irradia-
tion with 320 Gy gamma-rays in Sri Lanka. Similarly, there
have been released numerous cultivars of rice, maize,
wheat, cotton, chickpea, rapeseed, mungbean, sesame,
apple and durum wheat that are resistant to different
bacteria, viruses and pathogens.[44—52] Tolerant and
resistant varieties to various abiotic stresses [53—73] have
been released through induced mutagenesis as well
(Table 5). These include lodging resistance, acid sulphate
soil tolerance in rice,[13,42,53] salinity tolerance in barley
and sugarcane,[72,73] etc. Other targets of mutation
breeding programmes in different plants include
improvement of crop quality and various nutritional traits
(Table 6), such as oil and protein quality,[74—82] amylose,
phytate, protein content, etc.[83—87]

All these examples come to show that mutation
breeding has had an ever-growing impact in crop pro-
duction, especially in rice, as it is considered the most
important food crop in the world. The advancements in
plant mutation breeding have had such a significant
socio-economic impact that an international symposium
was especially dedicated to the topic of Induced Plant
Mutations in the Genomics Era. It was held in 2009 in
Vienna (Austria) and was organized by the IAEA and the
FAO of the United Nations through the Joint FAO/IAEA
Division of Nuclear Techniques in Food and Agriculture.
Details about some of the leading rice varieties obtained
by mutation breeding in different countries are summa-
rized in Table 7.[12,13,35,42,88—92]

The country that ranks first in development of new
varieties through induced mutagenesis is China. It is well
ahead of other countries in number of released varieties.
[12] In China, there have been developed major com-
mercial mutant varieties of rice, wheat, maize, barley,
millet, mulberry, rapeseed, soybean, pepper, cotton,
tomato and groundnut. During the last few decades,
many mutant varieties (810) belonging to 46 different
species have been developed, released (or approved) for
commercial production and used as donor parents in
cross breeding as well. Combined use of mutation
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Table 5. Applications of induced mutagenesis for abiotic stress
resistance in plant breeding.

Highlight Crop References
Lodging resistance, acid sulphate soil Rice [13,42,53]
tolerance
Semi-dwarf cultivar/dwarf Rice [54—58]
Sunflower [59]
Early maturity Rice [60,61]
High fibre quality Cotton [62]
Adaptation Rice [55,63,64]
Acidity and drought tolerance Lentil (Lens [65]
culinaris Medikus)
Maize [66]
Tolerance to cold and high altitudes Rice [13,67,68]
Acidity and drought tolerance Rice [69,70]
Salinity tolerance Rice [71]
Barley [72]
Sugarcane [73]

induction and in vitro bio-techniques has been
employed to enhance wide-cross and to introduce alien
genes into receptor species.[93]

In view of practical breeding, many achievements
have been made in mutation breeding in Japan over the
past years. About 242 direct-use mutant varieties gener-
ated by using irradiation, chemical mutagenesis and
somaclonal variations have been registered. About 61%
of these were induced by gamma-ray irradiation, largely
due to successful collaboration with the Institute of Radi-
ation Breeding.[13] This high percentage of gamma-ray
irradiated mutants indicates that mutation breeding via
gamma-ray irradiation is an effective and highly success-
ful approach for the generation of commercial cultivars.
[53] Some mutant cultivars of Japanese pear exhibit

Table 6. Applications of induced mutagenesis in improvement of
crop quality and nutritional traits in plant breeding.

Highlight Crop References
Oil quality improvement Soybean [74-76]
Canola [77]
Peanut [13,78—80]
Sunflower [81]
Improvement of protein quality Soybean [82]
Maize [66]
High-amylose content preferred by Cassava [83]
diabetes patients because it lowers
the insulin level, which prevents quick
spikes in glucose contents.
Oilseed meals low in phytic acid desirable Soybean [84]
in poultry and swine feed
Phytate (anti-nutrient) Barley [85]
High-resistant starch in rice (RS) preferred Rice [86]
by diabetes patients
Giant embryos (containing more plant Rice [27]
oils); low amylose content; low
protein content (for special dietary
needs)
Dark green obovate leaf pod; increased Groundnut [87]

seed size, higher yield, moderately
resistant to diseases, increased oil and
protein content

resistance to diseases induced by gamma-ray irradiation
and the development of a unique bioassay by using tox-
ins of fungi has been discussed by Nakagawa.[53] In
addition, 228 indirect-use (hybrid) mutant varieties pri-
marily generated in rice and soybean have found value
as parental breeding germplasm resources in Japan. In
2005, the total cultivated area of mutant cultivars there
was 210,692 ha and it was 12.4% of the total cultivated
area of rice fields in Japan.[53] The total crude income
from mutant cultivars increased as the cultivated area
increased. The total crude income from mutant cultivars
was estimated to be approximately 250 billion Yen (2.34
billion US dollars) in 2005 though the price of grain dif-
fered on a yearly basis.[53] Nakagawa [49] reported a set
of 17 mutant varieties, which were cultivated on more
than 956,383 ha from 2001 to 2005. Also another set of 5
mutant cultivars were planted on a large total area of
2,886,378 ha as reported by Nakagawa.[94] Comprehen-
sive details regarding these varieties are provided in
[94]. For soybean, similar gamma-ray-induced mutants
are cultivated in nearly 9.4% of the total cultivation area
of soybean in Japan. In general, in 1961—-2008, Japan
released 481 registered mutant varieties.[37]

In India, the first attempts to induce mutations date
back to the 1930s, and a few spontaneous mutants were
released as new cultivars in the 1940s. Sustained efforts
to use induced mutations for genetic improvement of
crop plants were initiated in the late 1950s.[92] From
1950 to 2009, India has developed about 329 mutant
varieties of different crops through direct mutagenesis
of which major varieties have been developed for rice,
wheat, barley, pearl millet, jute, groundnut, soybean,
chickpea, mung bean, cowpea, black gram, sugarcane,
chrysanthemum, portulaca, tobacco and Dahlia. Out of
these 329 mutant varieties, about 50 varieties have been
developed through using mutant lines in breeding pro-
grammes. The Indian mutation breeding programme
became successful in the 1950s.[35] The primary
research centres and institutes in India that participated
in the development and release of various mutants
include the Indian Agricultural Research Institute (IARI),
the Bhabha Atomic Research Centre, Tamil Nadu Agricul-
tural University, and the National Botanical Research
Institute.[23] The efforts of these centres have brought a
great breakthrough for India. The IARI has been a pri-
mary institution in India for research concerning induced
mutations since 1957 and has released many mutant
varieties of crops and ornamentals.[42] Several gamma
radiation-induced rice mutants were released in India as
high-yielding varieties under the series ‘PNR’. Some of
these varieties are short and mature early.[95] Among
these varieties, two early ripening and aromatic muta-
tion-derived rice varieties, 'PNR—381" and ‘PNR—102’, are
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Table 7. Leading rice varieties obtained by mutation breeding.

Country of origin Cultivar/variety Details/characteristics Reference
Pakistan Shada Yield potential of 7 t/ha; fine grain quality; cultivated on over 60,000 ha; generating [35]
21 million USD to the rural economy
Shua-92 Yield potential of 8.5 t/ha; covers over 160,000 ha; contributing an additional [35]
223 million USD to the rural economy
Khushboo-95 Short stature; high yield of 5.5 t/ha; cultivated on over 200,000 ha; generating an [35]
additional 8 million USD to farmers
Sarshar Yield potential of 9.5 t/ha; cultivated on over 80,000 ha; generating an additional [35]
income of 32 million USD to farmers
Myanmar Shwewartun Improved grain yield, seed quality and early maturity; covered more than 800,000 ha [12,42]
in 1989—1993; approximately 17% of the area under rice in Myanmar
Thailand RD6 and RD15 In 1989—1998, these two varieties yielded 42.0 million tons paddy or 26.9 million tons [42]
milled rice, which was worth USD 16.9 billion.
China Zhefu 80 Short life cycle (105—108 days); high yield potential; wide adaptability; high resistance [42,88]
to rice blast and tolerance to cold even under infertile conditions or poor
management; total area of 10.6 million ha in 1986—1994
Jiahezazhan and Jiafuzhan Early maturity; high yield and grain quality; plant hopper- and blast-resistance and [89]
wide adaptability; planted on ca. 363,000 ha in Fujian province of China
Vietnam VND—95-20 Grown on more than 300,000 ha/year; has become the top variety in southern [13]
Vietnam, both as an export variety and in terms of its growing area
TNDB—100 and THDB Tolerant to high salinity and acid sulphate soils; grown on over 220,000 ha in 2009 [90]
Egypt Giza 176 and Sakha 101 Leading varieties with a potential yield of 10 t/ha [13,91]
Japan 18 varieties Income worth US$ 937 million per year [42]
India PNR-102 and PNR-381 Income worth US$ 1,748 million per year [42]
Costa Rica Camago 8 Current annual planted area 30% rice-growing area in Costa Rica [42]
Australia Amaroo Current annual planted area 60%—70% of the rice-growing area in Australia [42]
California, USA Calrose 76; M-7; M-101; Cultivated on over 220,000, 450,000, 150,000, 675,000 and 150,000 ha of land, [92]

S-201 and M-301 respectively

currently popular with farmers in Haryana and Utter Pra-
desh states. No data are available regarding the actual
area planted with these varieties. However, based on the
rate of fresh seed replacement by farmers, the distribu-
tion of breeder seeds, foundation seeds, certified seeds
and the data obtained from the IARI, the value of rice
(paddy) production would be 1748 million US dollars per
year.[42]

The wide use of high-yielding varieties has allowed
Vietnam to become the second largest exporter of rice,
exporting 4.3 million tons per year.[96]. At present,
mutant varieties yield about 15% of the annual rice pro-
duction in Vietnam. With the great achievements attrib-
uted to the use of nuclear techniques, more than 55
mutant varieties have been developed, most of which
are cereal crops, especially rice.[97] These varieties sub-
stantially contribute to food self-sufficiency. Mutant rice
varieties have been planted on over 1.0 million ha in
areas, including Hatay, Bacgiang, Nghean Vinhphuc,
Hanam, Thaibinh and Hanoi of northern Vietnam, and
they have already produced significant social and eco-
nomic effects, contributing to poverty relief in some
areas.[42] Besides yield varieties, numerous other varie-
ties have been developed, e.g. ones with good perfor-
mance in quality (aroma, protein, amylase content), as
well as tolerance to harmful environmental conditions,
such as salinity, cold or high temperatures, drought,
lodging variety, etc. It has been estimated that mutant

varieties cover over 2,540,000 ha cultivated area since
the time of release with an added return of 374.4 million
USD.[69]

In Thailand, the work on induced mutations in rice was
initiated in 1965 and was stimulated in cooperation with
IAEA.[42] Two aromatic indica-type varieties of rice, ‘RD6’
and ‘RD15’, which were developed by gamma irradiation
of a popular rice variety, ‘Khao Dawk Mali 105" (KDML
105"), were released in 1977 and 1978, respectively. Today,
over 30 years after their release, these varieties remain
extensively grown in Thailand. RD6 has glutinous endo-
sperm and retains all of the grain characters, including the
aroma of its parent variety. In contrast, RD15 is non-gluti-
nous and aromatic, similar to the parent, but ripens
10 days earlier than the parent. This is a prized advantage
for harvesting before the outset of the rainy season in wet
areas. According to the Bureau of Economic and Agricul-
tural Statistics of Bangkok, during 1995—1996, RD6 was
grown on 2,429,361 ha, covering 26.4% of the area under
rice in Thailand and produced 4,343,549 tons paddy.[13,42]

In Bangladesh, more than 44 mutant varieties belong-
ing to 12 different crop species have been released
through mutation breeding.[12] The Bangladesh Insti-
tute of Nuclear Agriculture in Mymensingh, Bangladesh,
is the primary centre of mutation breeding and has
released up to eight mutant rice varieties [37]. Rice
mutants, including Binasail, Iratom-24 and Binadhan-6,
were all planted in a cumulative area of 795,000 ha and
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contributed substantially towards food security in
Bangladesh.[13]

The United States of America have produced a semi-
dwarf gene allele, sd1, through gamma-ray mutagenesis.
[13] This triggered the American version of the ‘Green
Revolution’ in rice. Details regarding the sd7 allele and
its contribution to rice production in the United States
are discussed by Rutger.[98]

In Pakistan, a mutation programme was initiated at
the Nuclear Institute for Agriculture and Biology to
improve important food and fibre crops. The crops
selected for improvement include rice, chickpea, mung-
bean and cotton. Improvement has been sought in plant
architecture, maturity period, disease resistance, etc.[99]
The results achieved so far have helped to evolve better
varieties/germplasm in these crops. The primary triumph
of the Nuclear Institute of Agriculture is the release of
four improved varieties of rice that were obtained using
induced mutagenesis. These varieties have contributed
to a meaningful improvement in the socio-economic
conditions of farmers and to an increase in the yield per
hectare in Pakistan.[99]

In Malaysia, the mutation breeding approach has had
limited application. However, this technique has brought
about the release of several rice mutant varieties, such
as Q 34,[100] SPM 130 and SPM 142,[101] and MRQ 50
[102]. Targets for improvement include plant architec-
ture, maturity period and resistance to biotic and abiotic
factors. These attempts can be regarded as successful, as
they have made significant contributions to the varietal
development in Malaysia.

Mutation breeding programmes have also been con-
ducted in different European countries. For example, in
Bulgaria, more than 76 new cultivars have been devel-
oped using induced mutagenesis, namely maize (26),
durum wheat (9), tomato (6), barley (5), wheat (5), soy-
bean (5), pepper (4), lentil (4), sunflower (3), cotton (2),
tobacco (2), bean (2) and pea (1). Maize has the largest
number of varieties developed through mutation breed-
ing, amounting to 26 varieties released so far. These vari-
eties show high grain yield and productivity; tolerance
to dense sowing; early ripening; drought tolerance; high
protein content; high biomass dry matter; shifts in the
flowering time; white-colour grain; strong stem; altered
ear length; increased number of rows.[66] A maize
hybrid, Kneja 509, has become a leading cultivar occupy-
ing up to 50% of the growing area of this crop.[66]

In other European countries, development of short-
height and high-yielding mutant cultivars of barley
‘Golden Promise’ and ‘Diamant’ have made a major
impact on the brewing industry. These two mutants
have also been used as parents for many leading barley
cultivars across Europe, North America and Asia. For

example, it was reported by Ahloowalia et al.[42] that
more than 150 leading barley cultivars were derived
from crosses involving ‘Diamant’. This mutant cultivar
was officially released in Czechoslovakia in 1965 through
gamma-ray irradiation of ‘Valticky'. ‘Diamant’ has 12%
increased grain yield and is 15 cm shorter than the par-
ent cultivar and was cultivated on more than 43% of the
barley growing area in Czechoslovakia in 1972. Bouma
and Ohnoutka [103] report spring barley cultivars that
had mutated Diamant’s gene grown on 2.86 million ha
across Europe in 1972. In contrast, the Golden Promise
cultivar was developed through gamma-ray irradiation
of malting cultivar ‘Maythorpe’. Even after 30 years of
release, Golden Promise is still popular and is widely
used by the brewing industry in Ireland, Scotland and
the United Kingdom for the production of beers and
whisky. This cultivar is characterized by improved malt-
ing quality, average yield of 4.5 t/ha and stiff straw.
Recent studies also show that this cultivar is salt-tolerant
as compared with the parent cultivar Maythorpe, which
is salt-sensitive.[104,105]

There is no doubt that there are many more cultivars/
varieties derived by means of mutation breeding all over
the world. Albeit not completely comprehensive, the
examples reviewed here could serve to illustrate the
remarkable effect that this technique has had on world
agriculture both from a historical and contemporary per-
spective. Against the backdrop of the still ongoing
debates concerning the safety of genetically modified
organisms, crop varieties and cultivars that have been
derived by mutation breeding in the last 50 years, con-
tinue to play a key role in present-day agriculture.

Conclusions

The database on released mutant cultivars since 1950
shows specific trends of the activity on radiation-
induced mutations in over 70 countries. Of 3222 regis-
tered mutant varieties in more than 232 different crops
and plant species released through induced mutation,
the largest number is in China (810), followed by Japan
(481) and India (330). On a crop basis, the maximum
released mutant cultivars are rice varieties (815), being
the most important food crop in the world. Induced
mutagenesis and its breeding strategies are potential
tools for improving both quantitative and qualitative
traits in crops within a much shorter period of time than
conventional breeding. Because of its relative simplicity
and low cost, mutagenic treatment of seeds and other
parts of the plant remains a useful tool for isolating the
desired variants and developing resistance to biotic and
abiotic stresses in various crops. Thus, the released
mutant cultivars are already a part of the overall strategy



and commitment of the Joint FAO/IAEA Division to con-
tribute towards the global food security. Therefore, the
impact of mutation breeding-derived crop varieties
around the world demonstrates the potential of muta-
tion breeding as a flexible and practicable approach
applicable to any crop provided that appropriate objec-
tives and selection methods are followed accordingly.
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