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A Report on 36 Years of Practical Work on Crop
Improvement Through Induced Mutagenesis

S K Datta’

Abstract

Induced mutagenesis work was conducted from 1971 to July 2007, using
both physical and chemical mutagens for improvement of a wide range
of crops viz. vegetables, medicinal, pulse, oil-bearing, and ornamental
crops. All classical and advanced methods were extensively used for the
success of induced mutagenesis for the development of new and novel
cultivars of economic importance. Being deeply engaged for the last 30
years on improvement of ornamentals through Gamma-ray induced
mutagenesis, I have produced a large number of new and promising
varieties in different ornamentals. A good number of ornamental mutant
varieties have already been commercialized. A novel technique has been
developed for management of floral chimeric sector in chrysanthemum
through direct regeneration of mutated individual florets. A series of in
vitro experiments were conducted and solid mutants developed through
direct regeneration. In vitro mutagenesis has been successfully used for
development of a salt-resistant strain in chrysanthemum, supported by
biochemical analysis and field trials.

Introduction

Physical and/or chemical mutagens cause random changes in the
nuclear DNA or cytoplasmic organelles, resulting in gene, chromosomal
or genomic mutations. Induced mutagenesis is an established method
for plant improvement, whereby plant genes are altered by treating seeds
or other plant parts with chemical or physical mutagens. Voluminous
work has been done worldwide for the improvement of both seed and
vegetatively propagated crops through induced mutation. In the present
paper, I will highlight important results of induced mutagenesis work
carried out for the last 36 years, on both seed and vegetatively propa-
gated crops. Appreciable knowledge and literature have been generated
during 36 years of practical experiments on crop improvement using
classical and modern induced mutagenesis techniques on aspects like
radio-sensitivity, selection of material, methods of exposure to muta-
gens, determination of suitable dose of mutagen, combined treatment,
recurrent irradiation, split dose, colchi-mutation, detection of mutation,
mutation frequency and spectrum of mutations, nature of chimerism,
classical and modern methods for management of chimera, in vitro
mutagenesis, isolation of mutants, cytological, biochemical and molecu-
lar characterization of mutants, commercial exploitation of mutant
varieties, etc.

Materials and Methods
Experimental materials
Crops selected as experimental materials included vegetables
(Trichosanthes anguina L, T cucumarina, Cucurbita maxima L,
Cephalandra indica, Luffa acutangula Roxb., Lagenaria ciceraria),
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medicinal plants (Trigonella foenum-graecum L, Mentha citrata Ehrh),
pulses (Winged Bean - (Psophocarpus tetragonolobus L. D.C.), oil-bearing
crops (Jatropha curcas L, Rosa damascena, Cymbopogon flexuosus (Nees)
Wats) and ornamentals (Amaryllis, Asiatic Hybrid Lily, Bougainvillea,
Canna, Chrysanthemum, Dahlia, Gerbera, Gladiolus, Hibiscus, Lantana
depressa Naud, Tagetes erecta, Rose, Tuberose, Narcissus tazetta etc.).

Mutagen and treatment methodology
Both physical (X-rays and Gamma-rays) and chemical (EMS, MMS,
Colchicine) mutagens were used for improvement programmes (Table 1).

Table 1. Crops where mutation breeding was performed, mutagens used and
treatments applied

Crop Propagul Mutagens Dose Treatment
T. anguina Dry seeds X-rays 6-30 kR

Colchicine 0.25-1.00% [for 18 hrs]
T. cucumarina Dry seeds X-rays 6-30 kR

Colchicine 0.25-1.00% [for 18 hrs]
C. indica Dry seeds X-rays 6-48 kR

Colchicine 0.25-1.00% [for 18 hrs]
C. maxima Dry seeds X-rays 6-30 kR

Colchicine 0.25-1.00% [for 18 hrs]
L. siceraria Dry seeds Colchicine 0.25-1.00% [for 6 hrs]
L. acutangula Dry seeds Colchicine 0.25-1.00% [for 6 hrs]
T. foenum-graecum  Dry seeds Gamma-rays 30-50 Krad

2hrs H,0 MMS 0.02-0.06% [for 6 hrs]
soaked seeds

EMS 0.3-0.6% [for 6 hrs]
M. citrata Rooted cuttings Gamma-rays 2-8 Krad
P, tetragonolobus Dry seeds Gamma-rays 10-30 Krad
J. curcas Dry seeds Gamma-rays 6-24 Krad

Colchicine 0.25-1.00%
R. damascena Stem cuttings Gamma-rays 1-2Krad [for 18 hrs]

Ornamentals

Amaryllis Bulb Gamma-rays 250rads-5 Krad
Bougainvillea Stem cuttings 250-1250 rads
Canna Rhizome 2 and 4 Krad
Chrysanthemum Rooted cuttings/ 1.0 -3.5 Krad
suckers
Gerbera Rooted plantlet 1 and 2 Krad
Gladiolus Bulb 250 rads-5 Krad
Hibiscus Stem cuttings 1.0-4 krad
Narcissus tazetta Bulb 250,500,750 rad

250-1250 rads
250 rad-8 Krad

Perennial portulaca  Stem cuttings
Polianthus tuberosa  Bulb

Stem with
budding eyes

Rose 2-6 Krad

500 rad-2 Krad
1-4 Krad

Tagetes erecta Rooted cuttings

Lantana depressa Stem cutting
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Combined treatment
Dry seeds of T. anguina were first treated with 24 and 30 kR X-rays and
then kept immersed in 0.25, 0.50 and 1.00% aqueous solution of colch-
icines for 18 hours.

Treated seeds were sown in the field in randomized block design beds
for biological assessment.

In vitro culture
Chimeric florets (developed through sport or gamma irradiation) were
cultured for direct regeneration on MS medium [1, 2].

Results

Oil bearing crops

Both tall and dwarf, high-branching, high fruit and oil yielding and high
biomass yielding variants were induced in J .curcas, the seed oil (“Curcas
Oil”), an efficient substitute fuel for diesel engines [3, 4]. Gamma radia-
tion was also found to be effective to induce suitable strains of J. curcas
for growing on alkali soil [5]. Genetic variability in different morpho-
logical and agronomical characters could be induced in the essential
oil-bearing plant Cymbopogon flexuous [6]. Rosa damascena or Damask
rose, which contains essential oil considered to be the best, was found to
be very sensitive to gamma radiation and variability could be induced
in different morphological characters. The original flower color of R.
damascena was light pink, while one plant in 1Krad treated population
showed white flowers. The mutant has been isolated and established in
pure form [7].

Pulse crops

A dwarf mutant with determinate growth habit has been developed in
Winged Bean, this trait being highly economic to solve stalking prob-
lems in cultivation [8]. An early fruiting mutant has also been isolated
from the Gamma-ray-treated population [9].

Medicinal crops

Response of M. citrata to gamma radiation was very promising in
developing hairy mutants and mutants with higher herbage yield [10].
Gamma-rays, EMS and MMS were most successful in developing a
series of mutants of economic importance in T. foenum-graecum, an
important condiment, medicinal and fodder cum green vegetable crop.
Mutants with small seeds, bold seeds, green and chocolate seed coat color
against normal green, dwarf and high-branching, etc., were induced.
Interestingly, a number of mutants with phylogenetic significance could
be isolated. Mutants with uni to octa-foliate leaflets were developed
against normal tri-foliate leaflets, playing a relevant role in understand-
ing phylogenetic affinities [11-17].

Vegetable crops
Fruits of T. anguina are used as a summer vegetable. Its seeds also yield a
kind of drying oil. One of the essential constituents of this oil is punicic
acid, which is an isomer of alpha-eleostearic acid of tung oil. Mutants
have been induced and isolated with promising and economic early
flowering, short thick fruits, increased fruit weight, yellow fruits, high
oil and punicic acid yield, crinkled leaves etc. [18-26].

Promising genetic variability in different economic characters could
also be induced by X-rays in C.maxima, L. siceraria, C. indica and
T.cucumarina [27-28].

Ornamental crops

Classical mutagenesis

Extensive work has been carried out for the last 30 years for improve-
ment of different ornamental crops. The main objective was to develop
new and novel varieties for floriculture trade. Large numbers of studies
on mutagenesis in ornamental plants by using physical and chemi-
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cal mutagens has been carried out in both applied and basic aspects.
Gamma-rays have been most successfully used and 76 new mutant
varieties with changed flower color/shape, and chlorophyll variegation
in leaves have been developed and released in different ornamentals.
Voluminous information has been generated on various basic aspects for
successful application of classical mutagenesis. Work by the author on
exploitation of mutagenesis for improvement of different ornamentals
has been reported separately (IAEA-CN-167-283P).

Management of chimera and in vitro mutagenesis

The main bottleneck of induced mutation with vegetatively propagated
crops is the formation of chimera. Chimeric tissues cannot be isolated
using the available conventional propagation techniques. Both in vivo
and in vitro techniques have been standardized for management of
chimera. A novel technique has been standardized for the management
of such chimeric tissues through direct shoot regeneration from flower
petals. The technique has been standardized and a series of new solid
flower color/shape mutants have been developed in chrysanthemum
using in vitro mutagenesis through direct regeneration of mutated cells
in florets without diplontic selection. These aspects are reported sepa-
rately (IAEA-CN-167-284P).

Recently, systematic efforts have been made to develop trait-oriented
mutation. Efforts were made to develop NaCl-tolerant chrysanthemum
plants through in vitro mutagenesis. One such NaCl-tolerant chrysan-
themum variant has been developed in a stable form through whole
plant selection in in vitro mutagenesis using ethylmethane sulfonate
(EMS) as the chemical mutagen [29-30]. Data reflects that a proper
balance between enzymatic and non-enzymatic defence system is
required for combating salinity stress in chrysanthemum. A better per-
formance of the progeny of selected lines under the same salinity stress
condition, even in the second year, confirmed the genetic stability of
the salt-tolerance character. In a separate experiment, an attempt was
made to develop stable NaCl-tolerant chrysanthemum plants by selec-
tion of a NaCl-tolerant callus line and subsequent differentiation under
NaCl stress [31]. Enhanced tolerance of the variants was attributed to
an increased activity of superoxide dismutase, ascorbate peroxidase,
and dehydroascorbate reductage, and, to a lesser extent of membrane
damage than NaCl-treated control plants. Salt tolerance was evaluated
by the plant capacity to maintain both flower quality and yield under
stress conditions. It has been concluded that a stepwise increase in NaCl
concentration from a relatively low level to a cytotoxic level was a better
way to isolate NaCl-tolerant callus lines, since direct transfer of callus
to high saline medium was detrimental to its survival and growth [32].

More recently, attempts have been made to regenerate chrysanthe-
mum plants from single cells, i.e. through somatic embryogenesis, for a
management of single cell mutation events. An efficient somatic embry-
ogenesis protocol has been standardized in chrysanthemum, which will
open up a new way for isolating new flower color/shape ornamental
cultivars through retrieval of single mutated cells [33].

Combined effects

Radiation induced genetic and physiological damages, and mutation
frequency can be modified and influenced by pre and post-irradiation
treatment of seeds with chemicals. Combined effects of mutagens i.e.
post x-irradiation colchicine treatment were studied in T. anguina.
Protective effects were estimated in combined treated population to
reduce the damages caused by individual mutagens [34-35].

Colchi-Mutation

Colchicine was found to be very effective to induce genetic variability
in L. acutangula, L. siceraria [36], C. maxima [18], T .anguina and T.
cucumarina [18, 25]. High fruit, seed, oil and punicic yielding mutants
were isolated from a colchicine-treated population of T. anguina [25].
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Successful application of colchicine to induce somatic flower color
mutations in vegetatively propagated ornamentals (Chrysanthemum
and Rose), are reported separately in this volume (IAEA CN-167-283P).
Analysis of colchi-mutants (developed both in seed and vegetatively
propagated crops), clearly indicated that instead of inducing complete
polyploidy in the plant, colchicine produced gene mutations in both the
presently experimental seed and vegetatively propagated plants. It may
be pointed out that, normally, after colchicine treatment, attention is paid
to chromosome duplication and its effect on phenotype. When there
is no polyploid formation and when there are no gigantism in desired
characters in induced polypoid in particular taxa, colchicine breeding
is thought to be unsuccessful. But careful observations have led to the
understanding that although colchicine is known more familiarly as a
polyploidizing agent, it may also be used as a very good mutagen (37).

Domestication

It is commonly accepted that domestication of wild species has been con-
ditioned by mutation following selection. L. depressa (Verbenaceae) is a
semi-wild herb with creeping habit and yellow flowers with little genetic
variability. It is grown on roadsides and boarders of gardens for decora-
tion. Gamma-rays have successfully induced one chlorophyll-variegated
mutant i.e. L. depressa ‘variegata, and two flower color mutants (one
canary yellow — ‘Niharika; and another yellow and white bicolored - L.
depressa bicolored). These mutants are very attractive and can be grown
as potted ornamentals, supporting the concept that induced mutagenesis
can also be used as an efficient technique for domestication [38].

Radiosensitivity

The study of radiosensitivity is a prerequisite for large-scale muta-
tion breeding work. A wide range of parameters known to influence
radiosensitivity were studied to determine the radiosensitivity and their
correlation, including nuclear factors (chromosome number and size,
centromere number and position, Interphase Chromosome Volume,
Interphase Nuclear Volume, degree of polyploidy, nuclear DNA content
etc.), seed moisture content, seed size, seed coat, flower type, flower
color, flower shape, etc. Direct, fractionated dose and storage effects of
Gamma-rays on radiosensitivity were studied. Radiobiological responses
of a large number of plant species clearly indicated that radiosensitivity
varies according to the propagules. Different cultivars were differentially
sensitive to gamma radiation, and it is very clear that radiosensitivity is a
genotype-dependent mechanism [39-42].

Discussion

These results and those available elsewhere in the literature, clearly show
that mutation by using both physical and chemical mutagens has suc-
cessfully produced quite a large number of new and promising varieties
in different seeds and ornamental plants, and is considered to be a most
successful tool for breeding ornamental plants [43-46]. The main advan-
tage of mutation induction in vegetatively propagated crops is the ability
to change one or a few characters of an otherwise outstanding cultivars
without altering the remaining and often unique part of the genotype
[47]. Mutation breeding has been more successful in ornamental plants
because changes in any phenotypic characteristics like color, shape or
size of flower and chlorophyll variegation in leaves can be easily detected.
In addition, the heterozygous nature of many ornamentals offers high
mutation frequency. The capability of Gamma-rays in inducing desirable
mutations in ornamental plants is well understood from a significant
number of new varieties developed via direct mutation breeding. Recent
genetic engineering techniques appear to be most promising and excit-
ing for development of desirable transgenic ornamentals, but this tech-
nology is at the early stage of development. Every technique has its own
advantages and disadvantages. After more than three decades of applied
mutagenesis work, it is established beyond doubt that mutation breeding

will constitute an excellent supplement to the conventional methods in
practice. Studies have clearly proved that mutation breeding techniques
using nuclear radiation can be exploited for the creation of new and
novel ornamental cultivars of commercial importance, by inducing
genetic variation in already adapted, modern genotypes and can also
enrich the germplasm of ornamental horticulture. Although mutation
breeding is a random (chance) process, reports are available for direc-
tive mutation in flower color with some starting colors [48]. Mutation
breeding at its present status appears to be well standardized, efficient
and cost-effective. Classical mutagenesis combined with management of
chimera and in vitro mutagenesis are most promising and standardized
techniques for developing new and novel varieties. Voluminous prac-
tical knowledge generated by the author on basic and applied aspects
for successful application of induced mutagenesis for improvement of
seed and vegetatively propagated crops has been published in the form
of research papers (258), review papers (13), book chapters (29), books
(2), edited books (4), bulletins (8), popular articles (78), Symposium
abstracts (123), etc.
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Citrus Improvement Using Mutation Techniques

E S Louzada

Citrus cultivar improvement is hampered by several biological factors
inherent to most citrus species. Facultative apomixis, self and cross-
incompatibility, long juvenility period, and high heterozygosis are some
of the vast arrays of impediments faced by citrus breeders in conven-
tional hybridization.

Since oranges and grapefruits are highly polyembryonic, the produc-
tion of enough numbers of zygotic offspring for selection of superior
genotypes of these species is basically impossible; hence, most com-
mercially important cultivars of these species have originated through
natural or induced mutation. Star Ruby, a deep-red-fleshed grapefruit,
was developed by irradiation of Hudson grapefruit seeds with thermal
neutrons [1]. Unlike Hudson, which contains over 50 seeds per fruit,
Star Ruby is nearly seedless. Hensz [2] irradiated buds of Ruby Red
grapefruit with thermal neutrons and a tree that originated from one
of the buds produced fruits three times redder than Ruby Red. It was
named A&I-1-48. Ten trees were propagated from A&I -1-48, and out
of one of the trees, a budsport mutation was found producing fruits five
times redder than Ruby Red. Called Rio Red, it is currently the variety of
choice for Texas and is known worldwide for its sweetness, red flesh and
beautiful blush. Currently, 37 years after A&I -1-48 was first propagated,
the trees are still producing several budsport mutations. So far, in the
2007/2008 season, more than 100 new mutations were obtained from a
100-tree block.

In the mandarin group, the existence of several monoembryonic culti-
vars facilitates conventional breeding, but still, induced mutation is part
of most mandarin breeding programmes, and proprietary, new seedless
cultivars have been produced in the US, Italy, Israel and elsewhere [3,
4, 5, 6]. Seedless mandarins produced by the University of California
Riverside include Dayse, Fairchild, Encore, and Nova. The USDA-ARS,
U.S. Horticultural Research Laboratory in Florida released a seedless
Pineapple orange, and the University of Florida a seedless Murcot tangor.

Mutation has been also important in lemon breeding, and a seed-
less lemon, with tolerance to a devastating lemon disease was recently
reported [7], in addition to earlier reports of a thornless lemon mutant
produced by gamma irradiation [8].

Gamma irradiation is currently an important component of our breed-
ing programme and several potentially improved cultivars of grapefruit,
pummelos, and lemons are in the pipeline. Additional details of citrus
irradiation programmes in the US will be provided.

Texas A&M University- Kingsville Citrus Center, 312 N. International Blvd, Weslaco, Texas, 78596
USA

E-mail: elouzada@ag.tamu.edu
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Mutation Breeding of Chrysanthemum by Gamma
Field Irradiation and /n Vitro Culture
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Abstract

The purpose of this work is to clarify the effect of chronic (gamma field)
and acute (gamma room) radiation and in vitro culture on mutation
induction of flower color in chrysanthemum. The combination of both
methods yielded a mutation rate 10 times higher than the conventional
chronic cutting method, and also produced non-chimeric mutants.
Somaclonal variation often occurred in plants regenerated from callus,
but no significant variation appeared in callus regenerants from non-
irradiated plants. Therefore, proper mutagenic treatment on cultured
materials is indispensable for effective mutation induction. The chronic
culture method clearly yielded the widest color spectrum in chrysan-
themum, while the acute culture method resulted in a relatively low
mutation rate and a limited flower color spectrum. Flower color muta-
tion could be more readily induced in plants regenerated from petals
and buds, than from leaves. In this respect, it is supposed that the gene
loci fully expressed on floral organs may be unstable for mutation by
mutagenesis or culture, but could perhaps induce mutation in a desired
direction. A possible reason why the chronic culture methods showed
higher frequencies than the acute, is discussed. Nine out of 10 registered
mutant varieties were derived from chronic irradiation, and only one
from acute. The combined method of chronic irradiation with floral
organ cultures proved to be of particularly great practical use in muta-
tion breeding, not only of flower species but of other species as well.

Introduction

Mutation breeding has been successfully applied for variety improve-
ment of many crop species. About 70 % of the world’s mutant varieties
have been induced through Gamma-rays. There are two streams of
Gamma-ray irradiations, chronic and acute. Since the 1960s, 14 chronic
irradiation facilities have been constructed worldwide, but all facilities
were shut down, except for a gamma field in Japan, which has been oper-
ating for almost half a century.

A TJapanese pear variety resistant to black spot disease called “Gold
Nijisseiki” or “Osa Gold” had been induced and selected in the gamma
field, supported by a single and quick selection technique using leaf
disks taken from irradiated trees and AK toxin of the disease [1, 2]. An
ornamental mutant with pink and yellow striped leaves was induced
in a gamma greenhouse and registered as a new variety of pineapple.
New mutant varieties of evergreen and dwarfness in Manila grass were
selected during the winter in the gamma field [3,4]. This variety can pro-
vide green turf throughout the year and reduce lawn-mowing frequen-
cies. A wide spectrum of different shapes and color mutants in roses was
induced in the gamma field, and three mutants were registered as new
varieties.
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The notable results derived from chronic irradiation using gamma
field and gamma greenhouse in IRB were reevaluated in cooperation
with nine countries in East Asia under the collaborative framework of
“Forum for Nuclear Cooperation in Asia” [5]. Recently, new chronic
irradiation facilities have been constructed one after another in member
countries. A gamma bio-room in Thailand, a gamma greenhouse in
Malaysia, and a gamma phytotron in the Republic of Korea are now
operating. A gamma field is currently being planned for construction in
Vietnam. A new venue for chronic mutation breeding has also opened
in East Asia.

The purpose of this study was to clarify the effect of chronic (gamma
field) and acute (gamma room) radiations and in vitro culture [6] on
mutation induction of flower color in chrysanthemum [7, 8], and to
establish an effective mutation breeding method for vegetatively propa-
gated plant species.

Materials and Methods

Using a cut flower variety called “Taihei,” a number of plants were regen-
erated from explants of petals, buds, and leaves excised from chronic,
acute, and non-irradiated plants. Flower color mutation was then
induced through the combined effects and analyzed in comparison with
the conventional chronic cutting method.

For chronic irradiation, the gamma field in IRB was used to grow
plants on field at optimal dose rates. Gamma-rays were irradiated from a
cobalt source (“°Co 88.8 TBq, 2400 Ci) on the tower in the center of round
field (100 m in radius). The growing plants were irradiated at dose rates
ranging from 0.25 to 1.5Gy/day for 20 hours every day except Sundays
and national holidays. Total treatment doses of plants were from 25 to
150Gy for 100 days until the flowering season of the chrysanthemum.

ouiiuers

At o+ Cualiurs -‘-ﬁ, _‘FTP
RS =
atml “"I’ l i a‘-ll'\r'::::';l ﬂhﬂ:'\) Ohrasnl

Mil o

Eimi

lll.thl.l -

ll. ll'ilil- B

(

uqm.--u-e
P

Alirtmad

Figure 1 Experimental flowchart

Q.Y. Shu (ed.), Induced Plant Mutations in the Genomics Era. Food and Agriculture Organization of the United Nations, Rome, 2009, 258-261



Floral petals, buds, and leaves were excised from the irradiated plants
and used as explants for callus induction culture (Fig.1). In the petal
culture, the explant sources were divided into their sectorial patterns.

The callus was induced on a callus medium comprised of Murashige
and Skoogss basal formula [9], supplemented with 0.2 mg/l NAA
(naphtaleneacetic acid), 1 mg/l BA (benzylamino purine) and 10%
vw coconut milk. After the calluses were subcultured on the medium,
regenerated plants were obtained on a medium composed of MS basal
medium supplemented with 0.1 mg/l NAA and 1 mg/l BA. All the cul-
tures were kept under 3000 lux light for 16 hours at a temperature of
27°C. The regenerated plants were acclimatized in a greenhouse, then
transplanted to a field nursery to investigate mutation induction. The
plants used as the control were established by cutting back twice the
lateral shoots of the chronically irradiated plants.

For acute irradiation, the explant sources of leaves, buds and floral
petals dissected from unirradiated plants were incubated on callus
induction medium after sterilization. After three days of incubation,
the explants were irradiated at a dose rate of 10Gy/hr, total doses rang-
ing from 20 to 100Gy in a gamma room (44.4 TBq., “Co source). Soon
after irradiation, the segments were transferred to fresh callus induction
medium. The induced calluses were subcultured on callus medium and
then on the regeneration medium. Regenerated plants derived from each
explant source of unirradiated plants were treated for comparison. All of
the regenerated plants obtained were transplanted to a field nursery at
IRB. The mutant flower colors of the regenerated plants were observed
and recorded using a TC-1800 MK-II spectrophotometer.

Results and Discussion

Radiosensitivity of chronic and acute irradiated materials

The radiosensitivity of the growing point of the main stem was estimated
to be 100Gy at a 50% survival dose (LD 50) and 150Gy at a lethal dose
(LD 100). The number of flowers decreased sharply as irradiation dose
rate rose, and few flowers appeared at 1.25Gy.

Figure 2 Flower color mutant lines derived from chronic irradiation using floral petal cul-
tures of chrysanthemum (Upper right: Original “Taihei” variety).

The radiosensitivity of cultured explants to acute irradiation was
estimated, and although the callus was induced on explants irradiated
at a dose as high as 80Gy, the subsequent regenerability of the callus
stayed normal up to 20Gy, but diminished sharply at 40Gy. The critical
dose for plant regeneration was assumed to be 40 to 50Gy, and none of
the callus retained its generability at 80Gy. Accordingly, the optimum
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dose of acute irradiation for cultured explants was estimated to be 20Gy.
However, the optimum dose of acute irradiation for cuttings was esti-
mated to be 15-20Gy, and the lethal dose 50Gy. Therefore, the optimum
dose of chronic irradiation can be extended to almost 2.5 times that of
acute irradiation. The chronic irradiation method employed in the study
caused a relatively high accumulation of radiation in regenerants, but
reduced adverse radiation damage to the proliferation and differentia-
tion of the callus.

Mutation frequency in flower color

A total of 549 mutants (15%) were obtained from 3,688 plants in the
field nursery; 79% of them fell into the category of light to dark pinks
similar to the original variety and 21% were a different color from the
pinks. A wide spectrum of flower color appeared in individual regener-
ants derived from floral organ culture. Wide, continuous variations also
appeared in the shape and size of the flowers and leaves in regenerants
from petal and bud cultures (Fig. 2).

At chronic irradiation, average mutation rates of flower color were
38.7%, 37.5%, 13.8% and 4.7%, respectively, in regenerants from petal,
bud, and leaf cultures and shoots (conventional) (Fig. 3). The former
two were approximately eight times higher than the latter. At acute irra-
diation, average mutation rates in regenerants from petal, bud, and leaf
explants were 29.7%, 12.0%, and 12.9%, respectively.
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Figure 4 Comparison of flower color mutation rate of all colors, excluding the light and dark
pinks that are similar to the original color, in regenerants derived from cultured explant
sources and ordinary shoots, induced by chronic and acute irradiation methods.

At non-irradiation, the average mutation rate was a mere 0.5% in
regenerants from all types of explants indicating somaclonal variation.
Somaclonal variation often occurred in plants regenerated from the
callus, but no significant variation appeared in callus regenerants from
non-irradiated plants. Therefore, proper mutagenic treatment on cul-
tured materials is indispensable to effective mutation induction.
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The method using chronic petal culture gave the highest mutation
rate, followed by chronic bud and acute petal cultures. The methods
using a leaf with either chronic or acute irradiation provided a lower
mutation rate than those using petals and buds. It was noted that most
regenerated mutants directly induced from chronic shoots displayed
chimera formation.

The mutation rate of all flower colors of the regenerants, excluding
the light and dark pinks shown in Fig. 4, indicates which methods
extended the mutated color spectrum. Thus, the highest mutation rate
was obtained from the chronic petal culture, followed by the chronic
bud culture. The other methods that used chronic shoot and chronic leaf
culture and all acute irradiation methods proved to have lower mutation
rates, with a narrow spectrum.

The chronic culture method clearly yielded the widest color spectrum
in chrysanthemum, while the acute culture method resulted in a rela-
tively low mutation rate and a limited flower color spectrum.

Flower color mutation could be more readily induced in plants
regenerated from petals and buds, than from leaves. In this respect, it
is assumed that the gene loci fully expressed on floral organs may be
unstable for mutation by mutagenesis or culture, and therefore results
in higher and wider mutations. The choice of desired organ as in vitro
explants could perhaps induce mutation in a desired direction.

Comparison of mutation induction in chronic and acute
irradiations
In short, chronic irradiation using petal and/or bud culture could be an
effective method for inducing flower color mutant varieties. A possible
reason why the chronic culture methods showed higher frequencies than
the acute, is that most of the cells composing the tissue, organs and plant
continually irradiated into a cell division and became more sensitive and
mutable to irradiation (Fig. 5). It is well known that cells at the G, and M
stages are more sensitive to radiation than those at the G, and S stages.
Under chronic irradiation, if continual low dose Gamma-rays are
irradiated onto each cell division every day, mutated cells emerge (Fig.
6). These mutated cells then bear a couple of daughter cells with accu-
mulated mutation in growing organs. Contrarily, under acute irradia-
tion, when the explants composed of various cell stages are irradiated at
high doses and dose rates at one time, the dormant cells (G, S stages),
less sensitive to radiation, were able to survive, but the more sensitive
dividing cells (G,, M stages) were inactivated. In this state, there would
be no more accumulation of mutation under acute irradiation. This is
the reason why mutants from chronic irradiation yielded a wider color
spectrum than those from acute irradiation.
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Figure 5 Cell division and phases sensitive to radiation.

In this study, nine out of 10 registered flower color mutant varieties
were derived from chronic irradiation. As for culture techniques, five
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varieties were derived from chronic petal culture, three from chronic
bud culture, one from chronic shoot, and one from acute leaf culture
(Fig. 7).

The combined method of chronic irradiation with floral organ cultures
proved to be of practical use in mutation breeding, not only of flower
species like Cytisus and Eustoma [10, 11], but also of other species such
as sugarcane, pineapple, banana and so on [12, 13, 14].
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Figure 6 Relationship between cell cycle and mutation induction under chronic and acute
irradiations.
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Figure 7 The original variety, “Taihei,” its registered mutant varieties and their induced
methods using /n vitro cultures of explants taken from different organs in chrysanthemum
under chronic, acute and non irradiations. Chr.: chronic irradiation, Acu.: acute irradiation.

Conclusions

1. The optimum dose of chronic irradiation can be extended to almost
2.5 times that of acute irradiation. The chronic irradiation method
employed in this study caused a relatively high accumulation of
radiation in regenerants, but reduced adverse radiation damage to
the proliferation and differentiation of the callus.

2. The combined methods of irradiation and in vitro culture yielded
a mutation rate eight times higher than the conventional chronic
cutting method, also producing non-chimeric mutants (Fig. 3).

3. Somaclonal variation often occurred in plants regenerated from
callus, but no significant variation appeared in callus regenerants
from non-irradiated plants. Therefore, proper mutagenic treatment
on cultured materials is indispensable for effective mutation induc-
tion (Fig. 3).

4. The chronic culture method clearly yielded the widest color spec-
trum in chrysanthemum, while the acute culture method resulted
in a relatively low mutation rate and a limited flower color spec-
trum (Fig. 4).



5. Flower color mutation could be more readily induced in plants
regenerated from petals and buds, than from leaves. In this respect,
it is supposed that the gene loci fully expressed on floral organs
may be unstable for mutation by mutagenesis or culture, but could
perhaps induce mutation in a desired direction (Fig. 4).

6. A possible reason for why the chronic culture methods showed
higher frequencies than the acute, is that most of the cells compos-
ing the tissue and organs continually irradiated into a cell division
and became more sensitive and mutable to irradiation (Fig. 5).
Under these conditions, many small mutated sectors accumulated
in the cells of growing organs. In contrast, when explants composed
of various cell stages were irradiated at high doses and dose rates,
the dormant cells, less sensitive to radiation, were able to survive,
but the more sensitive dividing cells were inactivated (Fig. 6).

7. In this study, nine out of 10 flower color mutant varieties registered
were derived from chronic irradiation (Fig. 7). The combined
method of chronic irradiation with floral organ cultures proved to
be of particularly great practical use in mutation breeding, not only
of flower species but of other species as well.

8. By using this technique, a number of useful mutant varieties could
be developed in many kinds of crops, such as sugarcane, pineapple,
Eustoma and Cytisus.
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Enhancing Genetic Diversity Through Induced
Mutagenesis in Vegetatively Propagated Plants
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Abstract

Conventionally, crop improvement strategies rely not only on the avail-
ability of heritable genetic variations within utilizable genetic back-
grounds, but also on the transferability of the traits they control through
hybridizations between the parental stocks. Procedures for producing
hybrids of sexually reproducing plants are routine, while for vegetatively
propagated plants, hybridizations are usually impractical. Therefore, the
improvement of crops that lack botanical seeds necessitates alternative
strategies for generating and utilizing genetic variations. Induced muta-
genesis generates allelic variants of genes that modulate the expression
of traits. Some of the major drawbacks to the widespread use of induced
mutations for vegetatively propagated plants include the difficulties of
heterozygosity of the genetic backgrounds, the incidence of chimeras
and the confounding effects of linkage drags in putative mutants. In
general, the inherent inefficiencies of time and space economies associ-
ated with induced mutagenesis are further exacerbated in vegetatively
propagated crops mostly on account of the need for continual propaga-
tion. We highlight the mitigating roles on these drawbacks of judicious
integration of validated biotechnologies and other high throughput
forward genetics assays in induced mutagenesis pipelines. Using cassava
and banana as models, we demonstrate the use of cell and tissue biology
to achieve homozygosity, minimize or eliminate chimeras, and signifi-
cantly shorten the duration of the generation of mutants. Additionally,
use of these biotechnologies to attain significantly reduced propagation
footprints while evaluating putative mutants without compromising
population size is also presented. We also posit that molecular biology
approaches, especially reverse genetics and transcriptome assays, con-
tribute significantly to enhancing the efficiency levels of the induced
mutagenesis processes. The implications for crop improvement and
functional genomics via the concerted application of biotechnologies
in the generation, identification, and tagging of mutation events in the
genomes of vegetatively propagated crops are also discussed.

Introduction

Mutation, the heritable change to the genetic make-up of an individual,
is a naturally occurring phenomenon. The outcome of the interplay
of the accumulation of mutation events and the modulating influ-
ences of natural and artificial selection pressures is manifested in the
evolutionary process. A vivid contribution of mutation to agriculture is
crop speciation and domestication. Characterized mutation events that
discriminate cultivated plant species from their wild relatives include
the abolishment of shattering in cultivated peas and cereals such as
barley and wheat. Other examples include non-bitter edible almonds
and parthenocarpy that confers seedlessness in grapes and other fruits,
e.g. bananas. A recent exploitation of a mutation event that is amply

Plant Breeding Unit, FAO/IAEA Agriculture & Biotechnology Laboratory, |AEA Laboratories
Seibersdorf, International Atomic Energy Agency, Wagramer Strasse 5, P.0. Box 100, A 1400
Vienna, Austria
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chronicled in literature is the isolation of the semi-dwarf characteristics
in wheat by scientists at the International Center for Maize and Wheat
(CIMMYT, its Spanish acronym) in Mexico. The massive generation and
deployment of wheat varieties with the mutant sdI gene, characterized
to be a mutation leading to a deficiency in the growth hormone, gib-
berellic acid, led to the Green Revolution [1].

Early in the 20" century, X-rays and other forms of radiation were
discovered; the demonstration of the ability of these physical agents to
cause mutations followed quickly afterwards [2, 3, 4]. Naturally occur-
ring mutations are referred to as spontaneous mutations, as opposed
to induced mutations that are brought about through artificial means.
For the past 80 years, mutation induction has been a routine tool for
the generation of genetic variation in crop germplasm, and has been
overwhelmingly used in crop improvement, a strategy that is known
as Mutation Breeding. The use of these mutant stocks has since been
expanded to include the more upstream activities of functional genom-
ics which encompasses a body of procedures relating to the discovery of
genes and elucidation of their functions. This has been achieved through
the production of insertional and gene knockout lines. More recently,
plants harboring induced subtle genome alterations, usually single base
pair changes, are becoming commonly used in gene discovery and func-
tional studies through the association of changes in their DNA sequences
to modified phenotypic expressions.

Vegetatively propagated crops

A wide range of crops, grown for their edible roots, tubers, fruits, aerial
stems and leaves, are not planted using botanical seeds. When plant
parts other than true sexual seeds are used for propagating a plant, the
mode of propagation is referred to as vegetative. Vegetatively propagated
crops play critical food security roles in the tropical and neo-tropical
regions of Africa, Asia and Latin America and the Caribbean. Increased
and stable yields in these crops are therefore imperative for meeting the
dietary needs of the rapidly growing populations in these parts of the
world. Conventional crop improvement, predicated upon the availability
of utilizable desirable genetic variation, is dependent upon the breed-
ers ability to generate progeny from hybridizing parental stocks. This is
not an option for plants which, for a variety of reasons, are vegetatively
propagated crops.

Due to this handicap, the development of improved varieties with
stable high yields that enhance the nutritional status of the populace, are
tolerant of the myriad of biotic and abiotic stresses, and suffer minimal
post-harvest losses, remain veritable challenges to breeders for many of
the staple food security crops in the tropics and neo-tropics. This daunt-
ing task is exacerbated by the other biological constraints of high het-
erozygosity of vegetatively propagated crops, the high levels of systemic
disease and pest inoculums.

Survey of induced crop mutants
Considering the aforementioned drawbacks to the use of conventional
hybridization-based strategies for the genetic improvement of veg-
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etatively propagated crops, it would be reasonable to assume that plant
breeders and other scientists engaged with the generation of new varie-
ties of these crops have been making use of induced mutations and other
novel genetic improvement interventions. The facts however belie this
assumption.

The elegant surveys of officially released induced crop mutants in [5]
and [6] indicate that seed propagated crops constitute the overwhelming
majority of crop mutant varieties. Of the 1,700 officially released crop
mutant varieties surveyed in [5], only 97 were vegetatively propagated
crops (Fig. 1). A similar skewed trend in favor of a disproportionately
large ratio of seed propagated mutant crop varieties is evident when
all mutant plant varieties (and not only crops) are surveyed. A search
of the Joint FAO/IAEA Mutant Varieties Database [7] in November of
2008 showed that out of the total entry of 2,797 mutant plant varieties,
only 310 vegetatively propagated mutant plant varieties (including food
crops, ornamental plants and animal feeds crops) were listed (Fig. 1).

Vegetatively A Vegetatiely B
Propagated Propagated
Crops Plants
5% 1%

Figure 1 Officially released mutant crop varieties by mode of propagation: A, in 2000 [5];
B, in November 2008 [7].

Ahloowalia, et al. [6] highlighted this relative paucity of vegetatively
propagated mutant crop varieties. Interestingly, according to these
authors, the few vegetatively propagated mutant crop varieties were
enthusiastically adopted by farmers and have been contributing to
enhanced income for the growers. The most striking examples of these
mutants, excluding the ornamental plants, are shown in Table 1.

Table 1. Summary of some widely cultivated vegetatively propagated mutant
crop varieties with significant economic values for growers. Adapted
from [5] and [6]

Crop type Plant No. of mutants
Oil Peppermint 2
Fruit Orange (Mandarins) 5
Apple 10
Banana 2
Apricot 1
Sweet Cherry 8
Sour Cherry 4
Peach 2
Pomegranate 2
Pear 5
Japanese Pear 2
Black Currant 1
Ribes 1
Raspberry 1
Grape 1
Root Cassava 1
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Of note are the two varieties of peppermint, “Todd’s Mitcham’ and
‘Murray Mitcham, whose tolerance to Verticillium have made them
varieties of choice in the US. Others are the 48 mutant varieties of fruits
including the ‘Gold Nijisseiki’ Japanese pear (Pyrus pyriforia), which is
resistant to black spot disease (caused by Alternaria alternata), and the
‘Rio Star’ grapefruit which accounts for 75% of the grapefruit production
area in Texas, USA. The inference from the widespread adoption and
cultivation of these vegetatively propagated mutant crop varieties is that
the relatively depressed number of mutant varieties in this class of crops
is not for want of end-users. The reasons derive from the peculiarities
inherent in the reproductive biology of these crops; overviews of these
bottlenecks will be reviewed in subsequent sections of this paper.

Drawbacks to the induction of mutation in vegetatively

propagated crops

In general, a major drawback to the routine application of induced
mutagenesis to both crop improvement and genomics studies (through
forward and reverse genetics strategies, respectively) remains the drudg-
ery of producing, handling and assaying the requisite large populations
of mutant stocks. This is because since the success of induced mutations
is a function of statistical probability, protocols are not yet available (nor
readily feasible) for targeted gene modifications, and large population
sizes must be created in order to have a fair chance of detecting desirable
mutations. This is expensive, laborious and time-consuming. For obli-
gate vegetatively propagated plants, the starting materials for inducing
mutations cannot be botanical seeds, usually more convenient to handle
than the bulkier vegetative propagules, as is the case with the seed propa-
gated crops. This immediately poses the first problem of footprint as at
the very least, more space is required for handling the propagules and
more time and resources will have to be invested in the actual exposure
of the propagules to the mutagenic agent. This drudgery continues into
the evaluation of the putative mutants, as this typically also requires
more time and resources. Other peculiarities of vegetatively propagated
plants go beyond this drudgery and require deliberative strategizing in
order to efficiently generate mutants. The most common issues include
the absence of meiotic sieves; the concurrent fixation of deleterious alle-
les; the transmission of pathogens to subsequent generations, and most
importantly, the preponderance of chimeras [8].

Absence of meiotic sieves

Point mutations, physiological damage (primary injury), and chromo-
somal aberrations have often been identified as the three main effects of
mutagenesis. In seed propagated crops, gross chromosomal aberrations
- which are lethal - are ‘sieved’ out at the first mutagenic generation
(M,), as well as the physiological damages that are extra-nuclear. In prac-
tice, only point mutations and other non-lethal mutations are carried
over to the next generations in seed propagated crops. With meiosis not
intervening in the advancement of putative mutants to subsequent gen-
erations, this ‘sieve’ mechanism is obviated leading to the accumulation
of inordinate levels of unintended mutation events.

Concurrent fixation of deleterious alleles

Pleiotropic effects, occasioned by creation of new alleles through muta-
genesis, or linkage drags (the co-segregation of desirable with deleterious
alleles), are easily mitigated through hybridization, usually backcrossing
to the desirable genetic background. In vegetatively propagated crops,
this facility cannot be exploited, leading to the accumulation of undesir-
able genic effects in the induced mutant. An otherwise excellent induced
mutant could be dispensed with on this account, a situation that may
have some contributory roles in the relatively lower numbers of induced
mutants in this class of crops.
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Transmission of pathogens to next generations

Plant pathogens - fungal, bacterial and viral - through systemic infec-
tion are propagated along with the host from one generation to the next.
The presence of disease agents in a putative mutant may confound detec-
tion of the phenotypic expression of the mutation event. While systemic
infection could also result in transmission of pathogens through seeds,
the sheer bigger size of vegetative propagules ensures greater loads of
inoculums of disease-causing agents which accumulate over generations.

Chimeras

A result of using a multi-cellular tissue (as most vegetative plant prop-
agules do) as the starting material for mutation induction is the inci-
dence of chimeras, i.e. sectorial differences whereby different mutation
events exist side-by-side in the same individual. Bearing in mind the
characteristic totipotency of plant cells, the ontogeny of the progeny
from the same putative mutant would be distinctly dissimilar, a situa-
tion that is clearly undesirable in generating a mutant population; such
a population should be uniform for the mutation event. The handling
of the mutagenic population therefore requires significant effort being
invested in the dissociation of chimeras, an added drudgery.

Strategies for mitigating the drawbacks to inducing mutations in
vegetatively propagated crops

The identified bottlenecks to routine induction, isolation and deploy-
ment of mutations in vegetatively propagated crops can be ameliorated
through a strategic use of biotechnologies; cell and tissue biology tech-
niques are useful for the efficient production of mutants while molecular
biology techniques enhance efficiency in the rapid genotyping of the
mutation events, as reviewed below.

Cellular and tissue biology strategies

A critical bottleneck in the routine application of induced mutations in
plants is the low level of efficiency of the processes; quality and quantity
of induced mutant populations are sub-optimal when conventional
strategies are used. Also, mechanisms for discovery and deployment of
the mutated segments of genomes could be significantly improved. The
requirement for generating and evaluating large population sizes remains
imperative being the only way to ensure a fair chance of recovering the
desired mutation events. Another drawback, the inherent problem of
chimeras, is exacerbated in vegetatively propagated plants. A further sig-
nificant hurdle is the need to have the mutated segment in a homozygous
state so that the mutation, usually recessive, could manifest as a pheno-
type. A number of in vitro techniques have been shown to circumvent
or significantly mitigate these bottlenecks to induced mutations. These
include cell suspension cultures including somatic embryogenesis, and
rapid in vitro multiplication. Strategies for mitigating the drawbacks
of inducing mutations in a heterozygous state include the recovery of
dominant alleles and exploiting existent haplo-insufficiency and limited
sexual reproduction.

Somatic embryogenesis

The presence of chimeras, especially in vegetatively propagated crops,
confounds strategies employed in the development of homohistonts. The
validated methodology for mitigating this problem is to pass the puta-
tive mutant through several cycles of vegetative regeneration (in vitro
and in vivo). The added expense, in terms of time and resources, could
be circumvented through the use of single cells as starting materials for
inducing mutations and subsequently regenerating whole plantlets from
them, a path that mimics classical embryos (involving zygotes) and is
referred to as somatic embryogenesis. This process typically involves
mass proliferation of undifferentiated cells — callus — and subsequently
through the modification of culture media, the induction of embryogenic
properties in the cells. Typically, the most common paths taken include
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the production of cell suspension cultures and friable embryogenic calli
(FEC). The individual cell is then exposed to the mutagen, and taking
advantage of the potential of each plant cell to regenerate into a whole
plant, a phenomenon known as totipotency, plantlets are regenerated
on appropriate culture media. Cell suspension culture processes include
the production of cell lines from callus followed by the regeneration of
plantlets through somatic embryogenesis. The FEC path circumvents the
culturing of cells on liquid media, rather through the manipulation of
growth media, embryogenic structures are induced which subsequently
regenerate whole plantlets. Since Nickell [9] demonstrated the cell sus-
pension technique with Phaseolus vulgaris, reproducible protocols have
been validated for other plant species. This ability to grow individual
plant cells under aseptic conditions, and from them, regenerate whole
plantlets, permits the exposure of individual cells to mutagens. Arising
from an individual cell, each plantlet is devoid of chimeras. Obviating
therefore the requirement for several cycles of regeneration, significant
gains in time and resources are achieved through this path. Following
the demonstration of somatic embryogenesis through cell suspension
cultures in Musa [10], the use of cell suspension cultures as starting
materials in induced mutations has been successfully used in the gen-
eration of banana mutants [11, 12]. Lee, et al [13] had also generated
homobhistonts in cassava through gamma irradiation of FEC in cassava.

Rapid in vitro multiplication

Protocols for somatic embryogenesis, being genotype-dependent, are
not available for all crop species, therefore limiting the utility of this
technology in the efficient induction of mutations in plants. In instances
where somatic embryogenesis is an impractical option, or where pro-
tocols have not been validated, in vitro techniques, especially rapid
multiplication systems using meristematic regions of plants, could be
used to achieve some level of efficiency in induced mutations. Plantlets
are regenerated, but not at the same levels of homozygosity and inci-
dence of chimeras as in somatic embryos. Such plantlets are then passed
through several cycles of regeneration to dissociate chimeras. Through
this method (irradiation and in vitro culture of shoot tips), an induced
mutant banana variety, Novaria, currently under cultivation in Malaysia,
was developed [14]. Roux, et al. [11] reported that incidence of cytochi-
meras in Musa was reduced to 8% after three subcultures of plantlets
arising from multi-apices. This could be used as a guide as it has not
been possible to empirically demonstrate the complete elimination of
chimerism through sub-culturing of the plantlets. Owoseni, et al. [15]
reported the use of in vitro nodal segments as starting materials for the
induction of mutations in cassava.

Molecular biology techniques for enhancing efficiency in induced mutations
While cell biology techniques could be used to address the bottlenecks
imposed by the need to rapidly generate large mutant populations of
suitable genetic backgrounds (homozygous for the mutation events, and
devoid of chimeras), there is still a compelling need to query the mutant
populations for the mutation events. This is of course not peculiar to
vegetatively propagated crops, but nevertheless deserves a mention.
Direct field trials or laboratory assays for the traits of interest for the
large mutant population is usually laborious, expensive and hardly cost-
efficient. Molecular biology strategies offer mechanisms for direct que-
rying of target genes for changes. Molecular biology might not provide
conclusive evidence of the desired mutation in itself, but such techniques
will significantly obviate the need for field trials of large populations,
enhancing the efficiency of the processes.

Reverse genetics strategies, especially Targeting Induced Local Lesions
IN Genomes (TILLING), through its inherent high throughput platform,
promise to be indispensable tools for the efficient and rapid identifica-
tion of mutation events. Making use of a combination of polymerase
chain reaction amplification of target regions of the genome and a subse-



quent identification of mutations in the target region through enzymatic
mismatch cleavages [16, 17, 18], TILLING has been demonstrated in the
identification of induced mutations in wheat [19].

Conclusions and perspectives

Continually, the scientific community is recognizing the critical roles
of induced mutations in crop improvement and functional genomics.
Thus, ‘designer crop varieties; such as high-yielding crops with targeted
modifications to their genomes, are needed to address the uncertainties
of global climate change and variations, and the expected increase in
global food insecurity. There is a compelling need to invest significant
efforts in the development of strategies for an efficient use of induced
crop mutants in producing crops that are adapted to harsh environ-
ments and the development of genomics tools for use in marker-aided
selection. On account of the almost total absence of sexual reproduc-
tion, genetic improvement of vegetatively propagated crops presents
particular problems for which induced mutagenesis might be the most
viable cost-effective solution. However, sub-optimal breeding strategies
for these crops also affect the efficiency levels in the use of induced muta-
genesis. One of the most serious identified bottlenecks is the incidence of
chimeras, a problem that could be mitigated by a strategic deployment of
appropriate cell and tissue biology techniques.

The need for recessive mutations to be in a homozygous state in order
to manifest phenotypically, also poses a significant hurdle. However, the
fact that vegetatively propagated plants that were induced to mutate using
vegetative propagules constitute 11% of all reported officially released
mutant plant varieties [7], demonstrates the feasibility of mutation
breeding. The causative mutations underlying the mutant varieties are
unknown. Phenotypic manifestations in the varieties could be ascribed
to the abolishment of function in loci with only one active gene copy. The
frequency of heteroalleles will be increased in vegetatively propagated
species because of spontaneous accumulation of deleterious mutations
and the lack of meiosis, independent assortment, and selection to cull
such mutations from the population. Heterozygous mutations will also
reveal haploinsufficient loci. It is also probable that dominant mutations
could be in play for some of the traits in these vegetatively propagated
crops.

As with seed propagated crops, the rapid and cost-effective identifi-
cation of mutation events is desirable and could be achieved by using
molecular biology tools to query targeted regions of the genome for
mutations. Reverse genetics methodologies, especially those amenable
to high throughput - in order to efficiently evaluate the requisite large
mutant population sizes — such as TILLING, hold great promise for the
use of molecular biology techniques to rapidly whittle down the size of
putative mutants before field trials or other assays with cost implications
that are required to confirm the phenotypic expression of the desired
mutation. The reasoning is that if TILLING for instance, does not
uncover a mutation in the target gene (already implicated in the expres-
sion of a trait), it is unlikely that the putative mutant would express a
phenotypic variation from the wild-type, negating therefore the need for
any further evaluation of that candidate. This could be a major contribu-
tion to easing the drudgery associated with induced mutations in crops,
especially for crop breeding.

Validated protocols exist for these different biotechnologies, but a
need remains for the assemblage, adaptation and interlacing of these
novel cell and molecular biology techniques into components of the
induced mutations process, as well as the adaptation to specific crops.
The generation of protocols along these themes, in manners that achieve
a seamless dovetailing of validated processes into a modular pipeline,
will significantly ameliorate above drawbacks and consequently aid the
routine application of induced crop mutations in crop improvement and
in gene discovery and elucidation.
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