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Preface

Genetic variability is an important parameter for plant breeders in any con-
ventional crop improvement programme. Very often the desired variation is un-
available in the right combination, or simply does not exist at all. However, plant
breeders have successfully recombined the desired genes from cultivated crop
germplasm and related wild species by sexual hybridization, and have been able
to develop new cultivars with desirable agronomic traits, such as high yield,
disease, pest, and drought resistance. So far, conventional breeding methods have
managed to feed the world’s ever-growing population. Continued population
growth, no further scope of expanding arable land, soil degradation, environ-
mental pollution and global warming are causes of concern to plant biologists and
planners. Plant breeders are under continuous pressure to improve and develop
new cultivars for sustainable food production. However, it takes several years to
develop a new cultivar. Therefore, they have to look for new technologies, which
could be combined with conventional methods to create more genetic variability,
and reduce the time in developing new cultivars, with early-maturity, and
improved yield.

The first report on induced mutation of a gene by H.J. Muller in 1927 was a
major milestone in enhancing variation, and also indicated the potential applica-
tions of mutagenesis in plant improvement. Radiation sources, such as X-rays,
gamma rays and fast neutrons, and chemical mutagens (e.g., ethyl methane
sulphonate) have been widely used to induce mutations. Phil Larkin, in the
‘Introduction’ in this book, has indicated that the ‘the role of induced mutations in
plant breeding has been a controversial subject for several decades’. Now it is a
well-established fact that mutation techniques have made a significant contribu-
tion in the improvement of crops, vegetables, woody plants, ornamentals, medi-
cinal plants and herbs. However, mutation breeding has not been common in
forest trees. Mutant cultivars have been released in more than 50 countries. The
top six countries are China, India, the former Soviet Union, The Netherlands,
Japan and the USA. The FAO/IAEA Mutant Varieties Database indicates that
during the past decade more than half of the induced mutants were released as
cultivars. So far more than 1700 mutant cultivars, involving 154 plants, have
officially been released. The important traits, such as plant height (dwarf), plant
habit, photoperiod response (day-length insensitivity), flower and fruit colour,
flower and fruit shape, fruit flesh colour, seedlessness, non-seed-shattering, tuber
size, male sterility, earliness, high yield, high protein and oil, disease and/or insect
resistance, and tolerance to environmental stresses, were the main features of
mutant cultivars.

S.M. Jain, D.S. Brar, B.S. Ahloowalia (eds.), Somaclonal Variation and Induced Mutations in Crop
Improvement, pp. ix—xi.
© 1998 Kluwer Academic Publishers, Dordrecht.



X Preface

The alternative approach to the use of chemical and physical mutagens is
insertional mutagenesis, and this is becoming an invaluable tool in molecular
biology for plant improvement. Insertional mutagenesis allows a connection
between an observed phenotype and a gene. This has been achieved with
gene tagging with transposons and T-DNA insertional mutagenesis. The
Agrobacterium-mediated gene transfer system is widely applied for insertional
mutations, and requires the production of transgenic plants, and screening large
numbers of individuals for any change in the structure or function of interest.

Tissue culture derived plants show variation termed somaclonal variation. This
phenomenon has been controversial from the very beginning. The study of the
type of variation, frequency, spectrum and transmission of variation thus pro-
duced is still limited to a few plants, especially when it comes to the use of such
variations in plant breeding. This is perhaps due to the fact that such variations are
unpredictable in nature and can either be heritable (genetic) or non-heritable
(epigenetic), and not used perhaps due to a lack of interaction of tissue culturists
with plant breeders. In-vitro culture, in combination with mutation techniques,
offers several advantages to overcome some of the problems of conventional
breeding, e.g. mutagenic treatment of large populations of cells, somatic embryos,
apical and axillary buds, micro-sized plants, and multiplication of selected
genotypes in a small space. The success of applying somaclonal variation in plant
breeding is very much dependent on the genetic stability of the selected
somaclones and a close interaction with plant breeders.

The basic purpose of this book is to introduce readers to the relative value of
each method in the improvement of various agricultural crops by using parasexual
techniques. While no book can be a complete source of all information on a
subject, a range of topics were selected to highlight the recent developments in
mutagenesis (conventional approach and molecular biology) and in-vitro induced
variation in plant breeding. We have deliberately kept the title of this book short,
to emphasize somaclonal variation and induced mutations. The book is divided
into three sections. Section 1 contains 13 chapters, mainly on somaclonal varia-
tion (SCV) in crop improvement, ornamentals, cereals, forage grasses, banana,
and forest trees, cytogenetic basis of SCV, in-vitro selection, gametoclonal varia-
tion, protoclonal variation, and Solanaceous medicinal plants. Section 2 deals
with induced mutations, and is covered in 9 chapters, mainly on mutagenesis in
sugarcane, fruit trees, apomixis, ornamental plants, disease resistance, cereals,
legumes, and vegetatively propagated plants. Section 3 describes the molecular
aspects of mutagenesis, somaclonal variation, and insertional mutagenesis
(T-DNA mutagenesis, transposons), molecular methods for identifying
somaclonal variation, RAPD markers in banana somaclones, and transgene
expression.

All manuscripts were reviewed by two persons, and revised accordingly. We
were overwhelmed by the response of research scientists who gave freely their
time to review the manuscripts. The reviewers were: Drs B.S. Ahloowalia,
D.S. Brar, S.M. Jain, Teemu Teeri, A. Shulman, Marc Von Montagu, J.M. Bonga,
K.P. Pauls, LK. Vasil, J. Janick, R.E. Veilleux, G.J. De Klerk, A. Ashri, P.K. Gupta,



Preface xi

A. Cassells, Dan Lineberger, Steven Gelvin, J. Preece, F.J. Hammerschlag,
P. Larkins, M.R. Ahuja, K. Ishii, S. Baezinger, W. Preil, D.R. Vuylsteke, E. Amano,
M.M. Fitch, J.J.M.R. Jacobs and Katia Libre.

We hope that somaclonal variation and induced mutagenesis, together with
plant breeding, will become a desirable approach in plant improvement. The
application of molecular biology tools should become more prominent, to dis-
cover the causes of somaclonal variation, induced mutations, and finally in gene
identification and transformation. In woody plants molecular markers will be of
great advantage to identify genetic variability at early stages of development, and
for use as a ‘diagnostic kit’. We sincerely hope that our efforts in compiling this
book will be of some value in stimulating the thoughts of researchers and students
for future plant breeding activities in crop improvement.
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1. Introduction

P.J. LARKIN

Commonwealth Scientific and Industrial Research Organisation, Division of Plant Industry,
PO Box 1600, Canberra, Australia 2601

The first report on induced mutation of a gene indicated the potential application
of mutagenesis for plant improvement (Muller, 1927). Five decades later Brock
(1980) was able to write ‘The role of induced mutations in plant breeding has
been a controversial subject for several decades.’

It is now well established that mutation breeding has made a significant contri-
bution to plant improvement. While mutations which arise in plant cell and tissue
culture, termed somaclonal variation, may have a different basis of origin or a
different spectrum of types, they are rightly considered together with mutations
induced with physical and chemical mutagens.

Induced Mutations for Crop Improvement

Induced mutations have been directly useful in crop improvement, and this is the
emphasis of this book. The chapters of the first half of the book will substantiate
the positive early indication regarding tissue culture-induced mutation. The
second half will also give ample testimony that this is true for chemical- and radi-
ation-induced mutation. More than 1700 mutant varieties involving 154 plant
species have been officially released (Maluszynski et al., 1995). I offer one recent
example which demonstrates the development of an entirely new crop by muta-
tion. The non-edible oil from linseed flax, Linum usitatissimum, has been turned
into a new oilseed crop (linola) and a new industry of great potential. This was
achieved by the combination of two induced mutations of the fatty acid synthesis
pathway resulting in greatly reduced linoleic acid content (Green, 1986; Green
and Dribnenki, 1994). The oil which formally would go rancid, and therefore had
only industrial uses, was now comparable to sunflower and canola oils for food
uses.

Micke et al. (1987) assembled an impressive amount of information as to the
usefulness of induced mutations in plant improvement. This includes 539 released
new cultivars of seed-propagated species and 305 released and new varieties of
vegetatively propagated species. Over 90% of these were developed from radi-
ation. Over 1000 new mutant varieties have been produced and released in the
past 15 years. These authors make the point that there is no longer a need to prove
that a mutation has been caused by the mutagenic agent, and therefore it would be
more efficient to mutagenize heterozygotes. This not only exposes more alleles to
the mutagenesis, but also opens new possibilities for novel genotypes resulting
from somatic recombination.

S.M. Jain, D.S. Brar, B.S. Ahloowalia (eds.), Somaclonal Variation and Induced Mutations in Crop

Improvement, pp. 3—13.
© 1998 Kluwer Academic Publishers, Dordrecht.



4 P.J. Larkin
The Value of Mutations to Basic Biochemistry and Genetics

Mutations, induced by any method, have been as valuable for theoretical genetic
studies as they have for crop improvement. Mutations have created markers, or
genetic signposts, to enable the mapping of various species. More recently, the
majority of markers in saturated genetic maps tend to be random and undefined
sequences, detected with molecular techniques (notably randomly amplified poly-
morphic DNA and restriction fragment length polymorphism). In addition,
mutants of specific steps in biochemical pathways have been of great utility in de-
termining the chemical steps and their order in several major biochemical
pathways.

Mutation by insertion has become a particularly valuable tool in molecular
biology. This could prove the greatest contribution of mutational research to plant
improvement in the future. Insertional mutations serve as stepping stones in the
cloning of genes which control important plant processes, and thereby they permit
the genetic manipulation of those processes to optimize their usefulness in the
production of food, fibre and animal feed. Insertional mutations allow a connec-
tion to be made between an observed phenotype and a gene. This so-called gene
tagging has been achieved with transposons, sequences which are able to physi-
cally alter their position in the chromosomes. It has also been achieved by the
primary transformation events such as the Agrobacterium-mediated T-DNA inser-
tion. Especially in the latter case, the researcher is required to produce transgenic
plants and to screen large numbers of individuals for an alteration in the structure
or function of interest. The change is presumed to be caused by the insertional
disruption of a gene controlling that function or structure. In both cases, the
researcher has a molecular probe (the transposon or the T-DNA sequence) which
allows the cloning of genes in proximity to the inserted sequence. For example,
using a transposon tag, the L6 gene conferring flax rust resistance has recently
been cloned (Lawrence et al., 1995). The phenotype that was assayed for was the
creation of a susceptible from a resistant background.

The Controversy over Somaclonal Variation

It would be fair to say that the phenomenon of somaclonal variation has been
controversial from the beginning. Of course observations of variant plants regen-
erating from cell and tissue cultures preceded the coining of the terms phenovari-
ants (Sibi, 1976), calliclonal (Skirvin and Janick, 1976), protoclonal (Shepard,
1981), somaclonal (Larkin and Scowcroft, 1981) or gametoclonal variation
(Evans et al., 1984). The controversy at first focused on whether the variation
existed at all. Some argued that the genetic differences claimed were due to
poorly designed experiments, stray pollen or poor controls. Few now doubt that
somaclonal variation occurs. Metakovsky et al. (1987) argued that the variation
we reported (Larkin et al., 1934) in the patterns of wheat storage proteins in first
or second generation grain of regenerated plants was the result of heterozygous



Introduction 5

material going into culture or stray pollen after culture. More recently, the same
authors have published their own evidence that somaclonal variation does in fact
occur for wheat gliadins (Upelniek et al., 1995). Our own early work with wheat
was in fact done with rigorous controls and painstaking pedigrees of every source
plant and every plant regenerated from culture (Larkin ez al., 1984). The rigour of
the controls was because we anticipated the scepticism, and indeed, carried the
burden of our own early doubts.

The controversy shifted to whether somaclonal variation could be useful. The
debate in this aspect continues. Indeed, I have had something of a journey on this
issue myself. This book will surely make a major contribution to that debate. The
authors of the chapters in the second half of the book will themselves be divided
on this question, and some will be awaiting further data.

Is Somaclonal Variation Different from Chemical- or Radiation-induced
Mutation?

It is still not possible to answer this question with confidence. At the superficial
level, there often appears to be a similarity of scope of traits affected. In the
cereals the most commonly observed mutations from both methods are those
affecting height, awns, head morphology and maturity (heading date). However,
this should have been expected, because these are the characteristics of the plants
that are most readily observed. In other words, it is a reflection of the common
and casual method of screening rather than evidence of a common mechanism or
basis.

When screening for mutations becomes more specific and analytical, different
outcomes from the two approaches can readily emerge. Sree Ramulu (1982) sup-
plies an excellent example of this. He studied the S-alleles which govern the
gametophytic incompatibility in Lycopersicon. Extensive and varied induced mu-
tagenesis had failed ever to produce a new S-allele. However, a very small sample
of somaclones (from cultured anthers of L. peruvianum) revealed a number of
new S-specificities in both genotypes in the study. Those new specificities were
stable and simply inherited.

Another interesting and accessible point of comparison is the relative frequency
of dominant mutation. Brock (1979) analysed decades of induced mutagenic
studies and estimated that dominant mutants occur at a frequency of 1% of
recessives. My scanning of the somaclonal literature suggests the frequency of
dominant somaclonal mutations might be closer to 10%.

Somaclonal mutation also appears to be distinguishable by the putative occur-
rence of homozygous mutants. The examples continue to grow of non-segregating
variants arising directly in the primary regenerants (Sibi, 1976; Evans and Sharpe,
1983; Sun et al., 1983; George and Rao, 1983; Larkin et al., 1984; Gavazzi et al.,
1987; Kaeppler and Phillips, 1993). Mitotic recombination has been proposed as a
possible mechanism of homozygous somaclonal variation. However, a recent
study by Xie et al. (1995) failed to demonstrate mitotic recombination at two test
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loci. Another hypothesis to explain this phenomenon is that culture often involves
cell lineages which become haploid (or monosomic) for a few cell generations. If
the mutation occurs on a monosomic chromosome which subsequently doubles, it
will be in the homozygous condition. Giorgetti et al. (1995) present evidence for
the fascinating possibility that cultured plant cells can undergo a form of somatic
meiosis to produce haploid cells.

Where Does Somaclonal Variation Come From?

In a previous report, the types of genetic changes associated with culture-induced
mutation have been reviewed (Larkin, 1987). These include point mutations,
changes to methylation patterns, altered sequence copy number, transposable
element movements and chromosomal rearrangements. It is difficult to conceive a
single underlying basis for such disparate genetic consequences. Phillips et al.
(1994) recently proposed a connection to repeat-induced point mutation (RIP) in
Neurospora. According to the RIP hypothesis, newly C-methylated sequences are
prone to deamination (to form thymine) which leads to point mutations. The
initial C— T transitions can be mismatch repaired with a non-methylated cyto-
sine; or it can be mismatch repaired to give a G— A point mutation. This new
methylated A might retain or lose its methylation in subsequent replication. This
is particularly interesting in the light of our recent demonstration that gene pro-
moters can be far more active in plant cells with A methylation than without
(Graham and Larkin, 1995). It is well known that C methylation can lead to
suppression of gene activity. Therefore, the initial change in C methylation can
have waves of consequences through subsequent replication, including point
mutations and alterations in promoter activity.

At a higher level, much of somaclonal variation probably arises by genetic re-
combination and chromosomal rearrangement of one sort or another. In other
words, it is not so much a phenomenon of creating variation but rather of uncov-
ering variation. We might argue that there is a genetic resource within the plant.
Chromosomal rearrangement might bring about new juxtapositions of genes and
controlling sequences, thereby silencing previously active genes and activating
others. The recent domesticated history of the major crops and their breeding is
likely to have already exploited this variation to a considerable extent. Or perhaps
a long history of agronomic selection has already come close to optimizing what
we may call this internal genotype. If this is true, we might predict that so-
maclonal variation will frequently be deleterious in the highly bred species. An
informative recent study in rice by Mezencev et al. (1995) demonstrates the pre-
ponderance of deleterious changes but nevertheless the occurrence of some
favourable ones. Other rare and favourable somaclonal mutants in major crops
include: the Piricularia resistant rice cultivar Dama (Hezsky and Simon-Kiss,
1992); drought-tolerant rice (Adkins et al., 1995); glyphosate-tolerant maize
(Racchi et al., 1995).
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But other species have a shorter history of conventional breeding, are vegeta-
tively propagated or for other reasons might be considered unsophisticated in
breeding terms. Favourable variation has been easier to find in such species, for
example: yam, Dioscorea floribunda, with increased diosgenin content (Sen et al.,
1991); Japanese mint, Mentha arvensis, with increased herb and oil yield
(Kukreja et al., 1991); Indian mustard, Brassica juncea, with low glucosinolates
(Palmer et al., 1988); fall armyworm resistance in bermudagrass, Cyanodon
dactylon (Croughan et al., 1994); heat- and drought-tolerant dallisgrass, Paspalum
dilitatum (Tischler et al., 1993); and a new high-yielding, shattering-resistant
Indian mustard cultivar (Katiyar and Chopra, 1995).

It seems likely that the resource of genetic variation exploited by cell culture is
available and accessible by other means. Simply the process of intercrossing gen-
etically diverse types may unleash more variation than is evident in the parents
themselves. One advantage of writing an Introduction is that I am able to make
such a sweeping statement without the burden of proof and simply to be provoca-
tive. Episodes of genomic shock have been known to occur by other means such
as radiation, environmental extremes or interspecific crossing. It appears that cell
culture is a particularly effective means to induce such variation.

Breeders have not extensively exploited somaclonal variation. There are varied
reasons for this. One is that there has been little time to assemble well-
characterized demonstrations of utility that would be necessary to persuade those
associated with plant improvement to invest the time and energy into it. For many
too, there is a technological barrier which means they have not had the resources to
attempt this. In an environment of limited resources, most breeders prefer to invest,
in more established methods. Indeed I have counselled many away from somaclonal
variation when the problem before them is one which has obvious solutions by more
established methods. In wheat, it makes no sense to search for aluminium tolerance
by culture-induced variation, with or without in-vitro selection, when excellent tol-
erance genes with single dominant effects are already available in the wheat
germplasm banks. By contrast, a better case can be made in lucerne (alfalfa) to look
for somaclonally induced tolerance because it is very sensitive to aluminium in acid
soils, and sources of tolerance appear not to be available by other means.

Examples of Released Somaclonal Cultivars

Despite the relatively short time since their first description, somaclonally derived
mutants are finding their way to the market and to agriculture. The company
FreshWorld Farms has been marketing a tomato with altered colour, taste, texture
and shelf life since 1993. American Cyanimid is expected to release an imidazol-
inone herbicide-resistant maize in the next couple of years. There is newly re-
leased germplasm of bermudagrass, Cyanodon dactylon, called Brazos-R3, with
increased resistance to fall armyworm compared to its donor genotype Brazos
(Croughan et al., 1994).
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The recent example that has most caught my imagination is that of the Lathyrus
sativus somaclone which no longer accumulates neurotoxin in the grain (Mehta
et al., 1994; Yadav and Mehta, 1995). This species is wonderfully adapted to
harsh and dry environments in India and can become a crucial food source to
desperate farmers in bad seasons. New somaclonal variant lines are now available
which have negligible levels (0.03%) of these harmful toxins compared to the
parental seed (0.3%). In addition, the new cultivar has increased seed yield and is
earlier maturing.

The accumulating examples of useful somaclonal variants and new cultivars
derived from them give testimony and some confidence that this approach will
make an ongoing contribution to plant improvement. In a few cases, a method-
ological comparison was set up in which somaclonal variation delivered the
desired mutants while chemical or gamma treatments did not (e.g. Gavazzi et al.,
1987). On the other hand, Sala et al. (1990) found the frequency of salt- and
drought-tolerant tomato mutants similar between the chemical mutant combina-
tion EMS/MNU and somaclonal variation. Upelniek et al. (1995) found a higher
frequency (2.07% cf. 0.69%) of mutations affecting wheat grain gliadins from
nitrosoethylurea than from cell culture.

Introgressing Alien Genes

‘In particular, the phenomenon may be employed to enhance the exchange re-
quired in sexual hybrids for the introgression of desirable alien genes into a crop
species’ (Larkin and Scowcroft, 1981). It is because of our conviction that recom-
bination and rearrangement are at the heart of much somaclonal variation, that our
own work shifted to exploiting it in the introduction of alien genes. If cell culture
induces non-homologous recombination within a genome, then in the presence of
alien chromosomes, it might also enhance alien gene introgression. The alien
chromosomes or chromatin might be introduced by wide sexual crossing or by
protoplast fusion.

One of the distinguishing features of this approach is that the researcher sets up
a genotype (alien chromosome addition line) to target a specific and predesigned
improvement by rearrangement. The post-culture screening of regenerant progeny
is also specifically designed to identify or select the desired variant.

Barley Yellow Dwarf Virus (BYDV)

BYDV is a serious viral disease of small grain cereals worldwide. Its importance
to wheat has often been underestimated due to the subtlety of its primary symp-
toms, and the fact that it renders wheat susceptible to a number of secondary root
and foliar diseases. No adequate resistance has been identified in wheat
germplasm itself. We were able to find a number of sources of resistance in
related perennial grasses, notably Thinopyrum intermedium, commonly called
intermediate wheatgrass (Brettel et al., 1988). This species can be crossed to
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wheat, but its chromosomes do not recombine meiotically with the wheat
genomes. By intercrossing the two species, a line was produced carrying all the
wheat chromosomes and only one alien chromosome — the one carrying the virus
resistance gene. This was placed into cell culture. After plant regeneration and
analysis over a number of generations, eight independent families out of 1200
have been shown to carry the resistance on recombinant wheat/Thinopyrum
chromosomes (Banks et al., 1995).

Molecular probes which allow recognition of 7. intermedium chromatin in
wheat background, suggest that the translocations analysed to date are still associ-
ated with a block of alien chromatin, and can be followed through a breeding pro-
gramme using restriction fragment length polymorphisms (RFLP) or randomly
amplified polymorphic DNA (RAPD). Nevertheless, the segment of alien chro-
mosome carrying the resistance gene is smaller than the arm of the chromosome
from which they derive, at least in some of the recombinants (Banks et al., 1995;
Hohmann et al., 1996). After backcrossing to recurrent wheat cultivars, it was
shown that there was no apparent yield or quality loss associated with the recom-
binants, and therefore no impediment to using this resistance for new varieties of
wheat.

Thus, we have exploited the somatic chromosomal recombination occurring in
culture to achieve the transfer of a useful disease resistance gene from an alien
chromosome to a recipient crop chromosome. Without this step of culture-
enhanced recombination, the resistance does not recombine meiotically with
wheat. As a consequence, the BYDV resistance can now be deployed for wheat
improvement and new wheat cultivars are being developed.

Asymmetric Lucerne Somatic Hybrids

Surprisingly, few authors have noted the potential synergy between somatic hy-
bridization and somaclonal variation. Protoplast fusion brings together chromo-
somes of disparate species, albeit for a brief time, in a cell culture environment.
Prior irradiation of one parent (the donor) may bias the chromosome loss to the
other parent (recipient), but it may be the cell culture environment which enhances
the desired prospect of introgressing genes from the donor into the recipient chro-
mosomes. We are currently attempting to exploit this using lucerne (Medicago
sativa) as the recipient and Lotus pedunculatus as the donor. The characteristics
of interest in Lotus are foliar condensed tannin (for bloat-safety in grazing rumi-
nants) and acid soil tolerance. A collection of over 4000 asymmetric hybrid plants
have been produced following the technical approach of our pilot study (Li ef al.,
1993). These plants have a general morphology like the lucerne parent, though
many plants have some degree of morphological variation. RAPD analysis of a
sample of plants demonstrated that most have some Lotus DNA present
(Stoutjesdijk, Larkin and Sale, unpublished and 1995). Although, the screening for
tannins and for aluminium tolerance is continuing, some positives have already
been identified. The crucial aspect of this work will be the stability of the desired
trait. If the governing genes are still on a Lotus chromosome, they might be
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expected to be unstable. However, if the genes are now on lucerne chromosomes
as a result of culture-induced somatic recombination, then stable genotypes
should be recoverable. Other examples of this approach include somatic hybrid
derived plants of Brassica (Liu et al., 1995) and potato (Xu and Pehu, 1993).

Conclusion

Chemical- and radiation-induced mutations as a means to plant improvement were
controversial for at least four decades. As we saw earlier, it is now possible to cat-
alogue many hundreds of mutant-derived cultivars that have stood the scrutiny of
merit testing and registration in many countries. It remains to be seen, whether the
much more recent approach of somaclonal variation will be able also, with time,
to catalogue its contribution in similar terms.

We have been able to describe a number of somaclonal variants at the chromo-
somal and molecular level. However, we are only speculating as to the chain of
causal events which led to these genetic changes. This book will give further ex-
amples of molecular characterization and speculation regarding causes. It remains
to be clarified, how this phenomenon fits into the bigger biological picture of the
plant genome and its extraordinary plasticity. This book is a compendium of
much of the current understandings and examples which should serve as a basis
for students wishing to explore the broader biological picture.

Mutations induced by chemicals, radiation or culture have perhaps receded
from the centre stage of plant improvement because of the advent of genetic
engineering. It is already possible to isolate a gene, modify it specifically in vitro,
and return it to the original plant species to achieve a desired mutation. A good
example is the research under way to improve barley’s utility for beer brewing
by increasing the heat stability of B-glucanase (McElroy and Jacobsen, 1995).
The protein structural requirements for heat stability have been defined
(Fincher, 1994), the native barley gene has been cloned, and the necessary
codon changes have been performed by site-directed mutagenesis. These genes
are now being transformed into barley. This more heat-stable glucanase is ex-
pected to survive the kilning and mashing, and is anticipated to reduce the
viscosity of the wort and reduce the glucan hazes in the beer by degrading the
glucan polymers. Such experiments are the ultimate in directed mutagenesis. A
number of plant resistance genes have recently been cloned. The study of these
genes is expanding our understanding of the genetic basis of host plant resist-
ance to diseases and pests. We might anticipate experiments in the next decade
in which resistance genes are manipulated in vitro to alter their specificity and
effectiveness.

However, the current technical difficulties and regulatory constraints have
delayed major contributions from genetic engineering for plant breeding. While
the power of molecular biology will certainly and eventually impact mightily on
crop improvement, it would seem mutagenesis will continue to pay its way in this
endeavour upon which so much of our future welfare depends.
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Introduction

Somaclonal variation refers to the variation arising in cell cultures, regenerated
plants and their progenies, and this general term was given by Larkin and
Scowcroft (1981). However, other types of variation arise by specific culture of
cells or tissues, which include culture of: protoplasts (protoclonal); anthers and
microspores (gametoclonal); callus (calliclonal); apical meristem (mericlonal);
leaf, stem, root or other somatic tissues (somaclonal). There are different
approaches to create somaclonal variation, which include: (1) growth of callus or
cell suspension cultures for several cycles; (2) regeneration of a large number of
plants from such long-term cultures; (3) screening for desirable traits in the regen-
erated plants and their progenies, e.g. in-vitro selection to select agronomically
desirable somaclones for tolerance to various biotic and abiotic stresses using
toxic levels of pathotoxins, herbicides, salts, etc.; (4) testing of selected variants in
subsequent generations for desired traits; and (5) multiplication of stable variants
to develop new breeding lines.

Somaclonal variation has been reported in a large number of plant species;
potato, sugarcane, tobacco, tomato, wheat, rice, brassica and others for various
agronomic traits such as disease resistance, plant height, tiller number, maturity
and for various physiological and biochemical traits (Table 1). Several useful
somaclonal variants have been obtained and some of them have been released as
cultivars (Table 2). Somaclonal variation thus appears to be an important source
of genetic variability. Tissue culture-derived plants show variation which is akin
to mutations in tissues and cultured cells. Larkin and Scowcroft (1981) first
reviewed the occurrence of somaclonal variation in plant species. Since then
several reviews have been published (Semal, 1986; Morrison and Evans, 1987,
Karp, 1995; Evans, 1989; Brar and Khush, 1994; Duncan, 1997; Jain et al. in this
volume). It has been debated whether somaclonal variation is the result of pre-
existing genetic differences in somatic cells or is induced by specific components
of the medium. Several factors such as genetic background, explant source,
medium composition, and age of culture affect somaclonal variation. The exact
mechanism of somaclonal variation is not yet understood. The probable causes
include changes in karyotype (chromosome number, structure), cryptic changes
associated with chromosome rearrangements, somatic gene arrangements, somatic
crossing over, sister chromated exchange, DNA amplification and deletion, trans-
posable elements and DNA methylation. Epigenetic changes also occur

S.M. Jain, D.S. Brar, B.S. Ahloowalia (eds.), Somaclonal Variation and Induced Mutations in Crop
Improvement, pp. 15-37.
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frequently. It is possible that different processes cause such variation in different
species or one or several factors operate simultaneously during ir-vitro culture,
resulting in somaclonal variation. Moreover, somaclonal variation can be charac-
terized based on morphological, biochemical (isozymes) and DNA markers such
as Randomly Amplified Polymorphic DNA (RAPDs), Restriction Fragment
Length Polymorphism (RFLPs) and others (Jain, 1997a; Jain et al., 1997b).

The heritable nature of somaclonal variation has been well documented in
several crop plants (Table 1). Variation could also arise due to epigenetic changes
commonly observed in tissue cultures, but is non-heritable. Since the genetic vari-
ability for agronomic traits is either limited or lacking in certain plant breeding
programmes, understanding the mechanism of somaclonal variation is highly
desirable. However, somaclonal variation is undesirable in plant improvement or
multiplication programmes, which require uniformity or ‘true-to-type’ plants, es-
pecially in micropropagation and transgenic plants. Thus, future research should
focus on understanding the process of somaclonal variation so that it could be
made more precise and directed, thus enabling better control over the extent and
type of somaclonal variation. This will further enhance the efficiency of various
tissue culture programmes aimed at creating new genetic variability for
agronomic traits, as well as for the multiplication of uniform and ‘true-to-type’
elite germplasm devoid of somaclonal variation.

Factors Influencing Somaclonal Variation

Several factors affect the type and frequency of somaclonal variation, including
explant source, genotype, culture medium, and age of the culture.

Explant Source

In-vitro growth may occur from meristem cultures, which may form callus or direct
shoot formation. Callus is further differentiated into organized structures by
somatic embryogenesis or organogenesis. Departure from organized growth is a
key element in somaclonal variation. Generally, the longer the duration of
callus/cell suspension in culture phase, the greater the chances of generating so-
maclonal variation. In several cases, embryogenic cell lines are highly stable and do
not exhibit somaclonal variation (Isabel et al., 1993). Jain et al. (1995) emphasized
that plants regenerated via somatic embryogenesis produce true-to-type progeny
and minimize variation. Somaclonal variation can also occur in embryogenic cul-
tures, if they are kept for a long time in cultures, depending upon the plant species.

Genotype

Numerous reports indicate that somaclonal variation is genotype dependent.
Differences in the frequency of somaclonal variation have been shown among
species or among genotypes within a species. Zehr et al. (1987) showed variation
in the frequency of segregating qualitative mutations among seven genotypes.
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Table 1. Some examples of the heritable somaclonal variation in selected crops

Crop Trait(s) Inheritance* Reference

Tobacco Resistance to toxin methionine S Carlson, 1973
sulfoximine
Resistance to Pseudomonas S Thanutong et al., 1983
syringae
Leaf colour S Dulieu and Barbier, 1982
Leaf spots S Evans et al., 1984
Tolerance to aluminium S Conner and Meredith, 1985
Resistance to herbicides S Chaleff and Ray, 1984
chlorsulfuron and sulfometuron
methyl

Maize Resistance to Helminthosporium  Maternally inherited ~ Gengenbach et al., 1977
maydis race T

Tomato Resistance to Fusarium S Evans et al., 1984
oxysporum Shahin and Spivey, 1987
Fruit colour S Evans and Sharp, 1983
Resistance to tobacco mosaic S Cassells et al., 1986
virus

Wheat Reduced wax, awning, glume S Larkin et al., 1984
colour, gliadin pattern
Adh isozyme S Brettell et al., 1986
Resistance to Helminthosporium S Chawla and Wenzel, 1987
sativum

Rice Resistance to Xanthomonas S Ling et al., 1985
oryzae

Brassica Resistance to Phoma lingam S Sacristan,1982
Seed colour N George and Rao, 1983

Alfalfa Resistance to Fusarium S Hartman et al., 1984
oxysporum

Sugarcane  Resistance to Fiji disease VP Krishnamurthi and Tlaskal,

1974

Resistance to Helminthosporium VP Heinz et al., 1977; Larkin
sacchari and Scowcroft, 1983

Potato Resistance to Altenaria solani VP Matern et al., 1978
Resistance to Phytophthora VP Shepard et al., 1980

infestans

Mitochondrial DNA restriction
pattern

Ribosomal DNA copy number

Maternally inherited

VP

Kemble and Shepard, 1984

Landsmann and Uhrig, 1985

*S = Sexual transmission; VP = transmission through vegetative propagation.

Usually, it is difficult to separate genotypic effect from differences in tissue
culture response, e.g. medium, explant, cultural conditions and their interactions.
However, genotype can influence somaclonal variation irrespective of regenera-
tion mode (Bebeli et al., 1988). Somaclonal variation resulting from changes in
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chromosome number and rearrangements is easier to recover in regenerants of
polyploids than diploids and haploids, since polyploids can tolerate more gross
genomic alterations as compared with diploids and haploids. On the other hand,
gene mutations are better expressed in haploids and diploids, but show better sur-
vival in polyploids, particularly when such changes are deleterious. In any case,
some genomes are more stable irrespective of ploidy level. Gonzales
et al. (1996) suggested that in barley the source of explant, the type of callus
(morphogenic vs non-morphogenic) and duration of culture was more important
than the genotype in determining the chromosome stability of the cultures.

The late-replicating nature of heterochromatin can result in enhanced chromo-
some breakage during in-vitro culture (Lee and Phillips, 1988). However, Bebeli
et al. (1993a,b) did not find this relationship. They compared two triticale lines
with and without heterochromatin on the long arm of chromosome 7R and the
short arm of chromosome 6R. Significant variation was found in R2 but it was
most frequent in lines lacking heterochromatin. Different amplification sites may
be involved in different genotypes (Reed and Wernsman, 1989).

Genotypes carrying transposable elements are more unstable in culture than
those without transposons (Peschke and Phillips, 1991) but not all changes in such
lines are due to the movement of transposons (William et al., 1991).

Culture Medium

Somaclonal variation is influenced by growth regulators in the culture medium.
It is possible that growth regulators act as mutagens. Auxin 2,4-D (2,4-dichlorophe-
noxyacetic acid) has been shown to increase the frequency of mutations in colour of
stamen hair from pink to blue in Tradescantia, and to increase the frequency
of sister chromatid exchanges in root-tip cells of Allium (Dolezel et al., 1987). Most
of the evidence indicates that growth regulators influence somaclonal variation
during the culture phase through their effect on cell division, degree of disorganized
growth and selective proliferation of specific cell types (Gould, 1984). Even in the
absence of the callus phase, deformed shoot primordia have been observed in
vegetatively propagated Kalanchoe. Similarly, inflorescence variation in micro-
propagated oil palm could be due to the excessive use of cytokinins.

Age of Culture

Duration of callus culture has a marked effect on the frequency of somaclonal
variation. The reduction or even total loss of regeneration ability is a general
phenomenon observed in many long-term callus or cell culture lines. Nehra et al.
(1990) showed that, after 24 weeks, strawberry callus derived from in-vitro cul-
tured leaves completely lost its regeneration capacity. Deverno (1995) reported
that the frequency of somaclonal variation increased with the duration of in-vitro
culture, either as callus or cell suspension. Muller et al. (1990) found that the
level of DNA polymorphism increased with length of time in culture, although
chloroplast genome is generally considered to be more highly conserved and
stable than nuclear and mitochondrial genomes. However, prolonged culture re-
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sulted in the deletion of parts of the chloroplast genome of rice (Kawata et al.,
1995). These deletions were associated with changes in plastid morphology.
Skirvin and Janick (1976) detected variation in calli clones of Pelargonium. Both
explant source and age of callus affected the extent of somaclonal variation.
McCoy et al. (1982) reported a high frequency of cytogenetic abnormalities in
cell cultures of oats, such as heteromorphic bivalents, ring chromosomes, tripolar
divisions and lagging chromosomes. The frequency of plants showing these varia-
tions increased with duration of in-vitro culture. The frequency increased from
11% to 50% in the Tippicanoe cultivar as the culture phase extended from 4 to 20
months. Available evidence supports the age effect on the increased frequency of
mutation, which is primarily due to sequential accumulation of mutations over
time rather than an increased mutation rate in old cultures.

Mechanism of Somaclonal Variation

The mechanism of somaclonal variation is poorly understood. Some of the
possible mechanisms leading to somaclonal variation include: (1) karyotypic
changes, (2) point mutations, (3) somatic crossing over and sister chromatid ex-
change, (4) somatic gene rearrangement, (5) DNA amplification, (6) transposable
elements, (7) DNA methylation, (8) changes in organelle DNA, and (9) epigenetic
variation.

Karyotypic Changes

Cultured cells and regenerated somaclones exhibit changes in karyotype involving
both chromosome number and structure (D’ Amato, 1985; Lee and Phillips, 1988;
Fourre et al., 1997). Numerous examples are available on the occurrence of
ploidy changes and chromosome rearrangement such as translocations, inversions,
deletions and duplications during tissue culture (Lee and Phillips, 1988). Cryptic
chromosome rearrangements could also be a major mechanism to generate so-
maclonal variation. Small chromosome deletions, inversions and reciprocal and
non-reciprocal rearrangements also occur frequently in tissue culture. Such
changes in chromosome structure could affect expression and transmission of
specific genes by deletion of one copy of a gene or by gene conversion during
repair processes. In addition, recombination or chromosome breakage can occur
in preferential regions or hot spots of specific chromosomes. Lee and Phillips
(1988) consider two main reasons for the high frequency of these changes: late
replication of heterochromatin, and nucleotide imbalances that are a consequence
of composition of the cell culture medium.

Orton (1980a,b) found enhanced multivalent formation among somaclones
derived from the sterile F; hybrid, Hordeum vulgare x H. jubatum. The original
hybrid showed no synapsis between the chromosomes of two genomes. In some
haploid somaclones, bands between genomes of two species were detected, indi-
cating that some chromosome exchange had occurred, prior to chromosome
elimination.
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Ahloowalia (1983) reported reciprocal translocations, deletions, inversions,
chromosome fragmentation and polyploidy in somaclones of triploid ryegrass.
Chromosome rearrangements can affect the gene in which the chromosomal
breaks occur; neighbouring genes, particularly those for which transcription may
be coordinately regulated, will also be affected. If reunion or transposition to a
different site occurs then distant gene functions may also be altered, due to posi-
tion effect. Cryptic changes not only result in the loss of genes and their functions
but also affect the expression of genes which have hitherto been silent. For
example, a rearrangement may delete or otherwise switch off a dominant allele,
allowing the recessive allele to affect the phenotype.

Point Mutations

This type of variation has been the least reported among the somaclones. Evans
and Sharp (1983) reported 13 different single gene mutations among 230 regener-
ated plants in tomato. These involved both recessive and dominant mutations.
Similarly, several single gene mutations have been reported in wheat somaclones
(Larkin et al., 1984). Heritable variation was demonstrated for several traits under
both simple and quantitative genetic control. Chaleff and Mauvais (1984) ob-
tained a chlorsulfuron-resistant tobacco mutant from cell culture. The mutant was
due to a resistant acetolactate synthase and possibly due to mutation in the coding
region of the corresponding gene. Several mutants resistant to the herbicides
chlorsulfuron and sulfometuron methyl isolated from cell cultures of tobacco were
analysed. Resistance was inherited as a single dominant or semi-dominant muta-
tion (Chaleff and Ray, 1984). Shahin and Spivey (1987) obtained somaclones in
tomato resistant to Fusarium wilt derived from protoplast culture. A single dom-
inant gene conferred resistance to wilt. Conner and Meredith (1985) isolated
aluminium-tolerant mutant from protoplast-derived Nicotiana whose inheritance
indicated a single dominant gene control.

Somatic Crossing Over and Sister Chromatid Exchange

Somatic crossing over was first characterized in Drosophila but has also been
demonstrated in tobacco, tomato, Antirrhinum majus, Tradescantia, soybean and
Gossypium barbadense (Evans and Paddock, 1976). Environmental factors and
certain agents are known to increase the frequency. Some of the somaclonal vari-
ation may be explained in terms of the tissue culture environment enhancing the
frequency of somatic crossing over.

Homozygous recessive mutants have been recovered in primary regenerants of
various crop plants. Non-segregating variants arising directly in the primary re-
generants have been reported in tomato, rice, wheat, maize and rapeseed (Evans
and Sharp, 1983; Larkin et al., 1984; Kaeppler and Phillips, 1993a,b). Somatic
crossing over has been proposed as a possible mechanism for such variants.
Tissue culture may enhance the frequency of somatic crossing over. Asymmetric
and other exchanges between non-homologous chromosomes could also generate
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somaclonal variants. Asymmetric sister chromatid exchange could lead to dele-
tions and duplications which, in somatic cells, would segregate in the subsequent
mitotic divisions. In past, breeders have only had access to variation that is
normally transmitted through meiosis; the recovery of mitotic crossovers may
constitute a unique source of new genetic variation.

Somatic Gene Rearrangement

Somatic gene rearrangement is known to occur in the mouse immunoglobulin
genes (Brack et al., 1978; Molgaard, 1980). During differentiation of mouse em-
bryonic cells to plasma cells, the chromosomal genes undergo extensive re-
arrangement. Various regions of the embryonic DNA are eliminated during
ontogeny and the functional regions are ‘translocated’ together. Similarly during
sea urchin ontogeny, there are extensive DNA sequence translocations (Dickinson
and Baker, 1978). It is assumed that the germline cells are unaffected. It would be
worthwhile to investigate whether such somatic gene rearrangements occur in
higher plants; if so, then the regeneration of plants from somatic cells by tissue
culture may allow rearrangements to exist in the new germline and may contribute
to the occurrence of somaclonal variation in higher plants.

DNA Amplification

Available evidence indicates that some genes in higher organisms can amplify
themselves during differentiation or in response to environmental stresses.
Depending on how gene expression is regulated, this could mean that the produc-
tion of mRNA and protein from that gene is increased. The copy number of par-
ticular sequences may vary during and after cell culture. This phenomenon has
been well studied in flax grown under different environmental conditions.
Reassociation kinetics showed that the large plant form (L) had a class of
moderately repeated DNA not present in either the small (S) or normal (P1)
forms. S had 70% fewer ribosomal cistrons than L or P1.

Such amplification or deamplification of DNA sequence copies may account at
least in part for somaclonal variation. Somaclonal variation can cause genetic
changes that range from single base pair change (mutation) to more gross chromo-
somal changes such as deletions, translocations and number. Deamplification of
repetitive sequences has been reported in potato (Landsmann and Uhrig, 1985)
and wheat and wild barley (Breiman et al., 1987a,b). Amplification has been
detected in somaclones for the genes conferring resistance to herbicides in alfalfa
(Donn et al., 1984). The T-DNA in transformed cells has also been observed to
amplify after prolonged cell culture (Peerbolte et al., 1987).

Alteration of a single base pair resulting in changes of a single amino acid in
the polypeptide sequence has been demonstrated in somaclonal variants (Brettell
et al., 1986). A reduction in IDNA spacer sequences was observed in one family
of regenerated plants. Landsmann and Uhrig (1985) detected deficiencies in
ribosomal RNA genes in tissue culture regenerated plants of potato. Such
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deficiencies in TDNA have been observed in flax grown under stress environment
(Cullis and Charlton, 1981). It is possible that tissue culture stress may be
influencing the genome of regenerating plants in a similar fashion to that in flax
plants grown under stress environment. Lapitan et al. (1988) observed trans-
locations and deletion at the cytological level and at molecular level, and
amplification of a 480-bp sequence on the short arm of telomere of chromosome
7R in triticale somaclone. Such changes in gene copy number can alter the pheno-
type without altering the gene responsible. Arnholdt-Schmitt (1995) also found
differences in the copy number of repetitive DNA fragments in regenerants of
carrot.

Transposable Elements

Transposable elements are stretches of DNA which can move from one place to
another in the genome. The excision and reinsertion of such elements can directly
affect the expression of neighbouring structural genes. Moreover, imprecise exci-
sion of transposable elements may generate rearrangements of adjacent chromo-
somal sequences. Transposable elements are known to cause a variety of changes
in gene expression and chromosome structure. McClintock (1950) discovered
controlling elements (now described as transposable elements) in the progeny of
maize plants that had undergone a cycle of chromosome breakage, joining of
broken ends, and rebreakage. McClintock (1984) ascribed the release or activation
of transposable elements by chromosome breakage to the ‘genomic stress’ that a
broken chromosome causes within a cell.

Peschke et al. (1987) made test crosses of 1200 progeny from 301 tissue culture
regenerated plants and identified 10 regenerated plants from two independent
embryo lines containing an active Ac transposable element. No active Ac elements
were present in the explant sources. Recovery of transposable element activity in
regenerated plants indicates that some of the somaclonal variation may be the
result of insertion or excision of transposable elements or both. Similarly,
the Spm element in maize can be activated by tissue culture. Activation of the
Tnt2 transposable element in tobacco suggests that transposable elements are
responsible for part of the somaclonal variation.

Chromosome breakage in tissue culture leading to transposable element
activation may be due to late-replicating heterochromatin. Late-replicating
hetechromatin has been observed in maize, oats and many other species. Late-
replicating chromosome regions have been associated with chromosome breakage
in cultures of Crepis capillaris. McCoy et al. (1982) also observed chromosome
breakage in tissue culture regenerants of oats near the centromere, a highly
heterochromatic region.

Changes in methylation pattern of inactive transposable elements may also be
responsible for their activation in tissue culture. Transpositional events in mtDNA
have been important in the spontaneous reversion to fertility of S male sterile
cytoplasm in maize (Levings et al., 1980). There is physical evidence for the
mobility of certain repetitive DNA in yeast. Such change has been correlated
with mutational events at the his4 locus in yeast (Roeder and Fink, 1980).
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Transposable elements thus could play a role in somaclonal variation, particularly
in a tissue culture environment which could be more conducive to sequence
transposition.

DNA Methylation

Phillips et al. (1990) hypothesized that variation in DNA methylation could be a
principal factor in tissue culture-induced mutagenesis. Methylation changes could
affect variation and that could result in chromatin structure alterations. Such alter-
ation may lead to late replication of heterochromatin and therefore to chromo-
some breakages, and changes in gene expression. Variation in methylation at
specific sites could result in changes in gene expression in either a positive (trans-
posable element activation) or in a negative fashion.

Brown et al. (1991) found that DNA methylation and base sequence changes
are frequent in maize callus and among regenerated plants. Brown et al. (1990)
and Muller et al. (1990) reported a high frequency of methylation and sequence
variation among progeny of regenerated rice plants. Significantly increased levels
of DNA polymorphism were observed in regenerants as compared with control
plants. Analysis by methylation-sensitive and -insensitive restriction enzymes,
however, showed that methylation changes cannot be considered as a major factor
in the induction of these changes.

The levels of DNA methylation increased in carrot cultures containing IAA and
inositol in the medium (Lo Schiavo et al., 1989). Kaeppler and Phillips (1993a)
analysed 21 progenies from tissue culture-derived plants of maize inbred A 188
for DNA methylation changes. A high frequency of DNA methylation variation
was detected. Both decrease and increase in methylation were observed. Fifteen
per cent of the methylation changes were homozygous in the original regenerated
plants. These changes were inherited in the progeny. The results showed that
demethylation occurred at a high frequency and could be an important cause of
tissue culture-induced variation. In contrast to Brown et al. (1990) and Muller
et al. (1990) methylation variation appeared to be more frequent than changes in
base sequences. Smulders et al. (1995) used five repetitive probes to analyse DNA
methylation in tomato. In leaf DNA, the methylation of cytosines varied widely,
from no detectable methylation to complete methylation at nearly all sites
screened. Only small differences in methylation were found between callus and
leaf DNA.

In mammals, methylation patterns can be erased in the germ line (Holliday,
1990). If this is the case in plants, it may explain how a mutation that consists of
change in methylation can be somatically stable but revert to wild type in the
progeny of regenerated plants.

Changes in Organelle DNA
Changes in mitochondrial genome occur at high frequency as compared with

chloroplast genome. One of the classical examples in which such variation has
been reported in tissue culture is in cytoplasmically controlled male sterility
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(CMS). In maize, sensitivity to the host-specific fungal toxin of Helmin-
thosporium maydis race T, the causal agent of Southern corn leaf blight, is associ-
ated with Texas male sterile (CMS-T) cytoplasm. In seed-derived plants, these
two characteristics are tightly linked and controlled by mitochondrial DNA.
Gengenbach et al. (1977), among tissue culture regenerants, recovered toxin-
resistant plants with reversion to male fertility. Restriction endonuclease pattern
of mtDNA showed significant changes in mtDNA of cell culture-derived plants.
One mutation to male fertility and toxin insensitivity was the result of frame shift
mutation in mtDNA (Wise et al.,, 1987). Kemble and Shepard (1984) also de-
tected variation in mtDNA of potato somaclones. Since the number of organelles
in a developing shoot apex is much higher than in a mature cell, mutation in
organelle DNA can be recovered faster. Chloroplast genomes are generally con-
sidered to be more highly conserved and stable than nuclear and mitochondrial
genomes. However, prolonged culture resulted in the deletion of parts of the
chloroplast genome of rice (Kawata et al. 1995). These deletions were associated
with changes in plastid morphology.

Epigenetic Variation

In several cases, variation arising through tissue culture may be due to epigenetic
variation which is not transmitted to the regenerants and their progenies. Cultured
cells when exposed to various stresses may result into transient altered expression
or modification of traits. Such changes are temporary and do not manifest in the
progenies. Some of the epigenetic changes could be due to DNA amplification,
DNA methylation or transposable elements.

Recently, Phillips et al. (1994) emphasized that somaclonal variation most
likely occurs by a stress—response mechanism. Several unstable or non-transmiss-
ible variations have been observed which could be due to transposable elements
and/or epigenetic modification. These changes occurring in tissue culture could be
due to breakdown of normal control processes. The repeat-induced point mutation
(RIP) phenomenon could be operative for the origin of variation in tissue culture.
There are several similarities between RIP in Neurospora and somaclonal vari-
ation in plants. RIP could arise in tissue culture in three ways: (i) duplications
could initiate the process, (ii) culture medium components could increase the level
of sequence methylation with ensuing changes following a RIP-like process or
(iii) the genomic balance which inhibits RIP in normal plants could be disrupted.
Future research should focus on understanding the disruption or breakdown of the
control process in tissue culture so as to enhance or minimize the extent of
somaclonal variation in crop plants.

Applications

Tissue culture techniques are becoming important in plant breeding programmes
to enhance the selection efficiency and to widen the gene pool of crops. Some of
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these techniques include micropropagation, in-vitro selection, embryo rescue,
anther culture, somaclonal variation, somatic hybridization and transformation. Of
these, somaclonal variation occupies a unique position, because it is both an
advantage and disadvantage in the tissue culture system.

Increasing Genetic Variability for Agronomic Traits

An important strategy to use somaclonal variation in crop improvement is
to culture highly adapted cultivars but lacking in a few characteristics.
Application of somaclonal variation in crop improvement has been discussed in
several publications (Evans and Sharp, 1986; Brar and Khush, 1994; Karp, 1995).
Several useful somaclonal variants possessing resistance to diseases, insects and
tolerance to herbicides, have been isolated (Table 2). Notable examples include
resistance to Fiji virus, eye spot, and downy mildew diseases in sugarcane (Heinz
et al., 1977), resistance to blight in potato (Shepard et al., 1980), resistance to
Helminthosporium in maize (Gengenbach er al., 1977; Brettell and Ingram, 1979)
and resistance to Fusarium oxysporum in celery (Heath-Pagliuso et al., 1989) tol-
erance to herbicides (Chaleff and Ray, 1984; Grant and McDougall, 1995).
Similarly, somaclonal variation has been demonstrated for several other traits.

The potential usefulness of somaclonal variation in crops first became apparent
in sugar cane. Variation was observed in morphological traits including changes
in cytogenetic and isozyme characteristics. Beginning in 1970, somaclones of a
number of clones for their reaction to Fiji disease (a leafhopper-transmitted virus)
and downy mildew (Sclerospora sacchari) were screened. Several somaclones
were identified with increased resistance to both Fiji disease and downy mildew
(Heinz et al., 1977). Larkin and Scowcroft (1983) initiated cultures from Q101
sugarcane in an agronomically valuable Australian cultivar whose major defect is
high susceptibility to eyespot. After more than 8 months in culture, plants were
regenerated. Of the 260 Q101 somaclones assayed for their eyespot toxin sensitiv-
ity, a high percentage (8.9%) were highly resistant or nearly immune. The results
on somaclonal variation in sugarcane demonstrate that it affects many important
characters and holds promise for the improvement of varieties, particularly those
with single defects.

Shepard et al. (1980) argued that it might be simpler, if possible, to selectively
improve a popular variety than to create a new one. Screening over 10000 so-
maclones (protoclones) of potato cv. ‘Russet Burbank’ showed significant and
stable variation in compactness of growth habit, maturity date, tuber uniformity,
tuber skin colour, photoperiod and fruit production. Five of 500 somaclones were
more resistant to Alternaria solani toxin than the parent and, of these, four
showed field resistance to early blight. About 2.5% (20 from 800) somaclones
screened were resistant to late blight (Phytophthora infestans), some of which
were resistant to multiple races of the pathogen. These variant somaclones have
retained their phenotype through a number of vegetative generations.

A number of reports demonstrate genetic variation among regenerated plants of
seed-propagated crops. Devreux and Laneri (1974) used inbred cultivars of
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Table 2. Some examples of somaclonal variants possessing improved traits in crop plants

Crop plant Improved trait(s) Reference
Sugarcane Resistance to eyespot, Fiji disease and Krishnamurthi and Tlaskal, 1974;
downy mildew Heinz et al., 1977
Resistance to eyespot Ramos Leal et al., 1996
Potato Resistance to Fusarium oxysporum Behnke, 1980
Resistance to Phytophthora infestans Behnke, 1979; Shepard et al., 1980
Sweet potato Darker and stable skin colour (Scarlet)® Moyer and Collins, 1983
Maize Resistance to Helminthosporium maydis Gengenbach et al., 1977
Tobacco Herbicide resistance Chaleff and Parsons, 1978; Chaleff
and Ray, 1984
Resistance to potato virus Y (NC744)" Chaplin ez al., 1980
Resistance to blue mould (NC-BMR42, 90)*  Rufty et al., 1996
Wheat Resistance to Helminthosporium Chawla and Wenzel, 1987
Tolerance to heat/drought stress Sears et al., 1992
(KS89WGRC9)"
Resistance to barley yellow dwarf virus Banks and Larkin, 1995

(BYDV) from Thinopyrum sp.
(TCS, TC6, TC9)*

Tolerance to frost Dorffling et al., 1993
Tolerance to salt Barakat and Abdel-Latif, 1996
Rice Lysine content Sharp and Shaeffer, 1993
Resistance to blast (DAMA)' Heszky and Simon-Kiss, 1992
Dwarf, lodging resistant 10% higher Ogura and Shimamoto, 1991
yield than the parent variety (Hatsuyme)'
Tolerance to salt Winicov, 1996
Sorghum Resistance to Fall army worm Duncan et al., 1991a
(GATCCP 100/101)"
Tolerance to acid soil (GAC102)" Duncan et al., 1991b; 1992
(GC103/104)"
Tomato High solid (DNAP9)" Evans, 1989
Resistance to race 2 of Fusarium (DNAP17)" Evans, 1989
Celery Resistance to Fusarium wilt (UC-T3)" Heath-Pagliuso et al., 1989
Brassica Herbicide resistance Jain and Newton, 1988
Tolerance to salt Kirti et al., 1991
Bell pepper Fruits with fewer seeds (Bell sweet)” Evans, 1989
Bermuda grass  Fall army worm resistance (Brazos-R3)" Croughan ez al., 1994
Birds-foot trefoil Resistance to sulphonyl herbicide Grant and McDougall, 1995
(H401-4-4-2)"
Red clover Regeneration ability (NEWRC)" Smith and Quesenberry, 1995
Lathyrus sativus  Low neurotoxin Yadav and Mehta, 1995

“Improved germplasm developed.

fCultivar released.
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tobacco and showed variation in anther culture-derived somaclones. The isogenic
lines produced by anther culture were uniform within themselves but there was
extensive variation between these lines (somaclones). Some lines showed dry
weight yields up to 10% greater than the original cultivar. Attempts to enhance
the level of variation by irradiating (5-2000) the flower buds prior to anther
culture, did not increase variation.

Burk and Matzinger (1976) used inbred variety ‘Coker 139’ of tobacco, which
had gone through 15 generations of self-fertilization. Dihaploids were derived by
anther culture from this highly inbred line. Five spontaneously doubled haploids
were present among 41 colchicine-doubled haploids. Significant variability
between the somaclonal lines was observed in yield, grade index, days to
flowering, plant height, leaf number, leaf length, leaf width, total alkaloids and
reducing sugar content. Spontaneously obtained dihaploid lines showed as much
variability as those derived through colchicine treatment. There was no significant
variation within lines. It is unlikely that there was any residual heterozygosity in
the parental plant.

Oono (1978) used rice seeds from a selfed doubled haploid, and examined
about 800 somaclones derived from callus initiated from those seeds. Only 28.1%
of the plants were considered normal (parental) in all these characters. There was
a wide variation in seed fertility, plant height and heading date. Chlorophyll
deficiencies were seen in the second generation of 8.4% of the lines, which is a
comparable frequency to that expected from X-ray and gamma-irradiation.
Sectorial analysis of plants derived from a single seed callus showed that most of
the variation was induced during culture and unlikely to pre-exist amongst the
seeds used to initiate the culture. It was estimated that mutations affecting these
traits were induced in culture at a rate of 0.03-0.07/cell per division.

Somaclonal variation has been observed to affect the mitochrondial genome.
Selection for resistance in cultures of T-cytoplasm maize (sensitive to the
Southern corn leaf blight T-toxin of Helminthosporium maydis Race T) by recur-
rent sublethal exposure to T toxin resulted in the recovery of toxin-resistant
plants. The same plants were also fertile in contrast to the male sterility of the
original parent (Gengenbach et al., 1977). Brettell and Ingram (1979) indicated
that the frequency of occurrence of the resistant variants was high (35 out of 60)
even when toxin was not added to the cultures prior to regeneration. The restored
male fertility and toxin resistance were shown to be cytoplasmically inherited.

In-vitro selection

In-vitro selection can be used to select agronomically desirable somaclones, par-
ticularly where cellular and whole plant responses are correlated. Such correla-
tions exist only in a few systems; two such examples where in-vitro selection has
been successfully used are with pathotoxins and herbicides. Selection for
increased tolerance to specific diseases has been achieved using known toxins or
crude culture filtrates. Heinz et al. (1977) selected variants from populations of
plants regenerated from tissue culture. These somaclonal variants had enhanced
resistance to eyespot, Fiji disease and downy mildew. Gengenbach et al. (1977)
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selected somaclonal variants from culture of maize T-cytoplasm resistant to toxin
produced by Helminthosporium maydis race T and the disease it caused, southern
corn blight. Thanutong et al. (1983) obtained variants in tobacco resistant to two
pathogens, Pseudomonas syringae and Alternaria alternata after selecting proto-
plast-derived callus on medium containing the pathotoxins. Sacristan (1982) ob-
tained plants resistant to Phoma lingam from callus and embryogenic cultures of
haploid race which survived exposure to the fungal toxin. Hartman et al. (1984)
selected lines of alfalfa with increased resistance to both the culture filtrate and
the pathogen Fusarium oxysporum f.sp. medicaginis. Heath-Pagliuso et al. (1989)
obtained somaclonal variants with increased resistance to Fusarium oxysporum in
celery. Shahin and Spivey (1987) found somaclones without in-vitro selection for
resistance to Fusarium wilt derived from protoplast culture of tomato. In a
number of other cases, somaclonal variants resistant to diseases and insects have
been obtained without in-vitro selection. The findings support the observations
that the tissue culture cycle itself can generate genetic variation and that the fre-
quency of somaclonal variants is more or less similar to those where in-vitro se-
lection and mutagenesis of cultured cells were used. It is thus possible to develop
useful germplasm through somaclonal variation possessing resistance to diseases
and insects even if suitable agents for in-vitro selection are lacking. Similar to
disease-resistant somaclones, herbicide-resistant variants have been obtained fol-
lowing cell culture; chlorosulfuron resistance (Chaleff and Mauvais, 1984) and
picloram resistance in tobacco (Chaleff and Parsons, 1978).

Development of ‘Elite’ Germplasm and Commercial Cultivars

Somaclonal variation with improved traits has resulted in the development of new
useful germplasm, and in a few cases, cultivars have been released (Table 2).
Sugarcane cultivar Ono, which is resistant to Fiji disease, was developed from
susceptible cultivar Pindar (Krishnamurthi and Tlaskal, 1974). A cultivar of sweet
potato Scarlet having yield and disease resistance characteristics similar to those
of the parent cultivar but with darker and more stable skin colour, was produced
(Moyer and Collins, 1983). In tomato, two promising varieties have been devel-
oped from cell culture — DNAP-9 having high solid and DNAP-17 with resistance
to Fusarium race 2 (Evans, 1989). Some somaclonal variants of anther culture
origin have been released as a new cultivar in sweet pepper. Bell sweet, a bell
pepper variety, was identified which had few or no seeds when grown in several
locations over several generations compared to 330 seeds in the control variety,
Yolo Wonder (Evans, 1989). Heszky and Simon-Kiss (1992) produced several so-
maclones in rice and one of these variants was released as a variety named
DAMA. This variety is resistant to blast, caused by the fungal pathogen
Pircularia, and has good cooking quality. Similarly, Ogura and Shimamoto
(1991) identified useful somaclonal variants from protoplast-regenerated proge-
nies of Koshihikari, and a new variety Hatsuyume was released. This variety is
late by 1 week, shorter in height, lodging resistant, and has 9-11% higher grain
yield than Koshihikari. Some ‘elite’ germplasms possessing tolerance to herbi-
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cides, salts and heat/drought stress have been developed through somaclonal
variation (Table 2).

Enhancing Alien Gene Introgression into Cultivated Species

The technique of somaclonal variation appears to be particularly important in en-
hancing variation in interspecific crosses, particularly where the parental genomes
of the two species show little or no homoeology. The phenomenon offers tremen-
dous potential for chromosomal exchanges between species which otherwise lack
homoeologous pairing. Under such situations, chromosome breakage and reunion
could result in new combinations and in the transfer of alien chromosome
segments into the cultivated species. A tissue culture cycle of the hybrid material
(F,, monosomic alien chromosome addition or substitution lines, somatic hybrids)
could enhance the frequency of genetic exchange. In hybrids of Hordeum vulgare
X H. jubatum, enhanced variation in isozyme pattern and chromosome pairing
was observed in contrast to the original hybrid which was asynaptic (Orton,
1980a,b). Cell culture-induced chromosomal exchanges do not seem to rely on
homoeology and occur during mitotic cell cycles in the culture rather than meiotic
cell cycle. Hence, non-homoeologous and non-reciprocal interchanges are
common in tissue culture systems. Lapitan et al. (1984, 1988), following cell
culture of wheat-rye hybrids, observed chromosome exchanges between 1R and
4D and 3R and 2B.

Larkin et al. (1989) and Banks et al. (1995) reviewed the usefulness of cell
culture to enhance alien introgression in wide crosses. Tissue culture of wheat-rye
monosomic addition lines showed introgression of cereal cyst nematode resist-
ance from rye to wheat. Similarly, tissue culture of monosomic alien addition
lines of wheat — Thinopyrum intermedium showed introgression of barley yellow
dwarf virus (BYDV) resistance into wheat (Banks et al., 1995). Of the 1200
plants regenerated from the cultures of monosomic alien addition lines, 14 fam-
ilies were identified in which BYDYV resistance was inherited to the progenies.
These examples demonstrate that cell culture-induced chromosomal exchanges
can be used to transfer alien genes into crop plants. The technique appears equally
promising to obtain chromosomal exchanges and derive progenies with introgres-
sion of useful genes from somatic hybrids produced through protoplast fusion
among widely divergent species.

Improvement in Ornamental Plants

Tissue cultured ornamental plants often show somaclonal variation which may
change plant morphology, leaf morphology, flower colour and shape, and leaf var-
iegation (Jain et al., 1997a,b). Jain (1993a,b) reported a wide range of somaclonal
variation for flower size, plant height, plant morphology, and number of flowers
per plant in Begonia X elatior plants regenerated from leaf-disc callus. A similar
type of variation was observed in plants regenerated from leaf discs of Saintpaulia
ionantha L. without callus phase. However, no variation for flower colour was
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obtained (Jain, 1993a,b). Flower colour variation has been reported in tissue
culture-derived plants of carnation (Silvy and Mitteau, 1986), chrysanthemum
(Khalid et al., 1989), and gerbera (Buiatti and Gimelli, 1993). Selected somaclones
can be further micropropagated to establish the stability of somaclones in the sub-
sequent generations. Jain (1993a,b) observed that selected somaclones of Begonia
and Saintpaulia did not show any variation in the number of flowers per plant in
the subsequent two generations. The findings support the theory that somaclonal
variation can be exploited commercially in ornamental plants (Duncan, 1997).

Genetic Fidelity and Somaclonal Variation

Somaclonal variation is undesirable in true-to-type large-scale mass propagation,
in clonal propagation of woody and ornamental plants, and transgenic plants. The
economic disaster can be enormous as a result of somaclonal variation in forest
trees and other woody plants, since they have long life cycle. It is thus important
to maintain genetic stability in tissue culture-derived woody plants, particularly
for reforestation (Jain, 1997b). Some of the genetic changes are difficult to
observe at the morphological or physiological level because of the structural dif-
ference in the gene product, and that may not alter its biological activity
sufficiently to produce an altered phenotype. ‘Silent mutations’ at morphological
and physiological levels are significant since they allow an estimation of the fre-
quency of genomic change as a result of in-vitro culture (Sabir et al., 1992).
Isozyme and DNA markers can be conveniently used to detect tissue culture-
induced variation. Isozyme markers have proven useful to detect somaclonal vari-
ation among regenerants in apple stocks (Martelli ez al., 1993).

However, Shenoy and Vasil (1992) analysed regenerants of Napier grass
derived through somatic embryogenesis. Isozyme analysis showed no variation
among the regenerants. Similarly, somatic seedlings of Picea abies (Heinze and
Schmidt, 1995), Picea mariana (Isabel et al., 1993) and in other woody plants
showed no variation at the molecular level with RAPD and RFLP markers. Taylor
et al. (1995) observed limited RAPD polymorphism in sugarcane plants regener-
ated from embryogenic cultures, indicating infrequent genetic changes during
tissue culture. More recently, the amplified fragment length polymorphism
(AFLP) technique has become available, offering great potential to analyse
genetic variation. This method generates a large number of markers, and may
allow the identification of a relatively low level of somaclonal variation.

Advantages and Limitations of Somaclonal Variation

Somaclonal variation offers several advantages: (1) it is relatively cost-effective
when compared with other methods, (2) it requires routine laboratory and field fa-
cilities, and hence research can be carried out in any plant breeding programme
having tissue culture facility, (3) it constitutes a rapid source of genetic variabil-
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ity, particularly in crops having a narrow genetic base and which are difficult to
improve through conventional breeding, (4) it is successful in removing one or a
few defects in otherwise well-adapted cultivars, (5) it improves various vegeta-
tively and seed propagated species, and (6) it produces novel variants.

Plant breeders always look for useful somaclones of practical importance.
Somaclonal variation is a good supplement to conventional crop improvement
programmes which aim to overcome specific defects in otherwise well-adapted
and high-yielding genotypes. However, in several cases somaclonal variants have
not advanced beyond the laboratory or greenhouse phase, possibly because the
selected material has limited practical value or the trait obtained was not a novel
one. Some of the limitations are: (1) poor plant regeneration from long-term cul-
tures of various cell lines; (2) regeneration being limited to specific genotypes
which may not be of much interest to breeders; (3) several somaclones are un-
stable after selfing or crossing; (4) some somaclones have undesirable features
such as aneuploidy, sterility etc.; (5) variation is usually not novel; and (6) it is
difficult to predict the nature of somaclonal variation.

Future Outlook on Somaclonal Variation

Somaclonal variation has been demonstrated in a large number of vegetatively
and sexually propagated species for several agronomic and biochemical traits, and
many of them are inherited in the progenies. Epigenetic variation, which is non-
heritable, occurs most frequently. The type and frequency of somaclonal variation
are affected by genotype, explant source, medium composition, age of the culture,
and in-vitro culture conditions. Furthermore, changes in karyotype, cryptic chro-
mosome rearrangements, DNA amplification, point mutations, somatic crossing
over, somatic gene rearrangements, transposable elements, DNA methylation, and
repeat-induced point mutation phenomenon are responsible for somaclonal varia-
tion. Numerous somaclones have been reported in crop plants; however, only a
few have been used in crop improvement because of low frequency of useful vari-
ation, genetic instability, undesirable traits or lack of novelty. Future research
should focus on understanding the mechanism of somaclonal variation, so that
desirable somaclones could be produced, and on minimizing somaclonal variation
for clonal propagation and transgenic research. More emphasis should be gi