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FOREWORD

Biotechnology is currently arousing a great deal of attention in both
developed and developing countries. The primary focus of investment and
work is on genetic manipulation of microorganisms by processes which could
be used in an industrial context to produce desired chemical compounds. The
continuous series of food shortages in many parts of the world, however, have
led scientists to also consider the possibilities of using these new techniques to
develop better varieties of crop plants.

The FAO and the IAEA, through their Plant Breeding and Genetics Section
in the Joint FAO/IAEA Division of Isotope and Radiation Applications of
Atomic Energy for Food and Agricultural Development, have, for more than
20 years, devoted a great deal of attention to the need for further improving
crop cultivars. The basis for plant breeding is suitable genetic variability and,
since not all genetic variants needed by plant breeders are available in nature
or in ancient cultivars, mutation induction is being promoted as the means to
create additional variation. In the meantime, mutant germplasm has already
been successfully used in more than 35 countries to develop improved cultivars
for agriculture and horticulture. IAEA records now list close to 700 such
cultivars in 88 plant species. Obviously, natural and traditional germplasm held
in ‘gene banks’ can profitably be supplemented by induced mutants.

In recent years, it has been learned that mutations occur also during
in vitro culture of plant material, without the application of ionizing radiation
or other mutagens, and there are claims that such mutations could also be used
by plant breeders in their never-ending task of genetic improvement of crop
plants. Thus, it is now appropriate to examine this ‘somaclonal variation’ and
gauge its potential value in relation to the extensive experience already
accumulated on plant mutants obtained from radiation and chemical-mutagen
application. In cases where somaclonal variation is undesirable, such as for
long-term in vitro germplasm storage by gene banks or in clonal propagation,
one must find suitable methods to avoid it.

Another matter of interest for plant breeders is the use of ‘mutagens, in
combination with in vitro cultures, to create genetic variation. However,
genetic variation is only a prerequisite for successful plant breeding: selection
of the desired variants is the most crucial step. In vitro culture techniques seem
to offer certain advantages in this respect. The expression of recessive genes
may be immediately recognized in haploid genotypes derived from the in vitro
cuiture of anthers. Moreover, very large populations of plant cells or plantlets
can be handled relatively easily by in vitro techniques and selection for certain



traits can be performed in standardized environments. There will be practical
advantages in using in vitro culture techniques for purposes other than just
creating genetic variation, for example in quick, mass propagation of new,
promising plant types for extensive field testing. In vitro techniques, of course,
are still a relatively new tool in practical plant breeding. Nevertheless, a review
was attempted, at the symposium, of the practical results already obtained.

Finally, it is desirable to look into future developments in genetic
engineering, even though this area seems somewhat ‘immature’ right now, so
as to formulate effective, practical applications aimed at solving the food
problems in the developing world.

All of these matters were dealt with in detail during the symposium,
organized jointly by the FAO and the IAEA in Vienna from 19 to 23 August
1985. The 2nd Research Co-ordination Meeting of the FAO/IAEA Co-ordinated
Research Programme on In Vitro Technology for Mutation Breeding was held
concurrently with the symposium. These Proceedings contain all of the papers
and posters presented at the symposium, as well as excerpts from the discussions.

EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader’s assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.

The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as to the legal status of such. countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.

- The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.
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Review Paper

SPONTANEOUS MUTATIONS
AND SOMACLONAL VARIATION

F. D’AMATO
Institute of Genetics,
University of Pisa,
Pisa, Italy

Abstract

SPONTANEOUS MUTATIONS AND SOMACLONAL VARIATION.

In the first part of this review, the in vivo origin of spontaneous mutations in plants is
discussed. The following aspects are considered. (1) Increase in mutation frequency with
increasing age of seeds, which is paralleled by the accumulation of mutagens in aged seeds.

(2) Widespread occurrence of mutagens among plant metabolites, including sulphur-containing
substances, amines and amides, nitrogen-free acids, aldehydes, phenols and quinones, coumarins,
alkaloids and degradation products of nucleic acids. (3) Aneusomaty, i.e. the simultaneous
occurrence of cells with euploid and aneuploid chromosome complements in individual plants.

(4) Somatic crossing-over that can be detected as spots on leaves. (5) Occurrence in differentiated
cells of chromosome structural changes and gene mutations that are able to propagate mitotically
following cell dedifferentiation. (6) Occurrence in differentiated cells of the vast majority of
pteridophytes and angiosperms of endoreduplicated nuclei, generally containing diplochromo-
somes or quadruplochromosomes. After dedifferentiation, such cells become the progenitors of
tetraploid and octoploid cell lines. (7) Occurrence of ‘masked’ genetic conditions, especially

in the form of periclinal chimeras, rather common in vegetatively propagated plants. Following
in vitro explantation of tissues and cells, the above-mentioned genetic changes (pre-existing
changes) constitute an important component of the somaclonal variation that is found in
regenerated plants. The other important components of somaclonal variation are the genetic
changes (genomic, chromosomal, genic) that are produced in vitro. Polyploidy originates via
either spindle failure, leading to restitution nucleus formation, or through chromosome endoredu-
plication. Aneuploidy may originate during callus induction through amitotic processes, followed
by mitosis, or is produced during culture by aberrations in chromosome movement. Chromosomal
mutations are generally of the chromatid type (breakage and reunion in S and/or G, ), while
chromosome-type aberrations (origin in G,) may be produced in the non-dividing cell fraction

of a culture. Also, gene mutations, sometimes resulting from pre-existing, pre-mutational states,
are known to originate in culture. The review ends with a discussion on the mechanisms possibly
responsible for the in vitro origin of chromosome structural changes and gene mutations.

1. GENETIC CHANGES THAT ORIGINATE IN VIVO

In his classic book on mutation theory, De Vries [1] reported that plants
of Oenothera lamarckiana, raised from aged seeds, showed a pronounced increase
in the spontaneous mutation rate. He suggested artificial ageing of seeds as a



4 D’AMATO

method for inducing mutations in plants. Some three decades later, Nawashin
and co-workers (see Ref.[2]) emphasized the importance of metabolism for the
origin of mutations in aged seeds. They showed that, in some species of Crepis,
an increase in the age of seeds led to a progressive increase in the frequenéy of
chromosome structural changes and gene mutations in plants raised from the
aged seeds. Nawashin pointed out that the lack of a linear relation between the
duration of seed storage and the frequency of mutations excluded the action of
natural radiation and other continuously acting factors, and pointed to the
importance of seed metabolism in the process. It is now clear that mutations in
aged seeds are the result of a chemical action by metabolites and/or waste products
that accumulate during the ageing process. This condition is demonstrated by
experiments in which extracts of aged seeds of several species have shown a
mutagenic effect on the same, or other, species [2]. The chemical nature of the
mutagens present in aged seeds is not known, but some are apparently water-
soluble, while others are liposoluble. Thus, e.g. in tobacco, water extracts of aged
seeds have no mutagenic effect, but mutations are induced by the oil extracted by
pressure from such seeds (see Ref.|2]).

Indirect evidence for the relation of spontaneous mutations to metabolism
is provided by the widespread occurrence of mutagenic chemicals among plant
products. These include sulphur-containing substances; amines, amino acids and
amides; nitrogen-free acids; aldehydes; alkaloids; phenols and quinones; tropolones;
coumarins; nucleic acids and their degradation products [2]. In several instances,
the mutagen is not present as such in the plant, but may be combined with glucose
as an inactive glycoside (e.g. sinigrin) or be present as a precursor (e.g. alliin, the
precursor of diallyl disulphide). Through the action of specific enzymes, the active
mutagen is liberated. Under normal physiological conditions, plants are protected
against their own mutagens either by physical separation of enzyme and substrate
or by non-operation of some biochemical steps. Thus, e.g. in Cruciferae, the
mutagen allyl isothiocyanate does not exist in the plant being bound to glucose
(sinigrin). When seeds or other plant parts are crushed, thereby abolishing the
physical separation of enzyme and substrate, allyl isothiocyanate is rapidly
produced through the activity of the enzyme myrosin. As pointed out by D’Amato
and Hoffmann-Ostenhof [2], it seems conceivable that, under particular metabolic
conditions, the protective mechanism(s) may fail. The plant would then suffer
from the mutagenicity of its own mutagen(s) (automutagenesis) (for details, see
Ref.[2]).

Another genetic change that may occur in plants is aneusomaty, that is,
the simultaneous occurrence in the meristems, and consequently in differentiated
tissues, of cells with two, several, or many aneuploid chromosome complements,
sometimes in addition to the euploid complement. Aneusomaty is known to
occur in both wild, e.g. Poa pratensis [3], and in cultivated species, e.g. the
sugar-cane clone H50-7209 [4]. In some aneusomatic forms, the range of
ancuploid chromosome numbers in individual plants is very wide and the cyto-
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logical mechanisms producing aneuploidy operate continuously during develop-
ment. In other aneusomatics, aneusomaty is established at an early developmental
stage (most probably during embryogenesis), so that the different aneuploid cell.
lines continue to propagate with a normal spindle mechanism [5].

Another genetic change that occurs in proliferating plant tissues is somatic
crossing-over. When it involves genes with no visible effect, its consequences
remain undetected; with visible markers, such as chlorophyll defects, it is detected
from spots in leaves. Somatic crossing-over involves at least one locus in tomato,
tobacco, soybean and Gossypium barbadense [6].

Spontaneous genetic changes in vivo also occur during and after cell differenti-
ation. In 1948, D’Amato and Avanzi [7] were the first to report on the occurrence
of chromosome structural changes in the differentiated tissues of onion roots.
Many aberrations appeared as quadruple (diplochromosome) fragments and as
quadruple bridges at anaphase (diplochromosome dicentrics), indicating that
breakage and reunion of broken ends occurred before the double-chromosome
duplication that is responsible for diplochromosome formation. Further wark
by several investigators, including our group, has shown that chromosome structural
changes are present in the differentiated tissues of some, but not all, species
investigated. Evidence has been obtained that plants which show chromosome
aberrations in their differentiated tissues also show chromosomal changes in the
meristematic tip of the radicle in resting seeds [8]. This again points to the
importance of metabolism in the origin of spontaneous mutations in plants.

Since differentiated tissues and cells of plants can easily be induced to re-enter

the mitotic cycle (dedifferentiation), especially by the method of in vitro culture,
eventually present chromosome structural changes propagate mitotically in cultured
cells (see Ref.[5]). The same applies to gene mutations that may occur in dif-
ferentiated tissues, but they generally escape detection for two main reasons:

(i) most mutations are recessive and, in diploid cells, originate in a heterozygous
condition; (ii) mutations with visible effects are rare and can be detected only
when they involve superficial cells in aerial plant organs [5].

Another genetic change that occurs concomitantly with cell differentiation
is chromosome endoreduplication. Endoreduplicated nuclei do not generally
occur in differentiated tissues of gymnosperms, while endoreduplication is very
common among pteridophytes and angiosperms. Extensive investigations on the
nuclear cytology of differentiated tissues in angiosperms have shown that about
10% of species differentiate in the diploid condition, while the remainder undergo
chromosome endoreduplication (polytenization) concomitantly with cell differenti-
ation. In these species, generally defined as polysomatic, the only tissues that
remain diploid are the apical meristems of shoots and roots, the procambium, the
cambium and the basal meristems of leaves [5, 8]. In the parenchymata (that form
the largest mass of living tissues within the plant body) the nuclei generally undergo
one or two endoreduplications to produce diplochromosomes (4-chromatid
chiromosomes) and quadruplochromosomes (8-chromatid chromosomes). Since
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parenchymatic, and parenchyma-type cells, easily dedifferentiate under the action
of experimental procedures, including explantation in vitro, cells with diplo-
chromosomes and quadruplochromosomes become the progenitors of tetraploid
and octoploid cell lines, respectively. By contrast, cells with higher endoreduplica-
tion levels are induced into mitosis occasionally or not at all [8, 9]. Thus, the
tetraploidy and octoploidy that are frequently observed in the first phases of
callus development trace back to a nuclear condition that pre-exists the culture [5].
In vegetatively propagated plants, including woody species (e.g. apple, peach,
plum, grapes, cranberry), horticultural and ornamental species (e.g. potato,
geranium, carnation, Poinsettia pulcherrima) genetic changes (genomic, chromo-
somal, genic, plastidial) may be ‘masked’ by a condition of periclinal chimera:
the change may be localized in one or more cell layers (histogenic layers: L) of
the shoot apex. A chimera can only be maintained by vegetative propagation.
When a chimera is propagated by seed, the chimeric structure is lost and a uniform
progeny is obtained that expresses the genetic conditions of cell layers L, or L,
and L; from which the sporogenous cells and, consequently, the gametes, are
produced (uncovering of chimeras) [9]. Uncovering of periclinal chimeras can
also result from adventitious shoot regeneration from internal tissues or from
induced cell death, which may lead to a rearrangement of histogenetic cell layers.
Uncovering of a periclinal chimera can also be achieved through the method of
in vitro culture. Thus, for example, the cultivar Meunier of grapevine is a periclinal
chimera with the tomentose genotype situated at the outer histogenic cell layer
(L,) at the apex. In vitro culture of apex fragments allows the regeneration of
three types of plants: (i) uniformly tomentose (regeneration from L, cells):
(ii) uniformly hairless (regeneration from cells underlying L, ); (iii) hairless
tomentose mosaics (regeneration from celis of L; and subjacent layer(s))[10].
From the above discussion, it is apparent that there occur ample possibilities
for the origin of genetic changes (genomic, chromosomal, genic) in living plants.
Since the most varied types of cells, tissues and organs can be successfully cultured
in vitro, the genetic change(s) eventually present in the explant is (are) propagated
in culture and may be incorporated in regenerated plants. So, the genetic changes
present in vivo (pre-existing changes) constitute an important component of the
genetic variation that occurs in regenerated plants. This variation is now referred
to by the general term ‘‘somaclonal variation”, as proposed by Larkin and
Scowcroft [11].

2. GENETIC CHANGES THAT ORIGINATE IN VITRO

The other important component of somaclonal variation comprises all genetic
changes (genomic, chromosomal, genic) that may occur at the time of callus induc-
tion or during in vitro development of cells and tissues (Ref.[5]). The nuclear
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cytology of plant cell and tissue cultures has been extensively studied; it has been
recently reviewed by Bayliss [12] and D’Amato [5].

The most common genomic change that occurs in cultured cells is polyploidy.
When isolated cells, such as protoplasts and pollen grains, are explanted in vitro,
their nuclei may undergo chromosome endoreduplication before entering into
the first mitotic cycle. Endoreduplication prior to mitosis explains the origin
of completely homozygous diploid (doubled haploid) and polyploid androgenic
plants in some species [5]. In established callus and suspension cultures, polyploidy
generally results from spindle failure or chromosome lagging, leading to restitution
nucleus formation [5, 12]. In species prone to chromosome endoreduplication,
some nuclei may produce diplochromosomes (more rarely, quadruplochromosomes)
and, after a normal bipolar mitosis, produce, respectively, tetraploid and octoploid
cell lines. It is not known whether in vitro endoreduplication occurs in cells of
species which do not endoreduplicate in vivo (non-polysomatic species). A rare
process of polyploidization is spindle fusion in binucleate cells, when their nuclei
divide synchronously (bimitosis). Also, odd-ploid chromosome numbers (triploid,
pentaploid, heptaploid) may originate in vitro. Excluding rare cases of nuclear
fusion, the more probable mechanism of production of odd-ploid complements
is genome segregation in multipolar polyploid mitoses [5]. For the possible
selective advantage of polyploid cell lines in culture, see Refs {5] and [12].

Another genomic change of common occurrence in culture is aneuploidy.
Aneuploidy may originate during the first phases of callus induction through
amitotic processes (amitosis or nuclear fragmentation), followed by mitosis. This
process has been observed by several authors and particularly studied by our group
at the Institute of Genetics, in Pisa. Since the process may involve both polyploid
and diploid nuclei, it generally produces a wide range of aneuploid chromosome
complements and, in particular cases, haploidy. This happens when the nucleus
at prophase splits into two homologous chromosome groups (homologous chromo-
some segregation) that organize their own spindles [5]. De novo production of
aneuploidy during in vitro development of cells and tissues is due to aberrations in
spindle function and/or chromosome movement (multipolar anaphases, lagging
chromosomes, non-congression, non-disjunction). An increase in the extent and
degree of aneuploidy with increasing age of the culture is known for several plant
species; it may depend on the organ from which the explant was taken or on the
selective advantage of particular aneuploid chromosome complements [5,12 ].

Structurally changed chromosomes that occur in cultured cells have been
reviewed recently [5). The most convincing evidence for the in vitro origin of
chromosomal mutations are the chromatid-type aberrations (e.g. pseudo-chiasmata,
chromatid deletions and interchanges, achromatic lesions or ‘gaps’) which are
known to originate in dividing cells during the S or G, phase of the mitotic cycle
[13]. Also, chromosome-type aberrations (e.g. rings, dicentrics, multicentrics,

- telocentrics, deleted and translocated chromosomes) occur in vitro; these
aberrations, known to result from breakage and reunion in chromosomes at the
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G, phase of the mitotic cycle [13], generally originate in the non-dividing cell
fraction of calli and suspension cultures;. they emerge when the cells re-enter
mitosis, frequently at the time of subculture. Among structurally changed
chromosomes, dicentrics are of particular interest. Since the dicentrics propagate
in vitro through McClintock’s breakage-fusion-bridge cycle [14], a dicentric in
culture represents a source of continuous, co-ordinate, deficiency duplication

of chromosome segments, until the cycle is interrupted (healing of broken ends
instead of fusion). Two new monocentric chromosomes are then formed [14].
This process may be one of the mechanisms for the production of new karyotypes
with maintenance of the diploid chromosome number — this condition is known
for in vitro cultures and regenerants of some species. However, karyotype changes
mostly occur due to deficiencies, duplications and translocations {5).

Gene mutations are known to occur in vitro [5]. For some types of mutations,
the mutants originated in culture can be isolated by applying appropriate selection
methods [15]. But evidence for the occurrence in vitro of one- or two-gene muta-
tions and for complex mutations (multigenic inheritance) also comes from the
genetic analy‘sis (selfed progeny) of regenerated plants [5]. As pointed out by
D’Amato [5], an importént task for both the geneticist and the cytogeneticist
(who study in vitro regenerated plants) is to distinguish between genetic conditions
that pre-exist the culture (in vivo conditions) and genetic conditions that originate
in vitro.

In conclusion, somaclonal variation is the sum of genetic variation that is
incorporated into the regenerated plants of a given species; part of it is pre-existing,
the remainder is produced during in vitro culture. The relative contribution to
somaclonal variation of pre-existing variation and variation that originated in vitro
is expected to be different in different cases. It may depend on such diverse
factors as the genetic makeup of the species, the pre-existing genetic variation, the
hormonal status and age of a culture, type of culture, culture regime, etc.

3. INVITRO ORIGINS OF MUTATIONS

The factors responsible for ‘the in vitro origin of chromosome structural
changes (chromosome mutations) and gene mutations are not known. In several
cases, hormones — especially 2,4-dichlorophenoxyacetic acid (2,4-D) or some
other hormone combinations —. have been implicated, but the available data are
controversial (see discussion in Ref.[5]). Although it cannot be excluded that some
hormones, at certain concentrations or in combination with other hormones and/or
particular constituents of a culture medium, may act as mutagens, it is more likely
that hormones favour mutation by influencing metabolism.

If it is assumed that metabolism is implicated in the in vitro origin of mutations,
the following questions could be raised:
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(1) Is there a possibility that in some cultures a condition of reduced oxygen
availability (anaerobiosis) occurs? Anoxia has been shown to induce a high
frequency of chromosome structural changes in cells of the root apices of
Vicia faba [16]. ’

(2) Whether, in the composition of some culture media or in the course of a
“culture, a deficiency of one or more essential elements may occur. Single deficien-
cies of anions (sulphur, phosphorus, nitrogen) and cations (calcium, magnesium)
have been demonstrated to induce both chromosome and gene mutations in
Antirrhinum majus, Oenothera and Tradescantia [17, 18].

(3) Since several plant species produce compounds with documented mutagenic
action, the question may be raised whether, under the special conditions of growth
in vitro, cells may undergo mutagenesis by their own metabolite (automutagenesis)
(see Ref.[2]).

(4) The possibility that the physiological conditions prevailing in a given culture
may greatly reduce cell resistance against-metabolites that are normally at low or
ineffective concentrations. There are indications of a lowering in vivo of the
threshold of cell reaction toward a particular metabolite [2].

(5) Considering the particular physiological conditions of cultured cells, the
suspicion may be advanced that in vitro culture may favour the activation of
transposable elements [19].

The questions listed above currently have no answer owing to the practically
total lack of knowledge of the physiology of cultured plant cells. Investigations on
this subject are expected to be highly rewarding.
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EXCERPTS FROM DISCUSSION

C.R. BHATIA: When discussing pre-existing versus in vitro derived genetic
variation, one should not forget that even the low rate of spontaneous mutations,
known to be of the order of 107¢ per locus, will lead to an enormous amount of
variation, considering that there are 30 000, or more, loci per cell and perhaps
a million cells in culture.

F.D’AMATO (in reply to other questions) said that in his view there was,
fundamentally, no difference between somaclonal variation and spontaneous, or
mutagen-induced, variation. On being asked about the mechanisms of ‘diplontic
selection’ or ‘intrasomatic competition’, he replied that the shorter generation
time of normal diploid cells leads to a lagging behind of aneuploid cells.
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Abstract

CYTOGENETICS OF GARLIC (Allium sativum L.} IN VITRO CULTURE.

Plants obtained from the culture of meristem tips, flower heads and/or basal plates showed
no deviations in phenotype and chromosome number. Regenerants from meristem culture
comprised solid tetraploids alongside diploids and mixoploids after colchicine treatment.
Karyological instability was observed in the course of callus induction and long-term culture.
Polyploid cells originated de novo in the in vitro culture. The final chromosomal constitution
was dependent on the genotype of the donor plant, the type of the initial explant and the
hormonal composition of the nutrient media. Garlic plants regenerated via callus cultures were
phenotypically and karyologically variable, but even some regenerants with the unchanged
karyotype showed differences in the phenotype. The nutrient medium induced neither mitotic
aberrations in the Allium test nor point mutations in the Tradescantia test. The method of
differential staining of sister chromatids in callus cells represents a novel approach to the study
of in vitro plant genome instability. Higher sister-chromatid exchange frequencies and different
cell-replication patterns in garlic callus were observed as compared to the intact meristem.

INTRODUCTION

Plant tissue cultures have recently undergone intensive development which
has made possible their application in mass propagation and crop improvement.

In particular, the phenomenon of somaclonal variation [1] is attracting a great deal
of attention. Unfortunately, its nature has not yet been fully understood and
further intensive basic research is necessary in order to clarify it.

Garlic (Allium sativum L.) is an ideal plant for the study of karyological
instability of in vitro cultures, as well as to demonstrate the application of tissue-
culture technology in the improvement of vegetatively propagated crops, where
the possibility of sexual recombination is excluded. This paper contains some
results obtained during a study of in vitro tissue cultures of garlic.

* Research carried out in association with the IAEA under Research Agreement No. 3820.
** Present address: IAEA Seibersdorf Laboratory, Division of Research and Laboratories,
P.O.Box 100, A-1400 Vienna, Austria.
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MATERIALS AND METHODS

Allium sativum L. plants cv. Bzenecky pali¢dk (2n=16) were used in all
the experiments. Meristem tips were removed from the plants grown from aerial
bulbils and/or cloves (for micropropagation and polyploid production, respectively).
Flower heads had been taken from the plants before the spathes opened. Basal
plates were isolated from the cloves after dormancy.

Surface sterilization was carried out either with 70% ethanol (30 s) and
5% chloramine-B (30 min), or with 7% calcium hypochlorite (30 min). The
explants were cultured on the medium BDS [2] with the addition of growth
regulators, i.e. NAA (a-naphthaleneacetic acid) and BAP (benzylaminopurine).

Regenerated shoots were rooted also on the medium BDS with low concentra-
tions of kinetin and NAA (both 0.1 uM) and acclimatized plants were transplanted
into soil.

Calli were induced either from isolated segments of leaf-blade basal parts, or
from meristem tips on the media Murashige and Skoog (MS) [3] and/or BDS [2],
supplemented with kinetin (KIN), f-indoleacetic acid (IAA) and 2,4-dichlorophen-
oxyacetic acid (2,4-D). Shoot organogenesis was enhanced on the same basal
media containing KIN and TAA [4] after the cultures had been transferred to light.
Regenerated shoots were put into test-tubes on paper wicks dipped in liquid
medium [5] with decreased sucrose content and supplemented with $-indolebutyric
acid (IBA), as described elsewhere [6]. Rooted plantlets were transplanted into
soil.

Chromosome analysis was carried out using either aceto-orceine- or Feulgen-
stained squash preparations. The nuclear DNA content was estimated by means
of scanning microspectrophotometry on Feulgen-stained preparations [7].

RESULTS AND DISCUSSION
Culture of meristem tips, flower heads and basal plates

The culture of isolated meristem tips produced single and multiple shoots
(e.g. 5 uM NAA without BAP and 1 uM NAA + BAP, respectively), depending on
the concentrations and combinations of NAA and BAP (a total of 25 various
combinations were involved). The shoots originated either from the initial apical
meristem or, in the case of multiple shoots, most probably from axillary or
adventitious meristems without callus formation. This is of importance from the
standpoint of maintaining genetic stability. As reported elsewhere [8], it might be
expected that shoots originating from axillary meristems would most probably
be genetically identical with the donor plant because they are established in close
relationship with the apical meristem. According to the same author, the shoots
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developing from adventitious meristems could also probably be less genetically
stable as they have not been initiated in close relationship with the apical meristem.

The investigation of chosen characters regenerated through meristem tip
culture revealed only a diploid chromosome number (2n = 16). Shoot regeneration
also took place in the culture of isolated flower heads on the medium, with BAP
and NAA (10-80 uM BAP and 5 uM NAA). The shoots developed directly on the
explant surface without preliminary callus formation. Some of the shoots were
separated, rooted and transplanted into soil. Cytological investigation showed
again only a diploid chromosome number (2n =16).

Shoot formation was induced on isolated parts of basal plates cultured under
the same conditions as described in the case of flower heads. Shoots began to
develop on the apical side without preliminary callus formation. The rooted
plantlets under study had only a diploid chromosome number (2n = 16).

The regenerants developed via shoot morphogenesis, i.e. in most instances
more cells were involved, which is favourable for micropropagation purposes.

The more cells taking part in shoot differentiation, the lower is the probability
that daughter cells originating from genetically modified explant cells will
produce large quantities of regenerated tissues. This also improves the uniformity
of the vegetative progeny [9].

Isolated meristems can be treated with colchicine [10], the best treatment
being with 0.3% colchicine for 48 h after 7 d in culture. Dimethylsulphoxide, in
combination with colchicine, increased the number of polyploids and simul-
taneously decreased the number of undesirable chimeric plants. A total of 22.9%
solid tetraploids and 15% chimeric plants were obtained in our experiments.

During long-term culture, calli were gradually produced in all types of the
cultures in question giving rise to shoots. Under such circumstances, there was
a higher probability of increasing somaclonal variability.

CALLUS CULTURE
Callus induction

Induction of the callus from garlic leaf segments and/or meristem tips took
place on media containing 2,4-D. Karyological changes during callus induction
from leaf-base segments were studied in detail [11]. Garlic belongs to the poly-
somatic species, characterized by endopolyploidization in the course of tissue
differentiation. To ascertain the nuclear condition of the callus-producing tissue,

a DNA cytophotometric analysis has been made in garlic leaf-base segments.

As can be seen from Fig.1(a), the segments contain a mostly diploid cell population
in the G, and G, phases of the cell cycle. A small fraction of cells with DNA
content higher than 4C was observed, indicating the presence of cells that went
through one or more endopolyploidization cycles. The cells were mitotically
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FIG.1. Frequency distribution of nuclear DNA content in the initial explant and primary

calli of Allium sativum L. (a/ Initial explant (i.e. basal part of the leaf blade); (b) primary

calli cultured 30 d on the medium BDS + 5 yuM 2,4-D + 5 uM KIN; (c) BDS + 5 uM 2,4-D;
(d) BDS + S uM 2,4-D + 10 uM KIN + 10 uM IAA.

active, with the mitotic index being equal to 1.2%. All metaphases observed were
diploid.

During the first days of callus induction, only diploid mitoses were present,
except for rather rare occurrences of metaphases with diplochromosomes. From
approximately the sixth day of the culture onwards, tetraploid mitoses were
observed. Their frequency gradually increased till the 30th day. Octoploid,
highly polyploid and aneuploid (chromosome numbers ranging from 11 to 56)
metaphases were observed over this period, their frequency being lower as
compared to the tetraploid ones.

During callus induction, disturbances of mitotic division were often recorded,
the most frequent being restitution mitoses, less frequent lagging chromosomes
and chromosome bridges in anaphase, multipolar mitoses and micronuclei in inter-
phase cells. In the course of callus induction and development, concomitant with
mitoses, fragmentation of polyploid nuclei was observed, leading to the formation
of nuclear fragments with DNA contents ranging from 1C to 4C. This phenomenon
was also observed by others [12, 13]. Although it can be suggested that mitotic
division is involved, at least some formations resembling fragmentation could result
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from irregular mitoses, causing the formation of more than two daughter nuclei
and micronuclei.

After 30 d, the primary callus culture contained up to 70% polyploid cells,
with the mostly tetraploid ones having nuclear DNA contents up to 8C and a lower
proportion of highly polyploid cells having nuclear DNA contents up to 64 C (Fig. 1).‘
The final ploidy levels and karyological heterogeneities were compared after 30 d
in culture using mean nuclear DNA amounts and variances of nuclear DNA amounts.
The statistical analysis showed that hormonal composition of the media had a
statistically significant effect on the heterogeneity of nuclear DNA content and
a slightly less pronounced effect on the mean ploidy level [11].

Our observations are in good agreement with numerous investigations
dealing with the nuclear cytology of callus induction [12, 14]. Although poly-
ploidization is the most frequently observed phenomenon, the origin.of the
population of dividing polyploid cells is not fully understood. In some cases,
stimulation of division of pre-existing endoreduplicated cells was reported [153, 16].
In our case, this was observed only sporadically, and thus the population of
dividing polyploid cells should have originated from diploid cells. Based on the
relatively high frequency of spontaneous restitution mitoses observed, it might
be suggested that restitution mitosis was a major mechanism of polyploid cell
origin. Restitution cycles were also found to have an impact on the ploidy
spectrum of in vitro cultures of other plants [17, 18]. On the other hand, highly
polyploid cells, with DNA contents up to 64C and which might have originated by
endoreduplication as highly polyploid mitoses (16n or more), were found only
_exceptionally.

In primary garlic callus cultures mitotic activity was rather high (the mitotic
index reaching 7%). With increasing age of the cultures the mitotic index
decreased, not exceeding 3% in long-term cultures [19]. The reproduction rate in
long-term culture of garlic was significantly lower than that in intact root meristems.
Mitotic cycle duration ranged from 48 to 132 h, while in intact meristems the
mean cycle time was 22 h [20].

Long-term culture

The long-term garlic callus culture was characterized by the occurrence of
polyploid and aneuploid cells with chromosome numbers ranging from
hypohaploid to hyperoctoploid [19, 21]. Tetraploid cells were most frequently
observed and represented up to 48% of the cells in some callus lines. Numerous
mitotic aberrations were recorded too. The highest frequency of aberrations was
found in the callus lines with the highest frequency of polyploid cells. Besides
the changes in chromosome number, structural chromosomal changes in diploid
and tetraploid callus cells were also observed [19].

Karyological heterogeneity becomes stabilized in long-term garlic callus
cultures. The final chromosomal composition depends on the initial explant
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genotype [21], the initial explant type and on the hormonal composition of the
medium, Garlic callus derived from leaf explants was karyologically more unstable
in comparison with the meristem-derived callus line [19]. Calli grown on medium
with a higher auxin : kinetin ratio contained a higher proportion of polyploid

cells as compared to those cultured on medium with a lower auxin : kinetin

ratio [22].

Stabilization of karyological variability was also observed in plant tissue
cultures of other species [23]. Regarding continuous de novo formation of
polyploid and aneuploid cells in garlic callus culture, it might be supposed that
these cells were under negative selection pressure as compared to diploid cells.

Regeneration

Garlic callus cultures were transferred to the medium without 2,4-D to induce
regeneration [6]. During culturing on this medium, a gradual selection of lower
ploidy cells, especially diploid ones, took place. Complete elimination of polyploid
and aneuploid cells, however, was not observed [22] and so tetraploid, aneuploid
and mixoploid plants regenerated alongside diploid ones. Selection of diploid cells
was also recorded during regeneration in tissue culture of Nicotiana tabacum [24].

The frequency of tetraploid and aneuploid regenerants from garlic callus
cultures depended on the length of time the culture was on the medium with
2,4-D. Out of 264 regenerants analyzed, 55.4% were diploid, 31% mixoploid,
2.2% tetraploid and 10.6% aneuploid [6]. Regenerated plants differed from one
another in plant height, number of leaves and their position, weight and the shape
of bulbs.

Sources of genetic instability

Considerable effort has been made to study sources of genetic variability
in garlic callus cultures. The causes of the disturbed function of mitotic spindles,
followed by restitution mitosis and mitotic aberrations, are still unclear. Direct
evidence of the culture-medium effect (either with or without 2,.4-D, KIN or IAA)
on induction of mitotic aberrations has not been proven [25]. The mutagenicity
of the medium used for garlic callus cultures was tested by means of the
Tradescantia stamen-hair system [26]. Again, no evidence has been found of the
mutagenicity of the media tested and little information is available on structural
chromosomal changes in cultured cells. Chromosome-banding techniques allow a
detailed analysis of these changes in human and animal cells, but they are usually
difficult to apply in plants. In garlic only several bands are stained by the Giemsa
banding technique [27]. Thus, at present, a method is lacking for detailed analysis
of structural changes in garlic chromosomes.

A method for differential staining of sister chromatids in garlic callus cells
has been recently described [20]. This method has several interesting applications.
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It permits the visualization of sister-chromatid exchanges (SCEs) and the analysis
of their frequencies. As an excellent correspondence has been found between
chemicals that induce SCEs and those that induce mutations, the SCE test has
been very useful for the detection of mutagens [28]. According to our preliminary
results, the frequency of SCEs per cell is higher in garlic callus cells, in comparison
with those of meristem root tips [20, 29]. Another application of the method of
differential staining of sister chromatids is the study of DNA replication patterns
of chromosomes, and of cell-cycle kinetics of cultured cells. Both applications

are being developed to study genetic variability of garlic callus cultures.

CONCLUSIONS

It is evident from the results stated above that genetic stability of regenerated
garlic plants is dependent on the type of in vitro culture. The cultures of meristem
tips and organ fragments produced genetically identical progeny. There were no
deviations in karyotype among the regenerants.

On the other hand, callus culture is genetically unstable and a number of
regenerants have been obtained exhibiting changes in karyotype and phenotype.
The nature of this instability is unclear and so it has not been possible to control it.
Nevertheless, a method is available to induce genetic variability and is effectively
used for garlic improvement. This is important in the light of the fact that there
is no possibility to improve garlic through sexual recombination.

At present, methods of clonal propagation are available, as well as methods
allowing increases in the genetic variability of garlic. In general, they represent
a complex system that is manageable and applicable in garlic-breeding
practices [30, 31].
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EXCERPT FROM DISCUSSION

L. HAVEL, on being asked about morphological variation in addition to the
cytological variation reported, stated that clones derived from single regenerants
were found to differ significantly in metric parameters, such as plant height,
length and width of leaves.
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Abstract

IN VITRO CULTURE OF Zea mays L. AND ANALYSES OF REGENERATED PLANTS.

Maize plants (inbred A-188) were regenerated from immature embryo-derived embryo-
genic callus cultures. The regenerated plants (R, generétion), as well as their selfed progeny,
exhibit the phenotypic and physiological disturbances known as somaclonal variation. Variant
plants are used for experiments to determine, at the molecular level, whether such variation is
caused by changes in gene expression as reflected in the degree of DNA methylation and/or is
a result of tissue-culture-induced mutations. The results already indicate that tissue-culture
conditions induce gross changes in the degree of DNA methylation.

INTRODUCTION

The destruction of native land races of cereals and the resultant diminution
of the gene pool, in conjunction with the need to increase the acreage of cereal
cultivation throughout the world, often in environments normally unsuiitable for
any cereal growth, mean that cereals must be extensively investigated to determine
the basic physiological limitations for growth and also, using newly available
molecular techniques, to genetically alter these determined limitations to enable
large-scale cereal production in inhospitable conditions. Increasing genetic varia-
bility of a cereal, such as maize, can theoretically occur in two ways. First, there
are the more classical breeding programmes, i.e. selecting maize lines with known
desirable genes and, by crossing, incorporating these genes into new lines, usually
a long-term (7—10 years), though successful, method. Second, by the use of the
new molecular procedures available for the introduction of known genes whose
function would be, for example, to increase resistance to disease or alter stress
tolerance. While genetic modification of dicotyledonous plants, such as tobacco,
can be shown, e.g. using Ti plasmids [1], this method is not feasible for cereals.
The reasons for this are, first, that until now agrobacteria have not been shown to
infect cereal cells and, second, perhaps more relevant to this paper, the inability
as yet to regenerate cereal plants from single cells or protoplasts [2]. Recent
experiments have shown, however, that transformation of Triticum monococcum

21



22 GOBEL et al.

protoplasts derived from suspension cultures can be obtained [3]. The limitation
remains the inability to regenerate such transformed cells into genetically modified
plants. Therefore, while a system for maize regeneration from single protoplasts
remains an obvious aim, regeneration from multicellular explants is already a
feasible and well-studied fact. However, one consequence of the regeneration of
maize plants from multicellular explants is the increase in genetic variability in

the regenerated plants — the phenomenon of somaclonal variation. While some of
these variants are of no agricultural importance, others are of potential economic
importance and, indeed, appear to be genetically stable. In this paper, we describe
the regeneration of maize plants from embryogenic callus cultures and continuing
genetic and molecular analyses of their progeny.

IN VITRO REGENERATION OF MAIZE PLANTS

An important prerequisite for the application of in vitro culture techniques
is the efficient and reproducible regeneration of genetically uniform plants,
either genetically equivalent to the starting material in clonal propagation
experiments or genetically uniform concerning altered traits after in vitro
selection, mutagenesis or transformation. All the major cereal species can be
regenerated from in vitro cultures [4], either via shoot and subsequent root
morphogenesis or via somatic embryogenesis. Both regeneration systems have
led to mature plants. As shoot meristems are multicellular in origin, there may
exist the risk of obtaining chimeric plants by using the regeneration pathway
of morphogenesis. In contrast, somatic embryos arise from single cells and plant
regeneration via embryoids might minimize the occurrence of genetically altered
plants. In corn, plant regeneration from in vitro cultures was first described in
1975 [S]. An indication of the regeneration pathway of such cultures is given by
Springer et al. [6]. They report that plant regeneration takes place by de novo
organization of shoot meristems in scutellar callus. In more recent publications,
the induction of somatic embryogenesis in maize callus cultures, and plant
regeneration via embryoids are described [7—10]. It is still debatable whether plant
regeneration via somatic embryos, in contrast to shoot-root morphogenesis,
guarantees uniformity amongst the regenerants and their progeny. There are
indications of stability of regenerated maize plants [8, 9, 11] as well as for
variability [10, 12 and this report]. In maize, as well as in other cereal species,
immature embryos are the most commonly used explants for the induction of
morphogenetic in vitro cultures. Factors influencing the induction and the
quantity of somatic embryos, their maintenance, germination and further develop-
ment to mature plants are: the genotype of the chosen plant material; the environ-
mental conditions during the growth of the donor plant; the developmental stage
of the explant; medium composition and physical conditions during the culture
of the explant and the interval of subculturing; the age of the cultures. Variation
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of one or several of these parameters will necessarily lead to altered results, and
for each cultivar or line used in tissue culture experiments, the optimal conditions
have to be determined.

In our experiments, maize plants (inbred A-188) were grown to maturity
in the glasshouse and self-pollinated. Twelve days after pollination, immature
embryos (1-1.5 mm in length) were excised from the milk-stage kernels and
placed, scutellum exposed, onto callus-induction medium (CC medium [13]).
The explants were incubated in low light at 25°C. Within a period of four weeks,
embryogenic callus developed from the scutellum of the plated embryos. Approxi-
mately three months after culture initiation, callus parts with somatic embryos
were transferred to different regeneration media (Murashige-Skoog (MS) medium
[14], supplemented either with 10% sucrose, 1 mg/L 2,4-D and 10% coconut water
or with 6% sucrose, 0.5 mg/L 2,4-D and 10% coconut water) and incubated at
24°C for a 12/12 h photoperiod. Callus pieces with germinating embryos and/or
already developed shoots were put onto half-strength MS medium and developing
plantlets were separated from the callus and transferred to soil. Although the
intention was to use somatic, embryo-derived structures for plant regeneration,
it cannot be ascertained that all of the regenerants are somatic and embryo
derived, especially since the differences between somatic embryogenesis and
shoot morphogenesis are less evident in maize than, e.g. in Triticale [15]. Forty-
seven immature embryo-derived calli were treated as described above. The number
of regenerated plantlets per callus varied from 1 to 27. Altogether, 306 plantlets
were transferred from callus cultures to soil; 117 of them survived and were grown
to maturity (R; generation).

PHENOTYPIC AND GENETIC ANALYSIS OF REGENERANTS

A consequence of plant regeneration from in vitro cultures is that the
regenerated plants exhibit a range of variations. This variability has been termed
somaclonal variation [16] and has been defined as the increase in variability in
response to tissue-culture-induced stress. While many of these variations, e.g.
albinism, are of no agricultural importance, somaclonal variation can also con-
siderably enhance such agronomically useful characters as increased tillering or
disease resistance [17, 18]. The major factors affecting the degree of somaclonal
variation in regenerating plants involve the genetic background; the source from
which the original explant is derived; medium composition; the timing and
frequency of subculture; the overall age of the culture [19]. The basis of soma-
clonal variation has been ascribed to a number of factors. It was assumed
at first that polyploidy, aneuploidy and chromosomal rearrangements were the
main causes and many examples of such karyological changes in tissue- culture-
derived plants were demonstrated [20].
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In our experiments the tissue- culture-derived maize plants (R, generation)
exhibited the following phenotypic variations. All 117 plants showed reduced
height compared to the normal A-188 plants and the ears were usually smaller.
One plant formed yellow longitudinal leaf stripes that persisted to maturity.

Three plants did not form ears, nine plants did not develop anthers and in six
plants, feminization of the male flowers was observed. Of the 117 regenerated
plants, 99 could be self-pollinated for the production of the R, generation. From
these selfed R, plants, 91 set seed; the number of seeds per cob ranged from 2 to
over 200. Our main interest with regard to the R, generation (and the following
generations) is to determine whether any form of variation is transmitted to the
progeny.

The discovery of variants among the offspring is being combined with a
molecular analysis of these altered plants to determine whether changes at the
molecular level can be correlated with the occurrence of somaclonal variation.

For this purpose, samples of 20 seeds from each R, line were germinated and

their development was followed over a period of three weeks. In the first, and

still continuing, series of experiments, we are concentrating on the phenotypic
appearance of the seedlings. Thus, the observations given here are still preliminary.
From the 35 R, lines tested so far, 3 lines showed no phenotypic differences

when compared to control seeds of A-~188. In the remaining somaclones, alter-
ations in the R, seeds and seedlings were: the inability to germinate and the fact
that after germination the development of many seedlings stopped at different
stages, occurring during the coleoptile stage or during one of the later develop-
mental stages over the observation period of three weeks. Seedlings with two
leaves became brown and died and even three-week-old green and healthy looking
plants with five or six leaves would suddenly respond in the same way. This type of
‘early death’ could be observed at different frequencies in all lines (except for the
three lines mentioned above). Further variations included leaf stripes or curling

of leaves. Two lines produced albino seedlings; in one line we observed 21 albinos
out of 60 germinated seeds and this trait was also transmitted to the next
generation (R3). In the other line, we found 16 albinos out of 57 germinated
seeds. We observed in several lines, which were cultivated further, that not all of
the healthy looking seedlings could be grown to maturity. Some plants turned
brown after another two or three weeks of cultivation, while others remained green,
but showed reduced height and did not develop flowers. Healthy looking seedlings,
as well as those that showed signs of early death, altered leaf morphology and
albinos were taken usually after 20 days for DNA isolation and subsequent
molecular analysis.

MOLECULAR ANALYSIS OF R, PLANTS

The molecular basis for somaclonal variation remains unknown, though some
experiments have shown a range of molecular changes in the regenerated plants.
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Brettell et al. [21] have demonstrated that in Triticale regenerants, there was a
marked reduction in the number of rDNA spacer sequences, a change that was
heritable and correlated with a reduction in C banding on the NOR region on
chromosome 1R. Somaclonal variation also affects the chondriome [22]. The
maize somaclone mtDNA was analysed by restriction enzymes and it was found
that fragment lengths had changed. It was shown that loss of one particular
mtDNA fragment was associated with changes in tolerance to the Drechslera maydis
toxin. These and other changes, though, have not been determined as being the
cause of somaclonal variation and may be regarded as consequences of tissue
culture.

We are trying to determine at the molecular level whether the cause of
variation can be related primarily to changes in gene expression and, in particular,
gene expression as related to the degree of DNA methylation, or, second, as a
result of tissue- culture-induced mutations. 5-methylcytosine (5mC) appears to be
the predominant modified base in eukaryotic DNA, occurring mainly in the
sequence CpG. In some higher plants, though, the average SmC content can be
as high as every third cytosine being so modified. How, therefore, does methy-
lation affect gene expression? Actively transcribed regions of the chromosome
are thought to be hypo- or unmethylated, while inactive sequences are strongly
methylated. Also, for some genes or gene groups, the frequency of the CpG
dinucleotide is found to be greater in the promoter or 5 region of these genes,
indicating that methylation of these nucleotides will inhibit transcription.
Conversion of a G:C basepair to G:5mC by methylation can have a functional
effect similar to a mutation in which the G:C'is converted to A:T, and it has
been suggested that the effect of the methyl group projecting into the large groove
of the DNA molecule can make a critical difference in the binding of proteins to
DNA. Another theory suggests that the function of methylation can be exerted
via specific localized structural alterations of DNA. The methylation of synthetic
polynucleotides has a strong effect on the transition of DNA from the normal B
form to the Z form. The Z structure, in which nucleosome formation is prevented,
is normally produced only in high salt concentrations, but methylation of the
polynucleotides induces the inactive form at concentrations approaching the
normal physiological concentrations in cells. Since DNA protein interactions
are an essential component of many different gene functions, methylation has
been implicated in a number of different mechanisms (23]. Work in progress in
our laboratory is involved in determining the degree of methylation for particular
gene sequences and to ascertain whether changes in the degree of methylation
can be correlated with the occurrence of somaclonal variation. Total genomic
DNA from over 100 maize plantlets (R, generation) was extracted and cut with
the isoschizomers Hpall and Mspl. Both these enzymes cut the sequence CCGG,
but Hpall was unable to cleave when the internal cytosine was methylated (i.e.
CMCGG) and Mspl was unable to cleave MceGG. Both enzymes were unable to
digest when both cytosines were methylated (MCMCGG). While DNA from >80%
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of these plants cut with Mspl, the remaining isolates showed gross differences in
the degree of methylation. Therefore, even on the basis of such digestions, it can
be concluded that tissue culture induces large alterations in the degree of methy-
lation. Genomic DNA, when cut with Mspl, was subsequently probed with a
number of isolated gene fragments to determine whether differences could be
observed in the methylation of particular genes. Such methods are an indication
of how the degree of methylation changes. However, the possibility also exists
that differences in restriction patterns may also be related to gene mutations,
inversions, point mutations, etc. Therefore, work is being undertaken to map
the region of known gene sequences for the different somaclones by the process
of restriction fragment length polymorphism (RFLP). This will allow us, in
conjunction with methylation studies, to determine whether tissue- culture-
induced variation is a result of methylation changes alone, or occurs as a con-
‘sequence of mutations in the genome.

CONCLUSIONS

Our experiments show that maize plants regenerated from in vitro cultures
and their selfed progeny exhibit variation that is recognizable phenotypically and
in the methylation state of the DNA. By applying tissue- culture procedures, it is
hoped, on the one hand, to increase the occurrence of desirable traits for plant
improvement by increased variability and, conversely, to retain stability of the
tissue- culture-derived plant material, if already selected lines are used in experi-
ments that involve in vitro culture. Thus, the extent of variability has to be
manageable, not only in those plants that are regenerated directly from in vitro
cultures, but also in their sexual offspring in order to ensure proper and efficient
transmission of the desired character.
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EXCERPTS FROM DISCUSSION

LK. VASIL: Other workers using the same maize line A-188 have not
found much variability.

E. GOBEL: It is possible that different environmental conditions during
the growth of the donor plant, or differences in media composition, intervals
of subculture, physical culture conditions during callus induction and regeneration,
or other factors were responsible for the variability we observed among regenerants
and their progeny. '
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Abstract

ASSESSMENT OF SOMACLONAL AND RADIATION-INDUCED VARIABILITY IN MAIZE.
The plants of the maize line CHI-=31 were self-pollinated and immature embryos
(1-1.2 mm long) were used as experimental material. (1) ES (zygotic embryo in situ). The
embryos were exposed to 0, 5 or 10 Gy of gamma rays in situ and caryopses matured on the
plants. (2) ET (somatic embryo in vitro). The zygotic embryos were treated with the same
doses as above, excised from immature caryopses and were cultured in vitro. Somatic embryo-
genesis and plant regeneration were induced on N-6 medium with 2.5 uM of 2,4~dichloro-
phenoxyacetic acid. (3) PT (in vitro pollen irradiation). As above, but pollen irradiated prior
to pollination. Several R;M, plants were of dwarf type and monstrous, probably due to
hormonal influences during in vitro culture. Some plants showed striped and wrinkled leaves,
suggesting gene mutations. Preliminary results in the segregating generation are given and
differences between somaclonal and radiation-induced variability are discussed.

INTRODUCTION

Somaclonal variation in crop plants regenerated from in vitro cultures is
considered to be a potential source of genetic variability which can be used in
plant improvement [1]. Radiation-induced mutations offer another means of
variability from which new genotypes can be selected. The two causes of genetic
variability are analysed in the present set of experiments with the aim of assessing
their significance for plant-breeding programmes.
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TABLE 1. SIZE OF MATERIAL AND OBSERVED VARIATION IN THE SEGREGATING GENERATION AFTER
IN VITRO EMBRYO CULTURE OF MAIZE
(preliminary results)

0€

y-ray No. of M; R, plant progenies Observed variation
Variant? dose

(Gy) R; (R XP) (Ry XR)) Chlorophyll Morphological

selfed selfed selfed Total changesb and physiological® Total
ET 0 13 10 - 23 7 10 17
5 . 6 18 2 11 13

10 4 2 - 6 3 4 7

PT 5 16 22 50 88 26 30 56

B

e 12 IVAON

? ET: plants regenerated from irradiated immature embryos; PT: plants regenerated from immature embryos after pollen irradiation.

Number of cases (like phenotypes included).

¢ Number of cases (narrow leaves, short and delayed development).
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MATERIAL AND METHODS

Immature embryos (1-1.2 mm in length) of the maize inbred line CHI-31
were used in the following experimental procedures:

(1) ES (embryo in situ). The embryos were exposed to 0, 5 or 10 Gy of gamma
irradiation in situ and the caryopses matured on the plants.

(2) ET (embryo in vitro). The embryos were treated with the same doses as
above, aseptically excised from the immature caryopses and transferred to
in vitro culture.

(3) PT (in vitro pollen irradiation). As above, but polleh irradiated prior to
pollination.

Explants were cultured with the scutellum facing upwards and the plumule
and radicle sides in contact with agar. The basal culture medium used was N-6 [2].
For culture initiation, as well as the first five subcultures, the medium was supple-
mented with 2.5 uM 2,4-D and 120 g/L sucrose. In the fifth subculture, the
embryogenic calli were transferred onto hormone-free N-6 medium with 60 g/L
sucrose. Some plantlets were cultured on Murashige and Skoog (MS) medium [3]
supplemented with 2 uM indoleacetic acid and 3 uM naphthaleneacetic acid to
promote rooting. The regenerated plantlets were aseptically transplanted into
perlite saturated with half-strength MS [3] mineral solution and, after 14 d of
cultivation in a moist growth cabinet, they were finally transplanted into soil.

Whenever feasible, the M; R, plants were self-pollinated; in several instances
the regenerated plants were either back-crossed to the original line or crossed with
another M;R, plant (see Table I). The seeds from the self-pollinated plants were
planted into the field, while seeds from the back-crossed or intercrossed R; M,
plants were grown in the greenhouse and selfed before field planting. Approxi-
mately 7000 plants were carefully screened for chlorophyll and morphological
deviants.

RESULTS AND DISCUSSION

The scutellum of immature embryos produced a compact, opaque yellowish
tissue which yielded many somatic embryos, as described earlier [4]. The embryo-
genic calli were maintained by subculturing every three weeks into medium with
2,4D, where they continued to form somatic embryos. The somatic embryos
germinated and formed plantlets upon transfer to 2,4-D-free medium containing
decreased sucrose content.

One initial explant produced many green plantlets, as well as the occasional
occurrence of albino shoots. Some plantlets expressed white or yellow leaf stripes
while in the test-tubes. Most plantlets showed normal morphology, but only during
in vitro culture.
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Abnormal phenotypes were frequently found among seedlings and mature
plants regenerated from somatic embryos. The plants in the R; generation
(regenerated plants in the year of induction) were mostly semi-dwarf with shortened
internodia and with leaves concentrated in the middle part of the stalk. The
compressed habitus of the plant was often connected with curly leaves and with
disturbances in geotropical growth. These abnormal plants developed cobs on
top of the plant and/or tassels with pistillate and staminate flowers. Leaf streaks
occurred frequently in plants of the M;R; generation of all ET and PT series.

We began the main experiments in 1984 and have only a limited survey on
variability in the offspring of regenerated M, R, plants. Table I shows the frequency
of morphological and chlorophyll variants in R, generations. The frequency of
phenotypic changes among the offspring of plants originated from irradiated
explants was apparently not increased. Also, the spectrum of variants was similar
in both irradiated and non-irradiated materials.

Virescent seedlings, pale-green plants, yellow leaf stripes and striate leaves
were the most frequent chlorophyll variations. The offspring of one MR, striate
plant segregated into albino plants and plants with white leaf blades and green
midribs at a ratio of 1:1. The phenotype of the latter was similar to the mutant
W™ controlled by the Ac mutator system (5, p.63].

Morphological variants, e.g. brachytic with shortened internodes and erect
narrow leaves, and dwarfs were observed. The occurrence of phenotypic variations
among the offspring of M; R, plants is an indication of somaclonal variation in
tissue-culture systems of maize.

The quantitative variability in characteristics such as height of plants, length
of ears and number of kernels in a row were already observed in the R, progeny
of the CHI-31 genotype [6]. The leaf striping was found in regenerants from
somatic embryos of the inbred line A-188 [7]. Edallo et al. {8] described.
Mendelian-inherited single-gene changes among maize regenerants of the inbred
line W64.

In our experiments there were almost no differences between the spectrum
of phenotypical variants found in irradiated and non-irradiated tissue-culture-
regenerated plants and in their offspring. These findings indicate that somaclonal
variation is probably qualitatively no different from that induced by gamma
irradiation. The same conclusion was made by Evola et al. [9] concerning effects
of chemical mutagens and in vitro induced variations.

REFERENCES

[1] LARKIN, P.J., SCOWCROFT, W.R., Somaclonal variation — A novel source of variability
from cell cultures for plant improvement, Theor. Appl. Genet. 60 (1981) 197.

[2] CHU, C.C,, et al., Establishment of an efficient medium for anther culture of rice through
comparative experiments on the nitrogen sources, Sci. Sin. 16 (1975) 659.



(7]
(8l

(9]

TAEA-SM-282/58P 33

MURASHIGE, T., SKOOG, F., A revised medium for rapid growth and bioassays with
tobacco tissue cultures, Physiol. Plant. 15 (1962) 473.

NOVAK, F.J., DOLEZELOVA, M., NESTICKY, M., PIOVARCI, A., Somatic embryo-
genesis and plant regeneration in Zea mays L., Maydica 28 (1983) 381.

NEUFFER, M.G., JONES, L., ZUBER, M.S., The Mutants of Maize, Crop Science Society
of America, Madison, USA (1968).

NESTICKY, M., HERICHOVA, A., PIOVARCI, A., DOLEZELOVA, M., NOVAK, F.J.,
“Somaclonal variability in plants originated from somatic embryos of Zea mays”, Plant
Tissue and Cell Culture — Application to Crop Improvement (Proc. Int. Symp. Olomouc,
1984), Czechoslovak Academy of Sciences, Prague (1984) 279,

ARMSTRONG, C.L., GREEN, C.E., Establishment and maintenance of friable, embryo-
genic maize callus and the involvement of L-proline, Planta 164 (1985) 207.

EDALLO, 8., ZUCCHINALL C., PERENZINI, M., SALAMINI, F., Chromosomal variation
and frequency of spontaneous mutation associated with in vitro culture and plant
regeneration in maize, Maydica 26 (1981) 39.

EVOLA, S.V., BURR, F.A., BURR, B., “The nature of tissue culture induced mutations
in maize”, Plant Molecular Biology (abstract of The Eleven Aharon Katzir — Katchalsky
Conference, Jerusalem, 1984.






TAEA-SM-282/73P

IN VITRO EMBRYOGENESIS AND CELL
SELECTION FOR ALFALFA GENETICS
AND BREEDING#*

A. ATANASSOV, M. VLAKHOVA, P. DENCHERYV,
A. DRAGOEVA

Central Laboratory of Genetic Engineering,
Agricultural Academy,

Kostinbrod, Bulgaria

Abstract

IN VITRO EMBRYOGENESIS AND CELL SELECTION FOR ALFALFA GENETICS AND
BREEDING.

The paper briefly reviews, mainly on the basis of results from the tissue-culture laboratory,
the present state of attempts to develop in vitro techniques for alfalfa improvement. It is
important that promising in vitro techniques be properly integrated into existing alfalfa
improvement programmes. There are currently a number of constraints on the exploitation
of in vitro technology, some of which are related to methodological limitations. In this context,
somatic embryogenesis, a highly genetically dependent phenomenon in alfalfa callus, cell-
suspension and protoplast cultures, is regarded as being a technique which offers a number of
possibilities for the manipulation of genotypes, as well as being a convenient basis for the
development of other in vitro methods. One possibility is to isolate mutant cell lines, regenerants
and progenies from genotypes which plant breeders can exploit further. In alfalfa cell cultures,
the selection of amino-acid- and streptomycin-resistant colonies seems to be easy, but secondary
differentiation is extremely difficult. So far, only the 74Rs/L-ethionine No.1 resistant line has
proved capable of regenerating whole plants. Nevertheless, some of the resistant colonies proved
to be convenient material for studying the genetics of resistance at the cell level. The usefulness
of other in vitro techniques in haploid production and the necessity of integrating cytological,
cytogenetic, serological, biochemical, molecular and other techniques in alfalfa breeding, in
order to evolve a realistic, practical approach for the development of a new technology for alfalfa
impr_ovement, are also discussed.

1. INTRODUCTION

Alfalfa, an open-pollinated autotetraploid plant, is one of the most important
forage crops in the world. The major problems limiting alfalfa production on a
world scale have been and some of them continue to be: low seed yields, poor
adaptation, lack of winter and drought hardiness, high salt level and low pH of the
soil where it is grown and susceptibility to diseases, insects, pests and herbicides.
Our objective here is to describe and to emphasize the development of those in

* Research carried out in association with the IAEA under Research Agreement No.4042.
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Medium for callus
induction: Bg-})

Y

Medium for embryo
induction: Bglq or Bglg

Y

Medium for "
embryogenesis: BgE

\

Medium for rooting and
whole-plantlet development: BgR

FIG.1. System for whole-plant regeneration of alfalfa.

vitro techniques that need to be properly integrated within the existing breeding
programmes for alfalfa improvement (Fig.1).

2. MATERIALS AND METHODS

Different genotypes belonging to the species Medicago sativa L. (¢cv. Range-
lander A-70, 74Rs, Furez, CMS-H,, CMS-D,), Medicago var. Mart (cv. 868 Rambler),
Medicago falcata L. (Nos 46, 47 and 49), Medicago lupulina (Nos 229, 370 and

- 397) were examined in order to isolate a range of high regenerating genotypes
which could be used in genetic manipulation studies.

As starting material, cotyledons and hypocotyls from 15 seedlings of each
cuitivar were used. To simplify the screening, only Bs [1] modified media were
applied in the course of this study (macro- and microsalts and vitamins added
according to Bs; Fe-EDTA according to Murashige and Skoog [2]; caseine
hydrolysate: 500 mg/L; myoinositol: 500 mg/L; sucrose: 30 g/L (used as
base media); 2.4-D: 1 mg/L; kinetin: 0.2 mg/L; adenine: 1 mg/L; glutathione:
10 mg/L), using the name Bsyj. The general medium protocol for whole-plant
regeneration is given in Fig.1.

The effects of different concentrations and combinations of the phyto-
hormones, included in the Bsj media as inductors of secondary embryogenesis,
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TABLE I. GROWTH REGULATOR COMBINATIONS ON B j; MEDIA,
USED FOR EMBRYO INDUCTION

Compound

(mg/mL) Bsl; Bsl, Bsl, Bsls Bsls Bsl,
2,4~dichlorophen-

oxyacetic acid 10 1 1 10 10 10
Kinetin 0.2 - 0.2 0.2 0.2 0.2 0.2
Adenine . 1 40 1 40 1 40
Glutathione 10 10 50 10 50 50

were also studied (Table I). The B base media, plus 0.2 mg/L BAP (B;E media)
served for further embryo development and shoot formation. For rooting, B;R
medium with a reduced sucrose level (1%) was used.

3.  RESULTS AND CONCLUSIONS
3.1. Somatic embryogenesis

Numerous meristematic green zones were induced on the primary callus
obtained on Bs_j media in five of the investigated cultivars (A-70, 74Rs, 868,
47 and 49). Preliminary results using standard media protocol showed that only
A-70 is distinguished by 100% embryogenic potential. The other cultivars varied
from 50-60% for 74Rs and 47, 25--30% for 46 and 49 and 6% for Furez. The
rest did not respond.

Among the phytohormone combinations tested as embryogenic inductors,
the best effect was measured for BsI, which served as a control medium (Table 1I).
Unexpectedly, the tested genotypes exhibited relatively good embryogenic potential
after treatment with media where adenine was increased 40 times (BsI,). The new
embryoids obtained after induction with B;I, media were, to some extent, better
developed than those with BsI; media. Under BsE media conditions most of the
embryogenic calli were able to produce both well-developed and poorly developed
embryos and shoots 25-30 d after transfer on to the medium. In some cases,
such cultures needed additional cultivation on Bs media, plus 2 g/L yeast extract.
The shoots were rooted easily on BsR media.

Finally, our data support the detailed study of Brown and Atanassov {3],
which showed that the regeneration responses of 76 commercial cultivars of
M. sativa appear to be largely independent of medium type, regeneration protocol,
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TABLE II. FREQUENCY OF EMBRYO FORMATION IN THREE Medicago
SPECIES AFTER INDUCTION WITH DIFFERENT PHYTOHORMONE
COMBINATIONS

Genotypes M. sativa L. M. var. M. falcata L.
Media Furez 74Rs A-70 868 46 47 49
Bsl; - 32 25 29 15 37 14
Bsl, 7 25 18 21 8 19 10
B;sls - 4 10 42 42 - -~
Bsls® - 7 4 4 - 10 -
Bsls? — 8 6 9 - — -~
Bsls — 19 11 10 2 10 3
Bs.it - 7 14 6 42 20 92

2 Stopped development in whole plants.

explant source or callus-producing ability. Results support the concept that
differentiation in alfalfa is under gene control.

Primary calli were produced from selected genotypes and transferred into
liquid By media in order to obtain cell suspensions. It was clearly proved that
selection of highly embryogenic cell suspensions is closely correlated with their
one-cell compositions (95% for 74Rs,, 47, and A-70). Deviations to the formation
of cell aggregates result from non-organized rather than organized growth in these
cultures. Such suspensions produced many embryoids (stages ranging from globular
to later cotyledonary). The average number of embryoids was 1500 per one
200 mL Erlenmeyer flask with 60 mL of media in it.

3.2. Cell selection of resistant variants

Alfalfa leaf protein, in terms of the nutritional and amino-acid requirements
for humans and for other monogastric animals, is slightly low in methionine.
Hence we have initiated a variant-selection programme using 5-methyltrypto-
phane (SMT:1nM), 2-aminoethylcysteine (2-AEC:15mM) and L-ethionine (Lzeth.:
1mM) in order to identify overproducers of methionine in alfalfa cultivars —

868 Rambler, 74Rs and Furez. Additionally, we were able to induce streptomycin
resistance only in the Furez variety. The initial density for plating ranged from
2.2 X 10% for Rambler and 3 X 10° cells per mL for 74Rs and Furez varieties.
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FIG.2. Plant regeneration in the 74Rs, cell line, resistant to L-ethionine.

In total, 16 resistant colonies were obtained. They maintained their resistance
for more than four years, even when the selective agent was temporarily removed
for six months. Embryogenesis and whole-plant regeneration was observed in
74Rs/L.-eth. No.l resistant cell lines (Fig.2).

Screening indicated that it was relatively easy to select for amino-acid
analogues and streptomycin-tolerant cell variants, without having to use mutagens
* using suspension cultures and plating them onto solid media. However, regener-
ation from selected cell lines was exceedingly difficult. The few plants that were
regenerated from 74Rs/Lzeth. No.1 cell lines need to produce seeds to check the
sexual transmission of the selected traits. Nevertheless, some of the selected cell
linés provide facilities for the recovery of genetically transformed products by
somatic hybridization or gene transfer.
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Abstract

IN VITRO PRESERVATION OF GENETIC RESOURCES: TECHNIQUES AND PROBLEMS.

Owing to depletion of the naturally occurring pools of germplasm, there is an urgent need
to generate and preserve genetic resources by methods other-than conventional. For this
purpose, various in vitro methods, such as minimal medium and growth retardants, storage at
low temperatures (2-10°C), use of mineral oil, partial dehydration of tissues, etc., have been
employed. However, these methods cannot be employed for the long-term conservation of
germplasm. Cell cultures, on periodic transfer, undergo genetic erosion, resulting, as a con-
sequence, in a heterogeneous population of cells. In this regard, freeze preservation of cultures in
liquid nitrogen (—1 96° C) has attracted much attention for the establishment of germplasm
banks and for the international exchange of genetic stocks. During the last five years,
considerable progress has been made in cryobiology, and entire plants have been regenerated from
cryopreserved cells, meristems and embryos of a number of crop species. There are three areas
where cryopreservation can be of immediate use: (1) recalcitrant seeds; (2) vegetatively
propagated plants; (3) storage of selected cell lines. There are obvious merits, demerits and
problems associated with every method, the most important problem being genetic instability
during storage. Though some changes cannot be avoided, it is assumed that a judicious choice
of the material (to avoid selection pressure), refinement of the protocol (particularly pre-
freezing treatments) and the use of appropriate cryoprotectants can reduce the possibility of
aberrations. It is envisaged that cryopreservation will be increasingly employed for the
conservation of rare, elite and desirable cultures, for the preservation of the germplasm of
vegetatively propagated crops and plants with recalcitrant seeds and also for the establishment
of germplasm banks and for the international exchange of materials.

SHORT-TERM STORAGE

The depletion of naturally occurring genetic resources has caused global
concern for the conservation of germplasm. However, in vitro conservation, as a
result of recent developments in the field, has demonstrated abundant potential.

* Present address: A-137 New Friends Colony, New Delhi 110065, India.
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TABLE I. VARIOUS METHODS EMPLOYED FOR THE STORAGE OF
TISSUE CULTURES

Method of storage Plant species Culture Refs
Mineral-oil overlay Daucus carota Callus [
Desiccation Daucus carota Callus 2]
Growth retardants Solanum spp. Shoot tip (31
Low atmospheric Chrysanthemum Callus/plantlet [4]
pressure morifolium
Low temperature Q)
9 Vitis vinifera Shoot tip s}
1-4 Fragaria sp. Meristem/plantlet [6]
1-4 Malus domestica Buds/shoots (7]
2-4 Lolium multiflorum Tiller buds (8]
2-6 Medicago sativa Shoot tip (91
2-5 Beta vulgaris Plantlets [10]
2-4 Pinus radiata Shoots [11]
4-5 Chrysanthemum Explants/plantlets 112}
morifolium
4-5 Petunia hybrida Explants/plantlets [12]

The main task is to reduce the rate of growth achieved by various manipulations
(Table I). Of the various methods, storage at low temperatures (2-10°C) has
proved to be the most practical for a number of plant species. The need for
periodic transfer is minimized — once a year appears sufficient to maintain them
in a slow-growing state. For example, the meristem tips of Vitis, stored at 9°C
with only one transfer a year, regenerated normal plants [5]. Simil{irly, meristem-
derived plantlets of 50 cultivars of strawberry were maintained for up to 6 years
at 4°C in darkness [6]. The meristem tips of Lolium multiflorum, maintained for
about 3 years at 2-4°C, have also regenerated plants [8]. In our laboratory,
segments and the in vitro plantlets of Petunia and Chrysanthemum mass pro-
pagated (Fig.1) and stored for about six years in a refrigerator (at 4-5°C), have
flowered on transfer to the field and no abnormalities were observed [12]. The
low temperatures, combined with growth retardants, such as abscisic acid,

helped to enhance the transfer interval. At the Centro Internacional de la Papa
(CIP), in Lima, Peru, and the Centro Internacional de Agricultura Tropical (CIAT),
in Cali, Colombia, thousands of clones of potato and cassava, respectively, are
being stored, though at slightly elevated temperatures. However, this strategy
cannot be followed for long-term conservation of germplasm.
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FIG.1. Mass multiplication and storage of in vitro cultures of Chrysanthemum morifolium.
fa) Various stages in the formation of plants from shoot tips cultured for 8, 20, 30 and 40 d.
(b), (¢c) Large-scale incubation and storage of cultures. (d), (e) In vitro obtained plantlets
immediately after transfer to pots and covered with glass beakers and polyethylene bags to
avoid desiccation. (f), (g) Propagation of plants through terminal cuttings of an in vitro
obtained plant. (f) A plant suitable for taking terminal cuttings. (g) Terminal cuttings
planted in sand for the induction of roots.
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TABLE II. CRYOPRESERVATION STUDIES ON PLANT CELLS,
TISSUES AND ORGAN CULTURES

Plant Culture Refs

Vegetatively propagated crops:

Potato Meristem [21-27]

Root tip [22]
Cassava ' Meristem [28-30, 25, 31]
Sweet potato Cell suspension [32]
Sugar-cane Cell suspension [33, 34]
Strawberry Meristem [35, 36]

Cereals and grasses:

Wheat Cell suspension [37]
Protoplast [17,38,39]
Zygotic embryo [40]
Pollen embryo [40]
Maize Zygotic embryo [41]
Millet Cell suspension [42]
Rice Cell suspension [43]
Zygotic embryo [44, 40]
Pollen embryo/anther . [45, 40]
Endosperm [44]
Fused protoplast [38,39]
Bromus Cell suspension [46]
Ornamentals:
Carnation ‘ Meristem [47]
Petunia Anther [48]
Primula Anther [49]

Legumes and vegetables:

Soybean Cell suspension [50]
Peanut Meristem [51,52]
Pollen embryo/anther [53]
Chickpea Meristem [51,52]
Pea Meristem [54]

Fused protoplast [38, 39]
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Plant Culture Refs
Legumes and vegetables (cont.):
Alfalfa Callus [55]
Asparagus Meristem [56]
Carrot Cell suspension {571
Somatic embryo [58, 50, 59]
Brassica Pollen embryo/anther [53]
Lettuce Meristem [56]
Pepper Cell suspension [60]
Tomato Seedling [61]
Trees and woody species:
Prunus Callus [62]
Poplar . Callus [63]
Sycamore Cell suspension [64]
Date palm Callus [65]
Citrus Nucellar embryo, ovule [66]
Lavandula Callus [67]
Apple Sﬁoot tip [68]
Coconut Embryo segment [66]
Medicinal and alkaloid-producing plants:
Datura Cell suspension [50]
Atropa Cell suspension [58]
Pollen embryo [13, 69, 48]
Tobacco Cell suspension [50, 70,71}
Pollen embryo [69, 48]
Hyosciamus Cell suspension [42]
Catharanthus Cell suspension [72]
Ginseng Cell suspension [73]
Dioscorea Cell suspension (73]
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TABLE 11 (cont.)

Plant Culture Refs

Qilseed and fibre crops:

Flax Cell suspension [74]

Cotton Anther and ovule- [75]
derived callus :

Peanut Meristem [51,52]

Mustard Pollen embryo/anther [53]

TABLE IIl. SURVIVAL OF IMMATURE ZYGOTIC
EMBRYOS OF WHEAT, RICE AND Triticale FROZEN
IN LIQUID NITROGEN IN THE PRESENCE OF

10% DMSO AND 4% SUCROSE [76]

Species Unfrozen per cent Frozen, revived
growing (control) (% of control)
Triticum aestivum 90.3 41.8
Oryza sativa 85.3 55.4
Triticale 87.5 73.0
LONG-TERM STORAGE

The germplasm of plants is traditionally maintained through seed. However,
there are a number of plant species for which germplasm cannot be stored in this
way. For example, in trées such as cocoa, sycamore, coconut, oil palm, rubber,
mango, etc., the seeds are recalcitrant, while in vegetatively propagated crops,
such as potato and cassava, clones have to be annually multiplied in nurseries in
order to maintain germplasm; in cases of disease and pests, there have been
instances where the entire germplasm has been lost. In addition, cell cultures, on
periodic subculture, undergo genetic erosions and it-is difficult to maintain
either the clone or the genetic stability of the desired cell lines. At present, no
methods are known by which the germplasm of the above-mentioned categories can
be maintained on a long-term basis, though cryopreservation of cells and tissues is
being looked upon as a promising approach. The author has repeatedly emphasized
the importance of cryopreservation for the storage, maintenance, the international
exchange of germplasm and for the establishment of germplasm banks [13-20].
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TABLE IV. SURVIVAL OF EMBRYOS OF COCONUT AND
OVULES (NUCELLAR EMBRYOS) OF CITRUS, SUB-
JECTED TO —196°C IN THE PRESENCE OF 7% DMSO AND
7% SUCROSE [66] '

Crop Material Survival Remarks
(%)
Coconut (1) Embryo 17.6 Embryo elongation
1-1.5cm
(2) Transverse 25.0 Proliferation at the
halves of embryo cut end
Citrus (1) Entire ovule 28.8 Proliferated, forming
callus and shoot
(2) Micropylar half 24.3 Callus and shoots

of the ovule
(with nucellar
embryos)

The principle underlying freeze preservation basically involves bringing the
cells into a state of non-dividing and inactive metabolism, which is achieved by
subjecting the cultures to ultra-low temperatures in the presence of cryoprotectants.
Considerable progress has been made during the last five years, and entire plants
have been regenerated from cells, embryos, meristems, etc., stored in liquid
nitrogen (—196°C) for various lengths of time. This has been done with a wide
range of crops (Table II), notable among them being potato, cassava, strawberry,
date palm, wheat, rice, peanut, chickpea, Brassica, citrus and pea (see Tables II-VI).

PROTOCOL AND PROBLEMS

The capacity to withstand freezing, the extent of survival, and the eventual
resumption of growth depends on a number of factors, some of which are out-
lined below and discussed:

(1) Physiological stage, age and nature of the culture to be preserved;
(2) Density of the culture;

(3) Concentration and nature of the cryoprotectant;

(4) Method and rate of freezing;

(5) Storage temperature,

(6) Method of thawing;

(7) Method for the determination of viability.
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TABLE V. SURVIVAL OF POLLEN EMBRYOS AND
SEGMENTS OF THE ANDROGENIC ANTHERS OF
VARIOUS CROPS FROZEN AND STORED IN LIQUID

NITROGEN [53, 40]

Species Anther segments Pollen embryos
(% survival) (% survival)
Arachis hypogaea 14 29
A. villosa 31 38
Brassica campestris 11 31
B. napus 19 44
Triticum aestivum S 19
Oryza sativa 6 21

TABLE VI. EFFECT OF VARIOUS THAWING
TEMPERATURES ON THE SURVIVAL OF UNFROZEN
AND FROZEN MERISTEMS OF Cicer aeritinum

(STORED AT —196°C FOR 3 MONTHS) [17]

Thawing Treatment % growing % of control
temperature '
o)
25 Unfrozen 80 -
Frozen 31 39
35 Unfrozen 76 -
Frozen 39 51
40 Unfrozen 70 —
Frozen 34 48

It has been general experience that age, the nature and the physiological state
of the cells are of the utmost importance. Actively growing and periodically
transferred, highly cytoplasmic, thin-walled, non-vacuoled small cells and
aggregates of cells are able to withstand freezing and still give high viability. This
would also avoid selection pressure. Although cells are able to withstand freezing,

the main problem still is the low viability.

Before freezing, cultures may be pre-grown for a few days on a medium
containing low concentrations of cryoprotectants (3-5% dimethylsulphoxide
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(DMSO)). A mixture of various cryoprotectants at low concentrations, rather
than a single cryoprotectant at a high concentration, yields better results.

The results obtained from different methods of freezing are rather contra-
dictory. Cells have survived in cultures subjected to sudden freezing, in
pre-frozen material, as well as in those cultures frozen at a slow and regulated
rate of cooling. -However, efforts should be made to concentrate on the study
of regulated rates of freezing in order to reproduce results. Sudden and brief
thawing at 35-40°C has proved to be better for cultures than thawing at room
temperature. Cultures stored at =20 and —70°C have been observed to undergo
deterioration with the passage of time. Thus, for long-term preservation,
materials should be maintained in liquid nitrogen. Any results on cell survival
based on staining methods alone can be misleading. Thus, resumption of growth
should be the criterion for determining viability.

From the practical point of view, meristem cultures are the ideal material
for cryopreservation; as well as for the international exchange of germplasm.
They are genetically stable and relatively easy to grow, and are quick sources
for vegétative propagation. On the other hand, freeze storage of zygotic,
somatic and pollen embryos would be useful, respectively, for recalcitrant species,
for mass propagation and for the conservation of haploid cultures [20].

VIABILITY AND GENETIC STABILITY

"In order to employ cryopreservation for long-term conservation purposes, it
is a prerequisite that: :

(1) thereis no loss of viability during cryostorage
(2) there is no deterioration in quality
(3) there is no genetic instability.

The freezing—storing~thawihg culture process is a multiple event and a fault at
any stage can cause irreparable damage.- The capacity to withstand freezing, the
extent of survival and the eventual resumption of growth all depend on a number
of factors already outlined. Virtually no work has been done on checking the
genetic stability of the cryopreserved materials. Detailed cytological observations
need to be undertaken; chromosome counts alone may not be sufficient, as
minor alterations and mutations cannot be easily detected. The phenotype and
genotype of the regenerated plants have also to be carefully observed. Only
then will it be possible to evaluate the changes or the extent of damage during
cryostbrage. However, certain changes, owing to background radiations, are
inevitable as the damaged DNA cannot be easily repaired.

In general, meristems and other organized tissues are regarded as being
more stable when compared with calli. Thus, a judicious choice of the material
and its physiological state at the time of freezing are very important. From general
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FIG.2. Regeneration of plants from frozen immature zygotic embryos of Triticum aestivum.
(a) Callus and shoots from embryos frozen at —196°C and cultured for 6 weeks on MS + 2,4-D
(0.5 mg/L). (b} Plants obtained from culture (a) and transferred to a field plot. Note the
uniformity of the spikes. {c) Uniformity in seeds obtained from plants in (b). (d) Uniformity
of plants obtained as a result of germination of seeds from (c).
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FIG.3. Periodic viability studies on the meristems of potato and cassava cryopreserved for
periods ranging from three months to four years. There is no significant decrease in their
viability [25].

experience, as well as a survey of the literature (Table II), it emerges that for the
successful revival of cells, actively growing cultures are preferred. The meristems
of vegetatively propagated crops and the embryos of recalcitrant seeds are perhaps
the best materials for the conservation of germplasm.

In wheat, frozen embryos [40] resulted in normal-looking plants which
produced uniform seeds (Fig.2). Likewise, in potato and cassava meristems
cryopreserved up to four years, no significant decline in viability was evident
(Fig.3) and the plants produced normal-looking roots and tubers [25].

GERMPLASM REPOSITORIES AND INTERNATIONAL EXCHANGE
OF GERMPLASM

Ever-increasing demands for improving and evolving new cultivars require the
maintenance of innumerable lines of genetic stocks. However, because of this
intensive search for new plants, and the resulting rapid increase in their number,
it is becoming increasingly difficult, at times quite impossible, to maintain or
preserve some of the stocks which are not needed at present. For example,
some of the germplasm which may not seem to be of importance today, but which
might be needed in the future, is often ignored or is completely lost. Thus, it is
with the aim of preserving rare materials that germplasm banks and repositories
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need to be established. It is'envisaged that, in spite of the problems and the
lack of sufficient current knowledge, tissue-culture and cryopreservation
techniques will be of increasing importance in the future.
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EXCERPT FROM DISCUSSION

Y.P.S. BAJAJ (replying to several questions): There are certainly differences

in the feasibility of using cryopreservation techniques for different plant species,
and perhaps also for different lines or cultivars within species. One should also
envisage the possibility that cryopreservation, when applied to genetically

variable material, could act as a screen, selecting the more chill-tolerant com-
ponents present in the population. Gene banks are using cryopreservation only

to a very limited extent, e.g. for potato or cassava. The technology still needs to
be refined and more experience is necessary to determine the physiological status
of the material, the rate of cooling, application of cryoprotectants, etc. In general,
cells which are young, thin-walled and densely cytoplasmic, without vacuoles, can
withstand freezing better. :
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Abstract—-Résumé

REGENERATION OF PROTOPLASTS TO PERMIT EXPRESSION OF GENETIC VARIANTS
RESULTING FROM PRECOCIOUS EVENTS.

Heterozygous, homozygous and hetero-allelic situations were created in the case of
Nicotiana tabacum L. and Petunia hybrida Hort. with marker genes regulating chloroplast
differentiation or anthocyanin production in order to test the somatic stability of the genome,
hoth in normal conditions and after mesophyll protoplast regeneration into plants. In the case
of tobacco it was observed that the frequency of variance in double heterozygous genotypes
'was approximately 400 times greater than in the palisade parenchyma." A set of different
genotypes at the same locus showed that heterozygosity was the most importaﬁt factor leading
to the observed frequency of variation. A genotype analysis of the regenerated variant plants
showed that the discontinuous changes were always due to changes in genotype involving the
marker genes. The problem of a preferential time of occurrence for the genotype events leading
to variation was tackled by subcloning protoplast-derived colonies. The variant sectors involved
two or three quadrants, none of the subcloned colonies was shown to be homogeneously variant.
This can only be explained by a genetic event occurring, at the earliest, in the differentiated leaf
cell and, at the latest, before the second division of the microcolony. These two observations —
high frequency of variant plants and early appearance — argue in favour of the practical value
of variability between the protoplast-derived clones. The process was tentatively verified by
means of another system; an interline F1 hybrid of Petunia carrying seven marker genes showed
4 variant frequency that is most probably far higher after protoplast regeneration than in normal
plant tissue. It appears, however, that there are very erly genome regions more favoured in
somatic variation,

LA REGENERATION DE PROTOPLASTES PERMET L’EXPRESSION DE VARIANTS
GENETIQUES RESULTANT D’EVENEMENTS PRECOCES.

Des situations hétérozygotes, homozygotes ou hétéroalléliques ont été construites pour
des génes marqueurs contrdlant la différenciation chloroplastique ou la production d’anthocyanes
chez Nicotiana tabacum L. et Petunia hybrida Hort., afin d’éprouver la stabilité somatique du
géndme en conditions normales et aprés la régénération en plantes de protoplastes issus de
mésophylle. On a constaté, chez le tabac, que la fréquence des variations chez des doubles
hétérozygotes est 400 fois supérieure i celle qu’il est possible d’observer dans le parenchyme
palissadique. Une gamme de génotypes différents au méme locus a montré 'importance de
Ihétérozygotie sur la fréquence observable de variations, On a pu par ailleurs effectuer une
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analyse génétique assurant que les modifications discontinues sont toujours dues a un change-
ment génotypique concernant les génes marqueurs. L;Eﬁé_srion du moment d’apparition
préférentielle des variations a été abordée en effectuant un sous-clonage des colonies dérivées
de protoplastes: le secteur variant concerne la moitié ou les trois quarts de la colonie; aucune
colonie explorée par sous-clonage ne s’est révélée homogene pour la variation. Ceci ne peut
s’expliquer que par un événement génétigue ayant eu lieu au plus t6t dans la cellule différenciée
de la feuille et, au plus tard, avant la deuxiéme division de la micro-colonie. Ces deux obser-
vations, fréquence élevée et précocité, plaident en faveur de l'intérét de la variabilité entre les
clones issus de cellules de feuilles. Une tentative de vérification du processus chez Petunia
hybrida hybride F1 hétérozygote pour sept marqueurs a montré une fréquence de variants trés
probablement bien plus élevée que dans les tissus organisés; cependant, il existe trés probable-
ment des régions du géndme plus propices a la variation somatique.

1. INTRODUCTION

La question de la stabilité génétique des cellules en culture in vitro a été
posée dés 1957 par Gautheret [1] lorsqu’il observa que les souches de tissus
végétaux, qui, cependant, ne définissaient pas des clones a cette époque, pouvaient
perdre leurs exigences en auxine avec le temps et devenir «anergiéesy. Les auteurs
anglo-saxons ont ensuite utilisé le terme «habituated». Plus tard, il fut montré par
Lutz [2] que la souche anergiée était en fait une population de cellules dont les
caractéres pouvaient différer lorsqu’on les soumettait a la régénération. Les
premiers clones présentaient-donc des variants dont certains pouvaient éventuelle-
ment préexister dans la population cellulaire. Le phénotype anergié apparut comme
réversible et fut considéré dés lors comme épigénétique. Malgré ce fait, Burns et
m] ont montré que le méme type de caractére relatif aux cytokinines
apparait de maniére aléatoire et qu’il ressemble au mode d’apparition d’une mutation
4 fréquence élevée (1073 par cellule du cortex). La précocité d’apparition dés la
mise en culture est attestée par des analyses de distribution. D’autres changements,
de nature chromosomique, ont été reconnus comme fréquents et liés au vieillisse-

"ment des souches; il ne sera pas discuté ici de ce type de variants.

Les preuves de I'existence de variants génétiques ont été données pour la
premiére fois par Blakely et Stewart {4] sur Haplopappus gracilis et Daucus carota:
ils proposent pour la premiére fois de chercher a exploiter le pool de variabilité
contenu dans les cultures de cellules. Cependant, cette idée est basée sur la
variabilité intercellulaire résultant de 'évolution de la culture plutdt que sur les
variations résultant des différences entre cellules au moment de la mise en culture.
Les observations de Murashige et Nakano [5] sur la perte précoce de la totipotence
cg@igg chez des clones de moelle de tabac conduisent directement a lm
de Paccumulation de mutations dans les cellules différenciées de la moelle en
relation avec le vieillissement: ceci semble proche du concept de variation soma-
clonale, inauguré plus tard par Larkin et Scowcroft {6], dans le sens général de
variation entre plantes régénérées de culture de cellules.
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Notre propos est de chercher & distinguer la part de variabilité intercellules
dans le matériel différencié et celle qui pourrait résulter de la multiplication in
vitro elle-méme en utilisant des génes marqueurs, selon le méme principe que
Pappréciation des effets mutagénes.

2. MATERIEL

La majorité des expériences ont été réalisées avec un génotype hybride F1

intervariétal (V. fabacum var. Xanthi nc. X var. NC 95) comportant les marqueurs
m/al ygt/yg. Ces deux mutations al et yg agissent contre la différen-
tiation chloroplastique (génes a effets antimorphes); leur disparition par
recombinaison ou délétion entraine une modification immédiate du phénotype
jaune-vert en vert d’intensité égale au type sauvage.

Une série d’allélds au méme locus (aal, a01, Su) (a2/yg) a été utilisée pour
construire des combinaisons génotypiques voisines permettant d’apprécier l’effet)
du génotype sur les types de variations observées sur les feuilles et parfois en
culture.

Une expérience analogue a été tentée avec Petunia hybrida Hort. hybride
entre les lignées RW14 et TLt et portant sept génes connus a I’état hétérozygote:
hfl/+ ws/+ vs2/+ ph2/+ p0/+ an2/+ et an4/+, sur les chromosomes I 4 VII,
respectivement.

3. METHODES

Les plantes destinées aux isolements de protoplastes sont cultivées aseptique-
ment par bouturage sur milieu de base (solution minérale de Murashige et Skoog [7],
vitamines B, sucre et agar) et éclairées de 16 4 24h a 4000 Ix pour Nicotiana et
aux environs de 1000 Ix pour Petfunia.

L’isolement des protoplastes se fait aprés le brossage des faces supérieures
des feuilles avec un pinceau d’aquarelle et du carborandum et leur incubation sur
" une solution constituée de mannitol (0,45M) de CaCl, (0,01M) ou des sels dilués
de Murashige et Skoog [7], de benzyl-amino-purine (5 mg/L), de cellulase (Onozuka
R10) 0,6% et de macérozyme 0,3% (pectinase Onozuka). La purification est assurée
par flottation sur saccharose (0,45M); la concentration par centrifugation en culot
dans une solution de faible densité mais iso-osmotique (glucose 0,2M; NaCl 0,2M;
CaCl,, 0,01M). Le nombre de protoplastes par mL est ajusté si possible 4 8 X 10?
dans le milieu de culture complet (milieu de base, glucose: 0,45M, ANA: 1 mg/L,
BAP: 2mg/L). Deux dilutions de moitié avec un milieu de culture sans auxine
précédent I’étalement sur un milieu solide ou a lieu I'individualisation des colonies.
En cas de sous-clonage, les colonies sont coupées en quatre quadrants et disposées
sur un milieu complet & concentration faible en glucose (0,2M). La régénération
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TABLEAU I. NOMBRES ET FREQUENCES DE PLANTES VARIANTES
. A PARTIR DU TABAC JAUNE-VERT

Type de Régénération Protoplastes Cellules
variant (p X 10%) (p X 10%) (p X 10%)
Jaune clair 3 18 39

5,7 30,3 47,8
Vert clair 2 17 28

3,8 28,6 343
Vert normal 8 22 28

15,2 37,0 343

Effectif 526 595 816

de bourgeons est induite pér une concentration en BAP de 5 mg/L chez le tabac
et de 16 mg/L chez le pétunia. Les modifications phénotypiques sont appréciées
de maniére définitive aprés transfert des jeunes plants régénérés en serre. Les

variants peuvent faire 'objet de croisements expérimentaux avec la lignée al/al.

4. RESULTATS

4.1. Les fréquences de colonies variantes dans les cultures de cellules issues de
cotylédons

du génotype at+l/al yg+/yg, on observe des variants en nombre plus faible que
lors de Ia régénération de bourgeons a partir des microcolonies issues de cotylédons
semblables (tableau I). Par contre, si I'on cultive les cellules plus longtemps en
cals, en milieu agité, que I'on clone par étalement des échantillons de ces popula-
tions cellulaires, on obtient des fréquences légérement supérieures a celles que

)i donne la régénération des microcoloniesﬂ_gérivées‘ des protoplastes.

. l Par ailleurs, la fréquence attendue de clones issus de cellules ayant varié dans
les feuilles avant isolement pour r = 2,3 X 107* serait de 0,12 4 0,137 clone vert
sur I'effectif de 526 régénérés directement ou a partir des protoplastes. On a donc
une augmentation spectaculaire du nombre de variants qui ne peut étre expliquée
par Papplication de la simple probabilité p = 1075 (par cellule et par cycle) 4 la
derniére génération de cellules différenciées. En effet, on aurait 4 doubler seule-
ment le nombre de clones attendus comme variants, soit 0,240 et 0,274. On en

/( Si I’on cherche a régénérer des bourgeons directement & partir de cotylédons
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TABLEAU Ii. TYPES DE SEGREGATIONS MENDELIENNES CHEZ LES
VARIANTS

Vert Jaune

Vert . Jaune - Albino
clair vert )
Type af 3 3 5 4 1
initial xal 1 2 1
Xyg 1 1 1 1
' génotype : (at1/al ygt/yg)
Type 1 af 3 1 - - -
Vert xal 1 1 -
Xyg 1 1 - -
génotype : (at+1/at+1 ygt/yg)
événement : " simple
Type 2 af 1 - - R -
Vert xal 1 — —
xyg 1 - - -
. génotype : (at1/atl ygt/ygt)
événement : double
Type 3 af 1 2 - 1 -
Vert xal 1 - 1
clair Xyg 1 - 1 -
génotype : (at+l/al yg+/yet)
événement : simple
Type 4 af 10 1 2 2 1
Vert xal 1 2 - 1
Xyg 2 1 1 -
génotype : (at1/a0l ygt/ygt)
événement : simple
Type 5 af 1 - - ' - -
Vert xal 1 1 —
Xyg 1 - - -
génotype : (a+1/a0l ygt+/ygt)
événement : double
Type 6 af - 1 - — -
Vert xal - 1 -
clair Xyg - 1 - -
génotype : (a+1/a+1 yg/yg)

événement : double
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TABLEAU III. PROPORTION DES VARIATIONS DE DIFFERENTS TYPES
EN FONCTION DU GENOTYPE

Vertes Jaunes Jumelées

Génotype ) %) @) N
1. a+l/al yg+/yg 80 17 3 100
2. at+l/al a+2/a2 61 33 6 233
3. al/a0l a+2/a+2 84 - 14 2 129
4, al(mono)a+2/a+2 76 19 5 201
5. aal/al at+2/at+2 87 9 3 177
6. atl/a01 a2/a2 18 76 6 44
7. a01/a01 a+2/a2 36 51 12 33
8. at+l/al at+2/a+2 27 70 3 157
9. atlfa+l yg/yg 6 92 2 58

10. a+l/atla2/a2 - 100 - 0

11. al/al yg/yg - - - -

obtient respectivement 10, soit 42 fois plus, et 39, soit 142 fois plus. L’évolution
de 1a fréquence ensuite est comparativement trés faible: elle n’est que 1,04 fois
supérieure dans les cultures cellulaires de longue durée.

Les cellules différenciées reprenant leur activité de division passent donc
par une phase ou elles expriment par leur régénération des variants potentiels ou
induits par le traitement hormonal. Les conditions ultérieures de multiplication
cellulaire in vitro ne semblent pas étre particuliérement génératrices de variants
de ce type.

4.2. La nature génétique des variants concernant le systéme génétique marqueur

La ségrégation du type initial aprés autofécondation et aprés croisement
test avec les lignées parentales al/al et yg/yg est de type bifactoriel (tableau II).
Parmi les variants plus verts, on peut distinguer six types de ségrégation, dont cing
dans le sens d’une simplication des proportions, qui deviennent-monofactorielles,
et une restant bifactorielle mais portant sur des classes phénotypiques différentes.
Toutes les possibilités théoriques permettant le retour au niveau fonctionnel
normal des chloroplastes ont été recouvertes. Ces possibilités sont la réversion
vraie 4 chaque locus, ou aux deux & la fois, la perte d’un géne antagoniste fort al,
engendrant une forme amorphe a0l ou une délétion. Evidemment, la nature des
événements génétiques conduisant a I'apparition de ces génotypes ne peut étre
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démontrée; cependant I’étude des possibilités de variation de génotypes voisins
(tableau IIT) permet d’avancer tout d’abord I’hypothése d’une recombinaison
somatique entre régions ayant suffisamment d’homologie, méme si elles se trouvent
sur des chromosomes différents, comme R et S, porteurs respectivement des génes
al et yg. En effet, 'hétérozygotie est le facteur le plus favorable a 'expression

de recombinaisons, ensuite la présence de génes sauvages (a+1 ou yg+). Iln’a )
jamais été observé de réversion sur les homozygotes mutés pour les génes al et
a2/ou yg. Ensuite, 'hypothése de délétion permet d’expliquer ’apparition de
formes récessives; ces formes sont moins fréquentes que les recombinaisons

(0,125 contre 0,875). De plus, les doubles variants sont fréquents (doubles
passages a 'état homozygote; une recombinaison et une délétion), et représentent
3;9% des variants.

4.3. Les capacités de variations foliaires des combinaisons génotypiques aux
loci al+—a0l—al et a+2—a2—ayg2

La comparaison des génotypes n.1 3 5 aux n.6 et 7 possédant d’une part
deux genes _sauvages (atl ou at+2=yg+) (tous sont de phénotype jaune-vert),
permet et de constater leffet significatif du nombre de génes sauvages a la fois sur
le nombre de variations et sur la proportion de variants verts. Or ceux-ci, en
culture in vitro, sont le plus souvent provoqués par le gain d’un géne sauvage.

Par ailleurs, les génotypes homozygotes sont susceptibles d’exprimer des
variants, a la fréquence moyenne pour le n.9 (de phénotype vert-clair), mais
parmi lesquels on peut observer des verts ou jumelés.

Le génotype n.10 n’exprime bien siir que des variations claires puisqu’il
a un phénotype normal. Le double homozygote (n.11) est totalement stable.

On peut en tirer les conclusions suivantes:

— L’hétérozygotie est un facteur favorable, mais non nécessaire, 4 une fréquence
élevée de variations.

— La présence de copies de génes sauvages est une condition nécessaire pcurvu,
bien entendu, qu’il y ait au moins un géne a faire réverser. De plus, il existe
un effet positif favorable du nombre de copies..

— La structure homozygote n’est pas un obstacle 4 la genése de variations si la
deuxiéme condition ci-dessus est remplie.

Ces conclusions permettent de formuler 'hypothése suivante: la majorité
des variations observées in vitro et sur les feuilles proviennent de recombinaisons
reconstituant une fonction sauvage a partir d’un des génes préexistants dans le
géndme. Etant donné la forte proportion de variations vertes homogénes (observées
sur feuilles), il est vraisemblable qu’un processus de recombinaison non réciproque
est actif dans les cellules somatiques. La présence de génes homéologues,
caractéristique de 'espéce N. tabacum allotétraploide, permet ’échange entre
ces séquences. Evidemment toute délétion entrainant la perte d’un géne muté
antimorphe (al, yg) se traduit par une variation verte et réciproquement.
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4.4. La précocité d’apparition des variants en culture

Dans les premiéres expériences réalisées [8], deux plantes avaient été
régénérées par colonie et leur phénotype s’était révélé identique; de plus, les
nombres de variants obtenus aprés plusieurs transferts en culture cellulaire
n’augmentaient pas de maniére sensible par rapport aux nombres observés dans
les microcolonies dérivées de protoplastes. Ces deux constatations étaient
favml’éif)‘ression précoce des variants  partir de la mise en culture in vitro.
Un sous-clonmmre quadrants de prés de 1100 colonies, dont la régénération
a ensuite été induite, a été réalisé. On n’a trouvé qu’une colonie homogéne pour
une variation; par contre 66 clones possédaient la variation dans deux quadrants
et 128 dans un seul [9]. Ceci signifie que la proportion probable de tissu muté
oscille trés souvent entre 0,25 et 0,5 et que les événements génétiques responsablés
arrivent autour du premier cycle cellulaire en majorité.

Cette conclusion a été confirmée par deux sous-clonages ultérieurs en quatre
parties au cours desquels aucune variation n’est apparue, malgré un effectif final
plus grand que dans I'expérience précédente.

Il a été montré que, chez les cellules végétales hors cycle de division, la
sénescence s’accompagne d’une perte de DNA euchromatique avec hétérochromati-
nisation {10]. Les auteurs associent ces transformations a la possibilité que les
1ésions génétiques sous forme de cassures simple-brin ou double-brins s’accumulent
dans les cellules. Si tel est le cas, la reprise de Pactivité cyclique peut induire la
réparation des cassures simple-brin tout en laissant non réparées un certain nombre
de cassures double-brins. Le retard a 'expression effective demande, selon le stade
G1 ou G2, un 2 deux cycles cellulaires. Si les réparations peuvent s’effectuer au
‘moins partiellement par recombinaison, parce que les séquences homologues ou
homéologues des chromosomes sont proches lors de la phase S [11], on peut donc
expliquer ainsi une proportion élevée des variants précoces.

4.5. L’effet du cycle protoplaste-régénération sur le génotype chez Petunia hybrida
Hort.

Treize individus hybrides RW14 X TLt ont ét¢ 4 la source de treize clones
\< cultivés in vitro afin de reahser les 1solements _cellulaires. Une réplique a €té étudiée
\en serre afin de servir de témoins d° homogenelte de la populatlon Fi.

Le cycle de protoplaste-régénération est d’un rendement moindre chez
Petunia que chez Nicotiana méme dans le cas des meilleurs génotypes [12]. Le
rendement final a été de 20% de colonies initiales ayant exprimé la totalité du
cycle individuel (tableau IV). Les 904 plantes observées dérivent de 390 colonies
différentes. Deux plantes ont montré le phénotype muté an2; une plante le
phénotype hfl.

L’observation du pollen de ces trois variants permet de détecter un@iﬁté
Pollinique d’au moins 50% chez un des variants an2 et chez un variant hfl; le =
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TABLEAU IV. EXPERIENCE DE REGENERATION DE PROTOPLASTES
DE CLONES HYBRIDES F1 DE Petunia hybrida Hort. (RW14 X TLt)

Nombre de colonies régénérées 390
Nombre de plantes 904
Plantes variantes (an2) 2
Plantes variantes (hfl) : 1
Plantes variantes (lu/+) 1
Plantes avec instabilité An*2/an2 86
Plantes avec mutation chloroplastique 5
Plantes avec instabilité Ph*2/ph2 7
Plantes avec instabilité couleur pollinique 14
Plantes 4 modifications morphologiques 147

TABLEAU V. FERTILITE POLLINIQUE DES TROIS VARIANTS STABLES
OBTENUS CHEZ Petunia RW14 X TLt

Témoin (an2) 1126 (an2) X 31 (hfl) X1V 40

82,2% 20,6% 88,5% 21,4%

second variant an2 a une fertilité égale au témoin (tableau V). Compte tenu de ia
liaison quasi totale chez Petunia entre la présence d’une délétion et la stérilité du
_gamétophyte porteur [13], on peut attribuer avec une forte probabilité deux
variants sur trois 4 une g_é_l;é__ﬁ_g’x_u_,_ Pautre étant di 4 un événement plus fin non
identifié: recombinaison ou mutation intragénique. Les deux variants an2 sont
représentés par une seule plante par colonie initiale. Le variant hfl est issu d’un
fragment sur trois. Il est donc délicat de chercher a évaluer la précaocité de ces
événements.

L’effectif total de plantes observées (904) est inférieur 4 celui observé sur
Nicotiana (4314); cependant, le nombre de marqueurs étant 3,5 fois plus élevé,
si les niveaux de fréquences avaient été comm aurait pu s’attendre 4
pres de 10% de variants X 3,5/2, soit 17%. La proportion observée est de 0,44%,
soit 39 fois plus faible. Il est donc vraisemblable que les types de variants observés
sur Nicotiana ont une fréquence réelle beaucoup plus faible pour d’autres loci.

L
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TABLEAU VI. VARIANTS CHEZ DEUX GENOTYPES HETEROALLELIQUES
DE TABAC

Taux foliaire Nombre moyen Nombre colonies °
Génotype Couleur variantes réversions par avec

vertes cotylédon réversions
aal/al Jaune-vert (J5) 8,8 X 1075 0,042 0
al/aSul Jaune (J6) 1,1 X107% 0,025 15/1000

Cependant, de nombreux cas d’instabilité génétique sont observés, notamment
concernant le marqueur le plus visible An2 (96 cas), mais aussi pour Ph2 (7 cas)

et An2 (7 cas). De plus, 147 plantes ont présenté des modifications morphologiques.
Un échantillon de ces plantes (30) a été analysé cytologiquement. Huit d’entre elles
présentaient des modifications caryotypiques (26 chromosomes, 4 plantes;

28 chromosomes avec chromosome incomplet, 3 plantes; un chromosome II ou

III avec délétion terminale). Finalement, 19,5% des plantes régénérées ont un
phénotype tétraploide.

L’effet du cycle isolement des protoplastes-régénération a donc été tres
significatif, bien que le spectre de nature des variations soit trés différent de chez
Nicotiana. Au moins deux causes peuvent étre évoquées pour expliquer ces
différences: la structure des loci et la W

4.6. Observations et analyse des variants sur des souches hétéroalléliques de tabac

Des mutations au méme locus a+1—al, mais ayant une action moins anta-
goniste que al, ont été obtenues aprés mutagenése. On a travaillé principalement
sur P'alléle aal, gicfjsif par rapport a a+l. Ensuite, une mutation ancienne appelée
Sulfur (Su) [14], ‘gé_sﬂfgt.gr’n“@‘r;'g_a_rlt_agg_r_liﬁivient d’étre identifiée comme alléle
de al—aal—al+. Ceci permet donc de comparer des génotypes aal /Su, al/Su,.
aal /al aux homoalléliques pour les fréquences de réversions, sur cotylédons et
sur feuilles, avec la régénération de protoplastes (tableau VI).

L’état d’avancement de I'expérience permet d’entrevoir la possibilité que la
fréquence de colonies variantes aprés régénération de protoplastes n’est pas forcé-
ment liée au taux observé sur les feuilles ou les cotylédons. La grande différence
entre ces deux génotypes peut étre due, au moins partiellement, 4 la plus grande
facilité de criblage sur le type jaune (J6). Cependant, elle peut représenter des
potentialitW’expression de variations de nature génétique différente chez les
deux génotypes, arrivant en culture cellulaire. Une série de variants régénérés
a partir de J6 est actuellement 'objet de tests génétiques.
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5. CONCLUSION

Les plantes régénérées de culture in vitro ont manifesté chez plusieurs
espéces une variabilité génétique attribuée a des causes diverses: changements
caryotypiques, grossiers et plus discrets, insertion d’éléments transposables,
réarrangements des génes, amplification ou réduction du nombre de copies de
génes, élimination de virus sans symptome [6]. r\

Dans toutes les expériences rapportées ici, il est apparu des variations
concernant certains caractéres morphologiques, 'instabilité génétique, la stérilité
pollinique, le nombre chromosomique. Les résultats exposés ne concernent que
des variations portant sur les marqueurs chlorophylliens ou jg}»hg,gyﬂgg_i,gggg_;
hétérozygotes. Ils permettent de révéler I'existence de mécanismes qu’il serait
intéressant d exploiter dans le domaine de 'amélioration des plantes, surtout dans
des cas particuliers tels que l'introgression par hybridation, si les individus
F1 sont I'objet d’un cycle de régénération par exemple, et dans le cas de variétés
multipliées végétativement.
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EXCERPTS FROM DISCUSSION

F. D’AMATO suggested that maize might be a good system to use in studies
on the time of origin of gene mutations. Maize regenerates by adventitious
embryos and, when using the different alleles of the waxy locus, one can have a
number of heteroalleles for which spontaneous ‘reversion’ rates are already known.

H. DULIEU stressed that the Nicotiana system used in his experiments was
quite effective. When acute or chronic gamma rays were tested, the system
even revealed the effect of 1 rad.
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Abstract

ADVANTAGES OF EMBRYOGENIC CELL CULTURES OF GRAMINEAE.

Immature embryos and/or explants from very young leaves and inflorescences of
13 species and over 75 cultivars of Gramineae — including wheat, maize, rye, pearl millet,
sugar-cane, Napier grass, Guinea grass, etc. ~ were used to initiate callus cultures. The cultures
are white to yellowish white in colour, compact and contain small and thin-walled meristematic
cells which are richly cytoplasmic, non-vacuolated and contain prominent starch grains. These
embryogenic tissue cultures provide a long-term, highly reliable and efficient means of rapid
mass clonal propagation by the formation of somatic embryos that arise from single cells. The
cultures consist largely of cytologically normal diploid cells. During the process of plant
regeneration via somatic embryogenesis, there is strong selection in favour of normal cells, so
that plants recovered from such cultures neither exhibit any morphological abnormalities nor
show any evidence of cytological changes in the number or structure of chromosomes.
Embryogenic callus cultures have been used successfully to-establish highly dispersed and
friable cell-suspension cultures. These fast-growing cultures comprise groups of 2—6 embryo-
genic cells, which adhere together to form larger unorganized aggregates of up to about
75 cells, but do not contain any organized meristems or callus tissues. Plants were regenerated
by somatic embryogenesis from embryogenic cell-suspension cultures of pearl millet, Guinea
grass, sugar-cane and maize. Finally, embryogenic cell-suspension cultures are the only current
source of totipotent protoplasts in Gramineae. Protoplasts isolated from such cultures have
been successfully cultured to produce somatic embryos and plants in pearl millet, Guinea grass,
Napier grass and sugar-cane.

. The ability to readily regenerate plants from cultured cells and tissues is
an essential component of biotechnology for genetic manipulation and improve-
ment of plants. This has proved to be relatively easy in herbaceous dicotyledonous
species. Until quite recently, monocotyledonous species, particularly the important
cereal and grass crops, were considered to be rather difficult to manipulate in
culture. Thanks to the use of immature embryos, inflorescences and leaves it is

* Supported by a co-operative project between the Gas Research Institute, Chicago,
and the Institute of Food and Agricultural Sciences, University of Florida; and by funds
provided by the Monsanto Corporation, St. Louis, Missouri. Research carried out also in
association with the IAEA under Research Agreement No.3568.
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now possible to establish long-term regenerable cultures from all of the important
species of cereals and grasses [1, 2]. Embryogenic tissue-culture systems, in which
plant regeneration takes place by the formation of somatic embryos, have proved
to be particularly useful. This paper is a summary of research work carried out

in our laboratory during the past several years on embryogenic tissue cultures of
various cereal and grass species, and highlights the advantages of such cultures.

Embryogenic callus tissue cultures capable of plant regeneration were
established from cultured immature embryos and/or explants obtained from
young inflorescences and leaves of more than 75 cultivars in the following
13 species of cereals and grasses: Panicum maximum (3, 4], P. miliaceum [5],

P. miliare [5], Paspalum notatum [6], Pennisetum americanum (7, 8], P. purpureum
[9—11}, P. americanum X P. purpureum hybrid {7, 12], Saccharum officinarum
[13], Secale cereale [14], Sorghum arundinaceum [15], S. bicolor {16], Triticum
aestivum (17—191 and Zea mays [20—23]. In all instances, the nutrient formulation
of Murashige and Skoog [24], supplemented with 2,4-dichlorophenoxyacetic acid
(2,4-D), was used. Addition of other growth regulators was found not to be
essential in order to obtain the desired response, but in some cases incorporation

of coconut milk and/or cytokinins gave better results.

The embryogenic callus cultures are white to yellowish-white in colour,
compact and organized in nature, and contain large numbers of small, thin-walled
meristematic cells which are characteristically non-vacuolated, richly cytoplasmic
and contain prominent starch grains. Plant regeneration in such cultures takes
place by the formation of somatic embryos from single cells {13, 25-28]. Their
non-chimeric nature can be useful for the isolation of solid mutants.

Embryogenic tissue cultures of Gramineae are derived from meristematic
cells present in the initial explants and constitute a stable, long-term and highly
efficient system for rapid mass clonal propagation. Our observations strongly
suggest that the developmental and physiological states of the cultured explants
are the most critical factors in the formation of embryogenic calli. Optimum
response from immature embryos and explants obtained from young inflorescences
and leaves can be assured only if these are obtained at precise developmental
stages (recent results suggest that competence of leaf explants of Pennisetum
purpureum to form embryogenic callus may be related to the endogenous levels
of growth regulators, particularly indoleacetic acid and abscisic acid, in the
cultured tissues [29]). Older and younger explants are either non-responsive or
give poor results, including the formation of non-embryogenic callus which is
generally friable and contains large and vacuolated cells that are devoid of starch.
During the normal growth of embryogenic calli, there is also continuous and
irreversible conversion of embryogenic cells into non-embryogenic cells. This is
apparently related to declining levels of 2,4-D in the medium. Care must be taken,
therefore, to remove the non-embryogenic sectors of callus at the time of sub-
culture. By using a rapid subculture regime of 12—14 days, it is possible not only
to slow down the conversion of embryogenic to non-embryogenic cells, but also
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to produce as many as 25 000 green plants from a single leaf explant of Napier
grass, a prime biomass species, in about six months {11]. Because of the presence
of an integrated root-shoot axis and a complete vascular system, plants derived
from somatic embryos are easy to establish in soil, and appear to have a com-
petitive advantage over vegetatively propagated plants in the number of tillers
formed and the amount of biomass produced at the time of the first harvest [30].

Callus cultures have been used successfully to establish highly dispersed and
rapidly growing cell-suspension cultures. These cell cultures comprise small groups
of 2-6 cells which generally aggregate together to form larger cell masses [31).

No organized meristems or callus tissues are present. The cultures grow rapidly,
with cell-doubling times of 27-30 h, and contain 15-20 million cells/mL [32].
Plant regeneration by somatic embryogenesis has been obtained from cell-
suspension cultures of Pennisetum americanum (33, 34], Panicum maximum [35],
Saccharum officinarum [{36) and Zea mays [37], but it is more difficult than

from callus cultures and needs to be maximized.

Regeneration of plants from cultured protoplasts is one of the most powerful
tools of modern plant biotechnology, as it allows somatic hybridization by proto-
plast fusion and genetic transformation by the uptake of alien genetic material.
However, protoplasts of gramineous species have proven to be very recalcitrant
and difficult to culture {1, 2, 38, 39]. In no cases have sustained divisions been
obtained in protoplasts isolated from leaves or other plant parts. Protoplasts
isolated from non-morphogenic cell suspensions have been cultured to obtain
callus tissues but these, like the cell lines from which they are derived, are non-
morphogenic also. It is in this respect that embryogenic tissue cultures have
proved to be specially advantageous. Protoplasts isolated from embryogenic
cell-suspension cultures of Pennisetum americanum [40), Panicum maximum [41],
Pennisetum purpureum [42) and Saccharum officinarum {43] have been success-
fully cultured to obtain embryogenic callus tissues, somatic embryos and plants.
Thus far it has not been possible to transfer such protoplast-derived plants to
soil or to grow them to maturity.

A somatic hybrid cell line was recently obtained by fusing iodoacetate-
treated protoplasts isolated from a suspension culture of Pennisetum americanum,
which was selected for resistance to S-2-aminoethylcysteine (AEC), with proto-
plasts isolated from an embryogenic cell-suspension culture of Panicum maximum
[44]. Selection of somatic hybrid colonies was made in the presence of AEC.

Our early observations suggested that plants regenerated from embryogenic
callus cultures were morphologically and cytologically normal [45]. More
detailed investigations in Panicum maximum [46] and Pennisetur americanum
[47] showed no evidence either of morphological aberrations or of any
changes in the number or structure of chromosomes. The study by Swedlund and
Vasil [47] showed that the initial inflorescence explants themselves contained
a small number of polyploid and aneuploid cells. An increase in the relative
number of such abnormal cells was seen during culture, probably as a result of
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selective advantage in cell-division activity. However, there was a strong selection
in favour of normal cells during somatic embryogenesis, which ensured that the
regenerated plants were also normal. Evidence from chromosome numbers, as
well as from cytophotometric and flow-cytometric determination of nuclear
DNA content in several-year-old embryogenic cell-suspension cultures of Panicum
maximum and Pennisetum purpureum, showed also that a vast majority of the
cells remained diploid [32].

In summary, embryogenic tissue cultures of Gramineae provide a reliable
and efficient method for rapid clonal propagation during which genetic fidelity
is maintained. Furthermore, embryogenic cell-suspension cultures provide a source
of totipotent protoplasts which are needed for somatic hybridization and genetic
transformation.
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EXCERPT FROM DISCUSSION

LK. VASIL (replying to several questions): Cultures consisting of meriste-

matic and embryogenic cells yield normal plants. Such cultures are organized

and contain small, highly cytoplasmic cells. Unorganized cultures, in which

plant regeneration takes place by the formation of adventitious shoots, commonly
yield aberrant or variant plants. Embryogenically competent tissue explants
contain high levels of abscisic acid and indoleacetic acid. However, these levels
are found in healthy fresh explants and do not seem to have any relationship

to water stress. Embryogenic cells may convert to non-embryogenic cells. This
phenomenon is probably regulated by declining levels of 2,4-D.
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Abstract

SOMACLONAL VARIATION IN POTATO cv. BINTJE: MOSAIC COMPOSITION OF
PROTOPLAST CALLI AND SEGREGATION OF VARIOUS PHENOTYPES AFTER
VEGETATIVE PROPAGATION.

The occurrence of spontaneous variation among plants regenerated from in vitro culture
of cells or protoplasts (‘somaclonal variation’) in a number of crops, including potato, has
stimulated great interest in recent years from the point of view of using it in plant-improvement
programmes. The plant regeneration process from shoot-culture-derived protoplasts of the
Dutch potato cultivar Bintje makes it possible to recover a wide array of variants, including )
undesirable gross-aberrant types. After tuber propagation it was found that some of the normal
and variant protoclones (regenerated plants) segregated or showed new types, probably due to
chimerism. For plant-breeding purposes, it is highly desirable to know whether or not small
groups of genetically different cells present in heterogeneous calli actually express in regenerated
plants, or appear in later generations of vegetatively propagated material. The analysis carried
out in this regard on the origin of ‘segregating protoclones’, through characterization of proto-
plast calli, protoclones and tuber progeny, suggests that a high frequency of protoplast calli
are mosaic in composition, consisting of groups of variant (presumably mutated) cells. Two
types of mosaicism can be generally distinguished. (1) Fine-grade mosaicism, occurring because
small groups of variant cells do not affect the phenotype of regenerated shoots (plants), but
form new phenotypes among tuber progeny. (2) Coarse mosaicism, showing the occurrence
of large grdups of variant cells in a given callus regenerating variant/chimeric shoots. A majority
of the mosaic calli gave rise to variant protoclones and mixtures of normal and variant proto-
clones. The analysis of second-generation tuber progeny showed that part stabilized in
phenotype and part segregated again into various phenotypes, indicating the persistence of at
least some chimerism.
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INTRODUCTION

The occurrence of spontaneous variation among plants regenerated from
in vitro culture of tissues, cells or protoplasts (‘somaclonal variation’) in several
plant species, including potato, has stimulated great interest, both from the point
of view of its usefulness in plant breeding and because it is often undesirable when
stable reproduction of a specific genotype is essential, as in the case of genetic
transformation. In the Dutch potato cultivar Bintje, a wide range of phenotypical
variation, including a considerable proportion of gross-aberrant plants, occurred
among regenerants from shoot-culture-derived protoplasts [1]. In addition, after
vegetative (tuber) propagation, some of the normal and variant protoclones
segregated or showed new phenotypes, probably due to chimerism [2]. For plant-
breeding purposes, it is highly desirable to know whether or not small groups of
genetically different cells in heterogeneous calli did express in the regenerants, or
appeared in later generations of vegetatively (tuber) propagated material. Therefore,
we carried out an investigation on the origin of segregating protoclones of Bintje
through characterization of protoplast calli, protoclones and tuber progeny.

MATERIALS AND METHODS

Plants were regenerated from shoot-culture-derived protoplasts of tetraploid
potato cv. Bintje (Solanum tuberosum L.) according to the procedures described
previously [3, 4]. The term ‘protoclone’ is used to denote each individual shoot
or plant obtained from a protoplast callus. The morphological characters of each
protoclone derived from a given protoplast callus have been individually registered
so that each callus could be characterized separately (for details on morphological
characters, see Refs {1, 2]). From the phenotype of protoclones regenerated, the
calli were classified into three types, namely those yielding (1) only normal-
looking protoclones, (2) only variant protoclones and (3) mixtures of normal
and variant protoclones. Altogether, 235 protoplast calli were characterized.

RESULTS
Type-1 calli

In all, 105 calli regenerated 217 normal-looking protoclones, which appeared
normal also after tuber propagation (Table I). In addition, 6 calli gave rise to
22 normal-looking protoclones, of which 16 appeared true to type, 4 segregated
into new + normal phenotypes and 2 showed new phenotypes only. In the second
tuber generation, part of the progeny stabilized in phenotype and part continued
to segregate into various phenotypes (new + normal).



TAEA-SM-282/35P 79

TABLE I TYPE-1 CALLI REGENERATING NORMAL-LOOKING
PROTOCLONES, AND SEGREGATION AFTER VEGETATIVE
PROPAGATION

Tuber progeny
Calli Protoclones First generation Second generation
No. and types  No.and types
No. Types No. Types analysed segregating
105. 217 Normal 217 Normal -2
6 22 Normal 16 Normal -2
4 New + 4 new, 3 new,
normal 3 normal 1 normal
2 New 2 new 0

2 Not analysed.

Type-2 calli

Fifty-five calli regenerated 129 variant protoclones and, after tuber propagation
the progeny resembled the respective variant parent protoclones (Table II). The
remaining 11 calli produced 21 variant protoclones. After tuber propagation,

10 of these showed parental types, whereas the others segregated or showed new
types. In the second tuber generation, some stabilized in phenotype and others
segregated again into various types (new + normal, parental + normal).

Type-3 calli

Forty-three calli regenerated mixtures of 156 normal and 79 variant proto-
clones. The tuber progeny of these protoclones resembled the respective normal
and variant parent protoclones (Table III). In addition, 15 calli gave 69 normal
and 23 variant protoclones:

(1) Of the 69 normal protoclones, 57 also appeared normal, and 12 showed
new phenotypes. In the second tuber generation, almost all the types
stabilized. '

(2) Among the 23 variant protoclones, 14 showed parental types, whereas the
others segregated or showed new phenotypes. In the second generation,
some of the types stabilized and some again segregated into various types
(new + normal, new + parental).
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TABLE II. TYPE-2 CALLI REGENERATING VARIANT PROTOCLONES,
AND SEGREGATION AFTER VEGETATIVE PROPAGATION

Tuber progeny

Calli Protoclones First generation Second generation
No. and types No. and types
No. Types No. Types analysed segregating
55 129 Variant 129 Variant -2
(parental)
11 21 Variant 10 Parental —
New + 6 new, 4 new,
normal or 1 normal, 1 normal,
parental 1 parental 1 parental
3 Parental + 3 parental, 1 parental
normal 1 normal
2 - New 2 new 2 new

4 Not analysed.

CONCLUSIONS

The results suggest that a considerable proportion, i.e. 13.6% (32 of 235)
of the protoplast calli were mosaic in composition, consisting of groups of variant
(presumably mutated) cells (Fig.1). Thus, the participation of such cells, in addition to
the normal cells in shoot apical meristem differentiation, can lead to the formation
of chimeric protoclones. The extent of mosaicism might be different in the three
types of protoplast calli.

Two types of mosaicism can generally be distinguished: (1) fine-grade
mosaicism due to small groups of variant cells not affecting the phenotype of
regenerated plants, but producing new phenotypes among tuber progeny and
(2) coarse mosaicism, showing the occurrence of large groups (probably in
clusters of one type) of variant cells in a given callus regenerating variant/chimeric
shoots. After tuber propagation, the chromosome number remained unchanged,
while variation occurred in phenotypical characters, suggesting somatic segregation
of chimeras resulting from gene mutations or chromosome structural rearrange-
ments in only part of the regenerated protoclones [2].
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TABLE III. TYPE-3 CALLI REGENERATING MIXTURES OF NORMAL
AND VARIANT PROTOCLONES, AND SEGREGATION AFTER
VEGETATIVE PROPAGATION

Tuber progeny

Calli Protoclones First generation Second generation
No, and types No. and types
. : T : .
No Types No ypes analysed segregating
43 156 Normal 156 Normal 2
79 Variant 79 Variant -a
(parental)
15 69 Normal 57 Normal _a
12 New 12 new 1 new
23 Variant 14 Parental _
7 New + 7 new 3 new
normal
2 New 2 new 2 new
2 Not analysed.
ooloo
2ty
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X 9.” %g oS, 0%
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1
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CALL! Heterogeneous } Heterogeneous I Heterogeneous
1
PROTOCLONES Normal { Variant : Normal + variant
TUBERS Heterogeneous + : Heterogeneous + : Heterogeneous +
| 1
] ]

homogeneous homogeneous homogeneous

FIG.1. Diagram illustrating the mosaic composition of the three types of protoplast calli
giving rise to protoclones that segregated or showed new phenotypes after tuber propagation.
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Thus, plant-regeneration processes from protoplasts make it possible to
recover a wide array of phenotypical variants, including gross aberrants and
chimeras. These latter types are undesirable in crop-improvement programmes
(somaclonal variation and genetic manipulation methods) intended to utilize
in vitro genetic variability. Hence, reduction of variation to an acceptable level
by identifying the causative factors and variation-prone stages deserves more
attention.
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Abstract

COMPARATIVE CYTOLOGICAL INVESTIGATIONS ON PROTOPLASTS, TISSUE
CULTURES AND SEEDLINGS FROM Beta vulgaris (SUGAR-BEET).

Investigations were carried out with the aim of determining ploidy status, at short and
long intervals, using suspension and protoplast cultures and seedlings of Beta vulgaris L. var.
altissima cv. Hymona (sugar-beet). Two rapid-growing strains of sugar-beet were used, strain
B.14.1, with a ploidy level of 8c to 64c¢ (with maxima between 8c and 16¢) and strain B.1.9,
varying in DNA content from 16c to 128¢ (with a maximum frequency between 32¢ and 64c).
Long-term studies of about two years resulted in a constant ploidy spectrum, whereas short-
term analyses under turbidostatic conditions showed more or less regular oscillations in the
frequency distribution, with an amplitude of 20—40% of the medium ploidy level and with an
oscillation period of 1-2 days. The isolation of protoplasts from the two strains and the
measurement of their ploidy levels before and after isolation, and at longer periods thereafter,
showed a shift in ploidy level immediately after isolation. Studies on the ploidy levels in seeds
and seedlings of sugar-beet could yield evidence that heterogeneity in the ploidy patterns of cell
cultures is not a feature of cultivated cells or tissue alone, but also occurs naturally during plant
development.

1. INTRODUCTION

Polyploidizations, via restitution cell cycles, have been found by many
authors {1], but precise evidence of endomitoses has not been presented until now.
High polyploidization levels have generally been found in callus-forming protoplast
cultures [2, 3], though in long-term cultures relatively stable ploidy levels were
found {4, 5]. As Vapper and Kallak {6] demonstrate, this phenomenon is caused
by a selection of well-adapted karyo- or genotypes. However, because of the high
polyploidization rates, there must exist a dynamic balance between a continuous
selection of low ploidy degrees and polyploidization. Street [7] already postulated
such a balance for both in vivo and in vitro conditions, except that in an in vitro
tissue culture the equilibrium is shifted in favour of cytogenetic changes. Our
investigations aim to provide experimental data from cell cultures, protoplasts
and seedlings for the support of this hypothesis.
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FIG.1. DNA histograms from suspension cultures of Beta vulgaris L.

2.  MATERIALS AND METHODS

For analysis, ten-year-old suspension cultures (Strains B.14.1 and B.1.9) from
" Beta vulgaris var. altissima cv. Hymona were used. The tissue was derived from
hypocotyle segments of seedlings. Suspensions were cultured in Murashige and
Skoog medium with 2 mg/L 2,4-D.and 0.02 mg/L kinetin. Protoplasts were
isolated after the method of Menczel and Maliga [8). The ploidy level was
determined by microdensitometric measurements with a scanning microdensito-
meter (Vickers Type M-85). Hydrolysis for Feulgen staining of nuclei was carried
out under cold conditions (25°C, SN HCl, 30 min). Values for DNA content are
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FIG.2. Frequencies of the two main ploidy degrees during a turbidostate culture of the
suspension strain B.14.1.
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FIG.3. Shift of the ploidy spectrum of mitoses during a treatment with 0.05% colchicine
for 3 h.

given in area integrated object density (AIOD) optiéal units, defined here as the

integrated density of an object with an area of 1 mm? and a homogeneous density
of 1.0.

3. RESULTS AND DISCUSSION

Strain B.14.1 was observed over a four-year period (see Fig.1). For measuring,
interphase nuclei were used; the peaks at 8c and 16¢ therefore represent octoploid
cells. Nuclei with 16n (16¢ and 32¢) and higher values are much more rare. In the
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Beta vulgaris L.
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case of these long-term analyses, the constancy of the ploidy level is confirmed.
However, the DNA frequency distribution during short-term analysis (sampling
of probes in a 12 h rhythm) shows clear oscillations around a medium frequency
(Fig.2). These deviations from a medium value cannot be considered to be a
natural error that occurs in such determinations of percental frequencies because
the measured values lie beyond the range of the standard error. The oscillations
thus make clear that the process of continuous selection of tetraploid cells (which
was determined by colchicine analysis, Fig.3) is acting against a continuous
polyploidization process which is characterized by a fluctuating level of intensity.
Therefore, the stable-looking ploidy patterns, measured at long time intervals,
may act as labile dynamic balances. This lability is confirmed by occasional
drastic variations in the ploidy pattern of tissue cultures.

These facts are supported by the analysis of DNA values immediately before
and after protoplast isolation (Fig.4). For isolation two strains, B.14.1 and B.1.9,
were used. Strain B.14.1 shows a change in the maximum after protoplast
isolation from 30 to 15 AIOD and then a shift to 20—30 AIOD after 7 days of
culture. In strain B.1.9, the shift to a lower ploidy level is more clearly pronounced.
In the stock culture it is possible to find values up to 120 AIOD, with maxima at
35,55 and 70 AIOD. After protoplast isolation, AIOD values from 80 to 120 are
lacking. Maxima lie near 20, 40 and 60 AIOD. After one day of culture the main
peak shifts to 60 AIOD and after 7 days of culture the original profile of the
stock suspension is reached again. ,

In comparison with cell cultures and protoplasts, the ploidy level of embryos
from dry and germinating seeds, as well as from young seedlings, was investigated.
The embryo, or seedling, was cut into three main parts: the seed-leaf terminal
(cotyledon), the embryo axis (hypocotyle) and the seed-root terminal (root tip).
Nuclei in the resting seed (Fig.5) are mainly in the G, phase of the cell cycle.

After commencement of germination (40 h soaking), the maxima for the cotyledon
and the root tip changed from 2c to 4c, i.e. cells are in the G, phase of the cell
cycle. In the hypocotyle, a completely altered ploidy spectrum was found.

Nuclei with high c values, up to 16¢, were now present. After further growth, ’
the ¢ values reached 32 in hypocotyles. However, cotyledons and root tips showed
a constant DNA content between 2c and 4¢. The results confirm the investigations
on somatic polyploidy in plants [9] and show that ploidization is not only a
characteristic feature of cells and tissues cultures, but also occurs naturally during
plant development.
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Abstract-Résumé

IN VITRO PLANT CELLS AND IONIZING RADIATION.

A synthesis is given of all the results obtained by the Biology Group of the Joint
Research Centre, Ispra, during the last few years regarding the effects of various kinds of
ionizing radiation on large populations of Nicotiana plumbaginifolia protoplasts. After
a critical assessment of the protoplast system as a tool for radiosensitivity studies, a description
is given of the dose-effect relationship (RBE) and split-dose effects after gamma-ray and fast-
neutron irradiation. Among the results obtained, it was noted that fractionation of gamma-ray
doses allowed a substantial recovery, while fractionation of a fast-neutron dose into low single
fractions markedly increased the biological effectiveness of the total dose. Dose-response curves
were also obtained for irradiated haploid protoplasts. Cell sizing, Feulgen cytophotometry and
3H-thymidine labelling were used to describe cellular heterogeneities pre-existing in original
tissues and transmitted to the protoplast culture. Dissection of leaf tissue into its more or less
differentiated territories and purification of the protoplasts in various phases of an iso-osmotic
density gradient made it possible to separate subpopulations with definite characteristics.
Among these, radiosensitivity gave a quite homogéneous response for each subpopulation. In
order to analyse the radiosensitivity of tissues at various differentiation stages, the radiation
response of protoplasts freshly isolated from leaf tissue was compared with the response of
protoplasts from very young calli. The differences were quite evident and show that the
differentiated leaf cells are much more sensitive than the proliferating cells of young calli.

CELLULES VEGETALES IN VITRO ET RADIATIONS IONISANTES.

Ce mémoire présente une synthése des résultats obtenus pendant ces derniéres années par
le Groupe de biologie du Centre commun de recherches d’Ispra, sur les effets de différents types
de radiations ionisantes sur de grandes populations de protoplastes de Nicotiana plumbaginifolia.
Aprés une évaluation critique de l'utilisation de protoplastes pour des études de radiosensibilité,
les relations dose-effet, 'EBR et les effets de doses fractionnées aprés irradiations gamma et
irradiations avec des neutrons rapides sont présentés. Parmi les résultats obtenus, le fractionne-
ment des doses de rayons gamma permet une bonne récupération de la survie des cellules
irradiées tandis que le fractionnement d’une faible dose de neutrons rapides en une série de
fractions plus faibles augmente considérablement ’efficacité biologique de la dose totale. Les

* Contribution n° 2234 de la Direction Biologie, radioprotection et recherche médicale,
Direction Générale XII, Commission des Communautés européennes.
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courbes dose-effet ont également été obtenues apres irradiations de protoplastes haploides.
Les dimensions cellulaires, la cytophotométrie aprés coloration Feulgen et le marquage 4 la
thymidine tritiée ont été utilisés pour décrire les hétérogénéités cellulaires pré-existantes dans
les tissus d’origine et transmises aux protoplastes en culture. Une dissection des tissus foliaires
en plusieurs territoires plus ou moins différenciés et une purification des protoplastes dans les
différentes phases d’un gradient iso-osmotique de densités permet de séparer des sous-populations
de protoplastes avec des caractéristiques définies. Parmi celles-ci, la radiosensibilité donnait des
réponses tout a fait homogénes pour chaque sous-population. Dans le but d’analyser la radio-
sensibilité de tissus a différents stades de différenciation, les réponses de protoplastes fraiche-
ment isolés de tissu foliaire ont été comparées avec celles des protoplastes provenant de jeunes
_cals en croissance. Les différences étaient tout a fait claires et montraient que les cellules de
feuilles différenciées sont beaucoup plus radiosensibles que celles des cellules proliférartes des
jeunes cals.

1. INTRODUCTION

Dans le cadre de Vactivité de notre Groupe de biologie au Centre commun
de recherches des Communautés européennes a Ispra, qui est essentiellement
orientée vers des recherches de radioprotection, ’étude des effets des radiations
ionisantes sur de grandes populations de cellules végétales in vitro a été entreprise
depuis quelques années. Les résultats de ces recherches sont détaillés dans ce
mémoire qui se référe & des données en partie publiées (ou en voie de publication)
et en partie originales.

Si nous avons utilisé les cellules végétales pour ces recherches, qui ont pour
principal objectif d’accroitre nos connaissances en matiére de radioprotection,
c’est parce que nous croyons que ces cellules présentent des qualités particuliéres
permettant d’affronter des problémes qu’il est impossible d’analyser avec d’autres
types de cultures cellulaires.

Les cellules végétales permettent, par exemple, d’étudier I’effet des radiations
sur les phases de dédifférenciation et de redifférenciation successives d’un tissu,
ou d’irradier des cellules en prolifération active, en phase stationnaire ou encore
en pleine activité métabolique.

Le choix de ce matériel a été aussi motivé par de nombreux autres facteurs,
tels que la possibilité de travailler avec des cellules diploides ou haploides, la
bonne homogénéité du matériel et son pouvoir de régénération élevé.

Le probléme principal au début de ces recherches a été de choisir le matériel
expérimental qui permettrait d’obtenir un maximum d’informations et de
conclusions valables. Nous voulions travailler avec une espéce qui soit facile a
cultiver in vitro, avec une bonne capacité de régénération, avec laquelle il soit
possible d’obtenir des haploides par cultures d’anthéres, des protoplastes de
mésophyle foliaire et de cal, tous ces protoplastes avec une trés bonne efficacité
de plating, disposer d’une espéce vraiment diploide avec peu de chromosomes
‘pour faciliter les études cytologiques, etc.
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Toutes ces qualités ont pu étre identifiées dans I’espéce Nicotiana plumbagini-
folia qui, pour son comportement in vitro et ses 10 chromosomes haploides,
correspond assez bien a ce que nous cherchions.

2. MATERIEL ET METHODES

C’est donc Nicotiana plumbaginifolia Viviani qui est notre matériel expéri-
mental et toutes les expériences ont été effectuées sur cette espéce dont différents
génotypes nous ont été aimablement fournis par J.P. Bourgin, C. Nitsch et
I. Negrutiu au niveau haploide, et sous forme d’une population de graines diploides
par K. Tran Thanh Van et par la Station expérimentale du tabac de Scafati en Italie.
Nous avons travaillé principalement sur des populations de protoplastes obtenues
suivant une méthode décrite précédemment [1]. Cette méthode peut se résumer
de la fagon suivante.

Les plantes sont multipliées in vitro, donc en conditions stériles et en atmo-
sphere controlée afin d’éviter tout traitement traumatisant a ’hypochlorite et
principalement pour avoir des conditions de croissance reproductibles et a ’abri
des variations saisonniéres.

Les plantes haploides proviennent de propagation végétative in vitro par
micro-bouturage des bourgeons axillaires tandis que les plantes diploides pro-
viennent de semis d’un haploide-doublé, ce qui n’introduit théoriquement pas
de variabilité génétique. Les feuilles, prélevées in vitro, sont recouvertes d’une
fine couche de carborundum, brossées rapidement, et plongées successivement
dans une solution plasmolysante, puis dans le mélange enzymatique. Les proto-
plastes sont séparés des débris cellulaires sur un gradient iso-osmotique de densité
et mis en culture & 2 X 10% cellules/mL.

Dés le deuxiéme jour de culture, les premiers signes d’activité se manifestent
sous forme de synthése de la paroi pecto-cellulosique et par les premiéres mitoses;
les cultures doivent étre rapidement diluées.

Pour obtenir des protoplastes a partir de jeunes cals de différents ages,
ceux-ci ont été directement traités par le mélange enzymatique et mis en culture.

Les échantillons ont été irradiés en boites de Petri de matiére plastique, dans
e milieu de culture définitif. Les rayons gamma provenaient d’une source annulaire
de %°Co scellée dans une cellule gamma 220 (Canada). L’intensité a varié, entre
les premiéres et les derniéres irradiations, de * 1000 & 500 rad/min.! Les neutrons
rapides, d’environ 16 MeV, ont été obtenus dans un accélérateur linéaire
Van de Graff. Les intensités de dose ont été maintenues entre 7,5 et 4,2 rad/min.

3. CYTOLOGIE DES PROTOPLASTES

La situation cytologique des jeunes feuilles utilisées pour notre culture a été
analysée au niveau du contenu en ADN nucléaire et a montré qu’environ 95%
des cellules ont leur noyau en phase G, et qu’il n’y a encore aucune polyploidie [2].

! 1rad=1.00X 102 Gy.
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En analysant I’évolution des histogrammes des contenus en ADN nucléaire
de nos protoplastes toutes les trois heures aprés le début de la culture, nous avons
constaté qu’ils restent en apparente inactivité pendant environ 15 a 20 h avant de
partir en synthése d’ADN suivie de la phase G, et des premiéres mitoses. Cette
premiére activité mitotique est assez bien synchronisée dans notre espéce, ce qui
nous a permis d’étudier aussi la radiosensibilité des différents stades de cette
premiére interphase mitotique. '

Signalons, pour terminer cette description cytologique des premiéres heures®
de nos cultures de protoplastes, que certaines jeunes colonies montrent une
cytologie trés particuliére. En effet, dans ces colonies, qui sont parmi celles qui
repartent dés les premiers jours de culture, il est fréquent d’observer des mitoses
synchronisées qui résultent clairement de ’absence ou de la synthése imparfaite
des parois internes des jeunes colonies ainsi formées. Ces mitoses synchronisées
peuvent aller jusqu’a 16 noyaux (8 télophases)«, puis la cellularisation se compléte’
et la synchronisation disparait. ’

4.  PREMIERS ESSAIS DE RADIOSENSIBILITE

Les premiers essais tendant a construire des courbes dose-effet aprés irradia-
tions gamma et neutrons rapides ont été effectués avec des populations de
protoplastes de N. plumbaginifolia, extraites de feuilles entiéres de plantules
provenant de cultures in vitro [3]. Tant avec les rayons gamma qu’avec les
neutrons rapides, les courbes relatives a la fréquence des premiéres mitoses ou des
colonies formées par rapport aux doses croissantes de radiations ont toujours
montré une allure biphasique et laissent donc supposer que nos populations
cellulaires étaient hétérogénes et composées d’au moins deux sous-populations
de radiosensibilités différentes.

5. RECHERCHE DE POPULATIONS HOMOGENES

A la suite de ces résultats, différentes tentatives ont été entreprises pour
essayer d’uniformiser nos populations irradiées. '

Les feuilles, prélevées sur les plantules in vitro, ont été divisées en quatre
territoires correspondant a la base de la feuille prés du pétiole, a la pointe de la
feuille, aux bords externes et au centre du limbe. Pour chaque fraction, un gradient
de densité a permis de séparer une fraction légére et une fraction lourde [4)

Des mesures cytophotométriques du contenu en ADN nucléaire ont été
effectuées pour chaque territoire et ont montré que toutes les fractions lourdes
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étaient semblables et constituées essentiellement de protoplastes avec le noyau

en phase G; (2C) tandis que pour les fractions 1égéres les noyaux en G, (4C) étaient
plus abondants dans la base de la feuille prés du pétiole et dans le centre du limbe
ou sont donc localisées des petites populations de cellules encore actives au point
de vue mitotique. '

Des mesures des diamétres cellulaires ont aussi été effectuées sur ces huit .
populations de protoplastes et reflétent exactement les résultats des contenus en
ADN nucléaire.

Enfin, des expériences d’incorporation de thymidine tritiée ont montré
également une activité résiduelle de réplication de ’ADN principalement localisée
dans la zone médiane du limbe foliaire.

A la suite de cette premiére tentative d’isoler des territoires différents dans la
feuille, dans le but d’obtenir des populations de protoplastes plus homogénes,
la technique des gradients iso-osmotiques de densités a été perfectionnée et nous
a permis de répartir tous les protoplastes des feuilles en quatre ou cing sous-
populations qui ont été a leur tour caractérisées au point de vue cytologique [5].

Ces recherches nous ont permis d’identifier des hétérogénéités cytologiques
qui sont en relation avec les tissus d’ou sont isolés les protoplastes.

Nous avons pu comparer les feuilles des plantes de serre avec celles des
plantules in vitro, et analyser aussi des cals en prolifération active sans différencia-
tion avec des cals en pleine organogenése. L’isolation des sous-populations a été

‘réalisée par centrifugation a basse vitesse sur un gradient iso-osmotique de Percoll
obtenu en superposant 1’une sur autre des fractions diminuant de 30 4 0% de
Percoll; en général, il y avait cing phases de 30, 20, 15, 10 et 0% de Percoll avec
les macroéléments du milieu de culture.

6. CYTOLOGIE DES SOUS-POPULATIONS

Les séparations en sous-populations des protoplastes obtenus a partir de
mésophyle foliaire ont permis d’observer de fortes différences de répartition et
I'importance relative de chaque sous-population en fonction de I’origine du
matériel de départ. C’est ainsi que les protoplastes obtenus a partir de feuilles
provenant d’une plante en serre ou d’une plantule in vitro donnent des sous-
populations trés différentes; cela s’explique en partie par le fait que la structure
histologique et les histogrammes des contenus en ADN nucléaire sont trés
différents dans ces deux types de feuilles.

De méme, les sous-populations obtenues en séparant les différents territoires
foliaires montrent des différences trés caractéristiques au niveau des volumes
cellulaires.

L’age de la feuille est également un facteur qui induit des écarts importants
entre les volumes cellulaires des différentes sous-populations.
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7.  RECHERCHES RADIOLOGIQUES
7.1. Sous-populations

Enfin, ce qui est beaucoup plus important pour nous, si nous comparons
la radiosensibilité des différentes sous-populations issues de ces gradients de
Percoll, nous constatons que chaque sous-population a sa propre radiosensibilité,
mais surtout que chaque courbe dose-effect correspond parfaitement a la réponse
d’une population homogene [5].

Lors de comparaisons effectuées entre diverses populations de protoplastes
provenant de jeunes cals en croissance, nous avons essayé de caractériser les
protoplastes de cals en prolifération active sans différenciation avec ceux obtenus
A partir de cals en pleine différenciation organogénétique. La aussi des différences
peuvent étre obtenues en ce qui concerne la répartition des sous-populations dans
le gradient de Percoll, les histogrammes des contenus en ADN nucléaire et les
volumes cellulaires.

La radiosensibilité de ces protoplastes provenant de cals n’est également
interprétable que sur des sous-populations et non sur I’ensemble des protoplastes
des tissus callosiques.

7.2. Irradiations fractionnées

Pour nos expériences de radiobiologie nous avions donc la possibilité
d’étudier les effets des radiations ionisantes sur différents types de populations
de protoplastes. Revenons donc aux résultats obtenus tant sur I’ensemble des
protoplastes de feuilles que sur des sous-populations.

Des expériences d’irradiation fractionnée ont montré que 600 rads de
rayons gamma, fractionnés en 3 X 200 rads et administrés sur des intervalles de
repos suffisamment longs, permettent une restauration rapide de la survie, tandis
qu’avec des intervalles de temps de quelques minutes, le fractionnement a, au
contraire, des effets plus importants que la dose totale donnée en une seule fois.

Avec les neutrons rapides, les résultats sont beaucoup plus surprenants. En
effet, 30 rads, divisés en 2 X 15, 3 X10 et 6 X 5 rads et séparés par des intervalles
croissants de 4 4 128 min ont montré que les fractionnements en deux ou
trois doses conduisent a une augmentation de la radiosensibilité pour les inter-
valles courts, tandis que pour les grands intervalles (32 et 128 min) les résultats
retournent vers 'effet de la dose totale de 30 rads donnée en une fois.

L’effet du fractionnement en 6 doses de 5 rads conduit a des résultats
radicalement différents puisque le dommage augmente en méme temps que
croissent les intervalles entre les fractions. Ceci ne peut étre attribué a une quel-
conque prolifération cellulaire pendant la durée du traitement puisque celui-ci
ne se prolonge jamais au deld de la 9° heure aprés I'isolement des protoplastes.
I1 est difficile d’expliquer ce résultat sans faire appel 4 I'hypothése d’'un mécanisme
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de réparation qui ne serait pas induit sous une certaine dose, mais cela n’explique
pas I’augmentation du dommage avec la durée des intervalles entre fractions.

Le calcul de Pefficacité biologique relative (EBR) sur la base de ces expériences
montre que celle-ci augmente avec la diminution de la dose de 3 4 25 rads pour
les cellules diploides et de 3 a 120 rads pour les haploides [3].

7.3. Densité cellulaire

Nous avions observé une différence de radiosensibilité entre les protoplastes
provenant d’une feuille irradiée par rapport aux protoplastes irradiés tout de suite
aprés leur isolement de la feuille [6].

Les protoplastes isolés étaient moins radiosensibles que les mémes cellules
encore liées en un tissu foliaire. De nombreux artéfacts pouvaient évidemment
infirmer ce résultat, la plasmolyse des protoplastes isolés et I’abondance d’ions
calcium dans le milieu pouvant augmenter la radiorésistance des protoplastes isolés
par rapport au tissu foliaire. .

Nous avons alors essayé de comprendre quel pouvait 8tre 'effet de la densité
cellulaire sur la survie des protoplastes irradiés.

Une sous-population des protoplastes foliaires, séparée sur 15% de Percoll,

a été irradiée a des densités cellulaires croissantes et maintenues pendant 3 h a ces
densités avant d’étre remise en culture  la densité normale de 2 X 10*cellules/mL.
Cet essai a montré que la survie est beaucoup plus élevée lorsque les protoplastes
sont maintenus pendant 3 h & la densité de 1 - 108 cellules/ml, tant pour I’échantillon
irradié que pour le témoin.

Nous avons alors repris cette densité idéale et ’avons maintenue apreés
irradiation pour des temps variables de 3 a 96 heures avant la dilution 3 2 X 10*.
De nouveau, les résultats montrent qu’un temps d’incubation de 9 h serait 1’idéal
pour assurer un maximum de survie tant chez le témoin que chez Pirradié.

Il faut donc en conclure que, indépendamment de ’effet des radiations, la
survie des protoplastes augmente considérablement si ceux-ci sont gardés aprés
leur isolement pendant quelques heures a forte densité, avant d’étre dilués pour
ta culture définitive.

7.4. Différenciation

Nous avons également essayé de comprendre s’il y a une différence de radio-
sensibilité entre un tissu complétement différencié comme peut I’atre la feuille,
et un tissu jeune en pleine croissance allant vers la différenciation de plantules ou
plus simplement en pleine activité mitotique sans aucune organogenése.

Nous avons donc comparé la radiosensibilité des protoplastes de feuilles avec
celle de cals ayant 1, 2, 3 ou 4 semaines de croissance sur un milieu assurant la
prolifération ou sur un autre milieu assurant la différenciation.
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Les résultats montrent, sans ambiguité, qu’un tissu completement différencié,
la feuille, est beaucoup plus radiosensible que les jeunes cals en pleine croissance,
tandis que les cals en différenciation sont un peu plus sensibles que ceux qui ne
font que se multiplier activement.

Citons également une derniére étude [7] sur ’effet mutagéne des rayons
gamma sur protoplastes haploides de N. plumbaginifolia dont 'objectif était
d’estimer la dose nécessaire pour obtenir 10 fois plus de mutations valine-résistantes
que chez le témoin non irradié. Ce résultat est obtenu avec une dose d’environ
500 rads tant chez I’haploide que chez le diploide.

Ceci termine la revue des résultats obtenus a Ispra lors de nos essais d’irradia-
tion effectués avec Nicotiana plumbaginifolia. Nous avions travaillé initialement
avec Nicotiana sylvestris 8], mais les résultats étaient toujours moins bons, avec -
une efficacité au plating trés souvent variable d’un essai a I’autre, sans que nous
puissions en comprendre les raisons.
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EXCERPTS FROM DISCUSSION

H. DULIEU: Differences in radiosensitivity between in situ leaf cells
and cultured cells may be explained by the fact that leaf cells are in G, or G,
and not undergoing cell multiplication. Repair mechanisms in these cells will be
very active in terms of post-replication repair, rather than excision repair.

M. DEVREUX: Differences in radiosensitivity found among protoplasts
derived from different leaf parts may be reflections of the different physiological
stages of in situ leaf cells. Iso-osmotic density gradients may ledd to different
cell subpopulations exhibiting radiosensitivity differences.

F. D’AMATO: In dry seeds we also have two ‘cell populations’: those in
early G, that respond to radiation with chromosome-type aberrations and those
in late G, that respond with chromatid-type aberrations.

M. DEVREUX: Unfortunately, we have not tested cellular responses to
chemical mutagens, only to ionizing radiation.
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Abstract—Résumé

BIOLOGICAL EFFECTS OF GAMMA RADIATION APPLIED TO Weigela cv. BRISTOL
RUBY PLANTS CULTURED IN VITRO.

Weigela cv. Bristol Ruby plants cultured in vitro were irradiated with gamma rays at a
rate of 10 Gy/h to doses of 20—60 Gy. The effects of the treatment on the survival of
irradiated buds, on rhizogenesis and on the growth of cuttings were observed in vitro. All
these parameters were affected at 30 Gy. Very few buds survived a dose of 60 Gy. The
LDy, was between 40 and S0 Gy. Plants produced from the irradiated buds were cultivated
in the open air. The mutants observed in these plants appeared to be homogeneous. It is
only after two to three years of cultivation that 40% of them have proved to be periclinal
chimeras.

EFFETS BIOLOGIQUES DES RAYONS GAMMA APPLIQUES A DES PLANTES DE
Weigela cv. «BRISTOL RUBY» CULTIVEES IN VITRO.

Des plantes de Weigela cv. «Bristol Rubyy cultivées in vitro ont été irradiées par des
rayons gamma au débit de 10 Gy/h a des doses de 20 2 60 Gy. Les effets du traitement ont
été observés in vitro sur la survie des bourgeons irradiés, la rhizogenese puis I’allongement des
boutures. Tous ces parameétres sont affectés a partir de 30 Gy. Trés peu de bourgeons survivent
i une dose de 60 Gy. La DL se situe entre 40 et S0 Gy. Les plantes'issues des bourgeons
irradiés ont été élevées en plein air. Les mutants observés parmi ces plantes apparaissent
homogenes. Ce n’est qu’aprés deux a trois ans de culture que 40% d’entre eux se révelent étre
des chiméres périclines.

1. INTRODUCTION

Le Weigela est un arbustea floraison printaniére couramment utilisé. Il
appartient a la famille des caprifoliacées. Tous les cultivars ont pour origine
génétique des hybridations interspécifiques proches (génération F, ou F,). IIs
sont diploides (2n = 36), autostériles et fortement hétérozygotes, situation
favorable a I’expression d’une mutation.

"® Recherche effectuée en coopération avec ’AIEA sous le contrat n° 3593.
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Organe irradié Méristémes exploités

Bouture Axillaires normaux

a) ligneuse
racinée
Plant &gé de Bourgeons de la base
3 ans, plus ou moins annulés,
séverement néoformations sur

b) rabattu collet
Racine Néoformations sur

c) Cﬁﬁ racines

1
apica
. Plantule Apicaux et axillaires
d) 1 en tube

FIG.1. Méthodologie utilisée dans Uirradiation de différents organes de Weigela.

Traditionnellement, les cultivars de Weigela sont multipliés par bouturage
ligneux en hiver, mais ils peuvent aussi facilement s’enraciner par bouture herbacée.
Quelques cultivars sont capables d’émettre des pousses feuillées a partir des racines.
Enfin la multiplication in vitro par microbouturage a été obtenue a partir de 1975.
Ces différentes possibilités ont été utilisées en mutagenése pour tenter de préciser
le comportement de 'organe irradié et la meilleure méthodologie possible (fig.1).

Le probléme rencontré aprés un traitement mutagéne appliqué a un massif
méristématique est ’isslement de plantes mutantes stables, dérivées du phénoméne
mutationnel monocellulaire. La méthode retenue chez les plantes ligneuses |1, 2]
conduit traditionnellement a observer les pousses successives issues du fonctionne-
ment de 'apex du bourgeon traité.

La situation idéale serait de pouvoir appliquer le traitement mutagene & des
cellules 4 partir desquelles on peut régénérer des plantes. La méthode utilisant le
bourgeonnement adventif déctite par Broertjes [3] donne des résultats de ce type.
Apres irradiation de fragments de plantes, les mutants issus .de bourgeons adventifs
sont généralement homogénes. La technique est pour Vinstant limitée aux especes
capables de produire des bourgeons adventifs. La culture in vitro peut en augmenter
le nombre [4, 5].
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Les plantes de Weigela cultivées in vitro ont des méristémes de taille inférieure
a celle de leurs homologues des mémes variétés élevées en plein air [6]. Ce type
de matériel peut étre considéré comme un état intermédiaire entre les deux
situations extrémes évoquées ci-dessus. Il apparaissait donc intéressant de savoir si
un traitement mutagéne appliqué 4 des bourgeons de plantes cultivées in vitro
peut conduire a 'observation de mutants sans utiliser la procédure habituelle [2].
Pour cela nous avons irradié des plantes de Weigela cv. (Bristol Ruby) in vitro.
Nous avons enregistré les effets du rayonnement gamma sur les boutures obtenues
en fractionnant les plantes irradiées. L’effet mutagéne a été observé par la suite
sur ces boutures cultivées en plein air pendant deux ans.

2. MATERIEL ET METHODES

Des méristémes de Weigela cv. {Bristol Ruby) ont été placés en culture in
vitro suivant la méthode mise au poirt par Duron [7]. Les plantes obtenues ont
été fractionnées en boutures apicales et nodales et maintenues én culture par des
repiquages successifs tous les trois mois.

Des plantes issues de boutures apicales, dgées de deux mois et demi, ont été
utilisées dans les expériences d’irradiation. Les plantes présentant trois entre-
noeuds ont été irradiées dans le tube de culture par les rayons gamma du cobalt 60
émis par une source utilisée en radiothérapie. Du fait de son utilisation, cette
source offre un champ réduit. A un metre environ, il était possible de placer
14 tubes dans le champ. En raison de la faible épaisseur du matériel végétal
irradi¢, une plaque de plexiglass de 0,5 cm d’épaisseur est placée devant les tubes,
sur le trajet des rayons, de fagon a assurer I’équilibre électronique [8]. Toutes
les irradiations ont été faites au débit de 10 Gy/h, les doses délivrées étant
échelonnées entre 20 et 60 Gy.

Apres irradiation, les plantes ont été fractionnées en boutures apicales et
nodales n, et n, et placées sur un milieu de culture neuf. Les effets de I'irradiation
ont d’abord été notés in vitro 60 jours aprés le traitement. Seuls les bourgeons
ayant produit une tige mesurant au moins 0,5 cm ont été comptés dans le calcul
de la survie aux différentes doses. L’enracinement des divers types de boutures et
la longueur moyenne des boutures apicales ont également été enregistrés.

Les tiges issues du fonctionnement des bourgeons apicaux et axillaires ont
donc été excisées deux mois aprés le traitement et placées chacine dans un tube
distinct de fagon 4 obtenir une plante entiére.. Ces plantes ont ensuite été
transférées en serre sur un substrat horticole. L’année qui siiit I’irradiation, les
plantes sont élevées en plein air en conteneur sur un substrat composé d’écorces
de pin broyées. Chaque plante est alimentée en solution nutritive par un
dispositif automatique de goutte a goutte. Dans la majorité des cas, I’effet
mutagene ne peut étre pleinement apprécié qu’aprés deux années au moins de
culture normale.
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TABLEAU I. NOMBRE DE BOURGEONS APICAUX ET AXILLAIRES
SURVIVANTS APRES UNE IRRADIATION PAR DES DOSES CROISSANTES
DE RAYONS GAMMA APPLIQUEE A DEUX LOTS DE 14 PLANTES DE
Weigela (IR, ET IR,)

Dose (Gy) 20 30 40 50 60
IR, IR, IR; IR, IR, IR, IR; IR, IR; IR,

Bourgeon apical 14 14 8 13 8§ 11 7 3 5 1
Bourgeons 28 28 25 23 22 19 11 3 7 1
axillaires 1

Bourgeons 28 28 22 26 16 14 6 5 4 1

axillaires 2

TABLEAU II. NOMBRE DE BOUTURES-ENRACINEES ISSUES DE DEUX
LOTS DE PLANTES DE Weigela IRRADIEES A DES DOSES CROISSANTES
DE RAYONS GAMMA (IR, ET IR,)

Dose (Gy) 20 30 40 50 60
IR; IR, IRy IR, IRy IR, IRy IR, IR; IR,

Bouture apicale 14 14 12 14 14 14 8 12 4 10
Bouture nodalen; 13 14 10 14 3 12 1 9 1 3
Bouture nodalen, 14 14 8 12 4 6 4 5 2 .5

TABLEAU III. NOMBRE D’ENTRE-NOEUDS ET LONGUEUR MOYENNE
DE BOUTURES APICALES DE Weigela IRRADIEES PAR DES DOSES
CROISSANTES DE RAYONS GAMMA '

Dose (Gy) 0 20 30 40 50 60

Nombre moyen 2,2 2 1 1 1 1
d’entre-noeuds

Longueur 19,6 16,1 11,1 9,2 . 6,7 6
moyenne {mm)
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TABLEAU IV. POURCENTAGE DE MUTANTS OBSERVES PAR RAPPORT
AU NOMBRE DE BOURGEONS IRRADIES A DES DOSES CROISSANTES
DE RAYONS GAMMA

Dose (Gy) 20 30 40 50

-Mutants (%) 2,8 4,3 10 10,2

3. RESULTATS
3.1. Observation des boutures irradiées en culture in vitro
3.1.1. Survie des bourgeons irradiés

La survie a été enregistrée a la suite de deux séries d’irradiation (IR, et IR,)
pratiquées dans les mémes conditions, au débit de 10 Gy/h et aux doses de 20,
30, 40, 50 et 60 Gy 4 6 mois d’intervalle. Pour chaque lot de 14 plantes on a
donc 14 boutures apicales et 28 boutures axillaires.

Les premiers effet 1étaux apparaissent a partir de 30 Gy (tableau I). Ily a
une baisse importante du taux de survie entre 40 et 50 Gy. C’est entre ces
deux doses que se situe la DLso. La dose létale est pratiquement atteinte a 60 Gy.
11 n’est pas possible d’établir une valeur moyenne significative du taux de survie
des bourgeons avec seulement deux répétitions.

On aurait pu s’attendre a trouver une sensibilité plus importante du bourgeon
terminal en raison de son activité mitotique. Les résultats présentés ici ne le
laissent pas apparaitre.

3.1.2. Enracinement des boutures irradiées

Le tableau Il montre que lirradiation modifie Paptitude des tissus a la
base des boutures a émettre des racines. C’est pratiquement a la dose de 30 Gy
que se manifestent les premiers indices de la perte du pouvoir rhizogéne. Au dela
de 30 Gy, l'aptitude des boutures 4 émettre des racines décroit graduellement
avec la dose.

Les deux répétitions montrent une certaine variabilité des résultats pour une
méme dose. Malgré tout, le pouvoir rhizogene semble moins affecté dans les
boutures apicales que dans les boutures nodales.
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FIG.2. Un mutant couvre-sol de Weigela provenant d’un bourgeon irradié il y a huit ans
in vitro par une dose de 40 Gy de rayons gamma.

3.1.3. Longueur moyenne des boutures apicales

Le tableau III montre que la croissance des boutures est affectée de deux
fagons par les rayons gamma. L’allongement des boutures résulte & la fois de
I’élongation des entre-noeuds préformés puis de la fabrication de nouveaux entre-
noeuds par 'apex. Jusqu’a 20 Gy les boutures apicales ont produit sensiblement
le méme nombre d’entre-noeuds que les boutures témoins. A partir de 30 Gy, la
pousse ne comporte plus qu’un seul entre-noeud. L’allongement résulte alors
uniquement de I'élongation de ’entre-noeud préformé de la bouture apicale.
L’élongation elle-méme est réduite quand la dose regue par les boutures augmente.

3.2. Observation des plantes provenant des bourgeons irradiés

L’observation de ces plantes pendant au moins deux années de culture
hors-sol a permis d’identifier des mutants parmi les plantes issues des bourgeons
irradiés. La plante mutée apparait d’emblée homogéne. Pour certaines, a partir
de la 2° année de culture ou plus tardivement, des rameaux de la variété d’origine
apparaissent. Les mutants obtenus sont donc soit homogeénes, soit pour certains
en chimeére péricline.
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Le pourcentage de mutants s’accroft avec la dose (tableau IV). Il n'augmente
pas au dela de 40 Gy. Cela peut étre dii 4 une accumulation de plusieurs mutations
dans une méme plante, rendant plus difficile sa survie dans les conditions normales.
Les caractéres les plus fréquemment touchés sont la vigueur, le port, (fig.2), la
forme et la dimension des feuilles, la couleur et la taille des fleurs. Les fleurs sont
généralement plus petites. La couleur est modifiée vers des tons plus clairs ou
d’autres nuances de rouge.

Nous n’avons obtenu que peu de chiméres chlorophylliennes. Bien nettes en
culture in vitro, elles se sont révélées plus discrétes en culture normale. Dans tous
les cas observés, ces plantes panachées ont des fleurs de couleur plus claire qui
diminue leur intérét décoratif.

Nous avons également obtenu, ce qui est plus rare, un mutant tétraploide a
la suite d’une irradiation 4 40 Gy. Cette observation peut se rapprocher d’un
résultat semblable obtenu sur la mire [9].

4. DISCUSSION — CONCLUSION

L’irradiation de plantes entiéres de Weigela cultivées in vitro a permis de
recueillir les premiéres observations chez cette espéce sur la réaction des
bourgeons et des tissus 4 des doses croissantes de rayons gamma. Au débit de
10 Gy/h, les bourgeons se sont montrés relativement résistants a des doses allant
jusqu’a 60 Gy. Les tabacs cultivés in vitro, irradiés par Mousseau et al. [10],
supportaient une dose létale du méme ordre.

Les bourgeons des plantes cultivées in vitro sont un peu plus sensibles aux
rayons gamma que les bourgeons dormants de la méme variété, qui supportent des
doses de 50 et 70 Gy [2].

La rhizogenése est perturbée de fagon croissante quand la dose augmente.
Le pourcentage d’enracinement commence 4 diminuer & partir de 30 Gy.
Remarquons que c’est a cette dose que se manifestent les premiers signes de
mortalité des apex caulinaires. Il semble que la rhizogenése soit moins perturbée
chez les boutures apicalés que chez les boutures nodales. Malgré la variabilité
importante enregistrée aux cours des deux irradiations, les boutures apicales sont
toujours plus nombreuses a4 émettre des racines que les boutures nodales. Peut-
étre est-ce la réponse tissulaire & I'influence hormonale liée & Pactivité de I'apex
terminal, et en particulier de I'auxine.

Le fonctionnement de ’apex est perturbé par des doses supérieures a 20 Gy.
Jusqu’a cette dose, I’allongement résulte a la fois de la fabrication de nouveaux
entre-noeuds et de ’élongation d’un entre-noeud préexistant. Au dela de 20 Gy
et pendant la durée de ’observation, ’allongement des boutures apicales se fait
uniquement par I’élongation de I’entre-noeud préformé.

On peut donc dire que les boutures de Weigela in vitro supportent sans
dommage pour les trois caractéres évoqués des doses de rayonnement de 20 Gy.
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Au dela, les 1ésions occasionnées par les rayons gamma ont des incidences qui se
manifestent sur la survie, la rhizogenése et I’élongation des boutures.

L’observation des plantes issues des bourgeons irradiés a révélé la présence
de mutants. Les plantes mutées ont d’emblée un aspect homogéne, mais certaines
se sont révélées en chimére péricline aprés deux a trois années de culture. L’origine
des rameaux de phénotype parental laisse penser que les cellules ayant conservé
les caractéres de la variété d’origine sont situées dans les couches profondes. Il faut
donc supposer que dans tous les cas aprés irradiation ’apex s’est reconstitué
exclusivement ou en majorité & partir d’'une cellule mutée. Toutefois il n’est pas
exclu que des mutations en position sectoriale aient pu échapper a notre observation.
Pour s’en assurer, il faudrait procéder suivant la technique décrite par Decourtye [2].
Ce point mériterait d’étre élucidé si 'on veut tirer le meilleur parti du traitement
mutagéne.

Par rapport a la méthode classique [2], la mutagenése induite par irradiation
de plantes cultivées in vitro peut présenter certains avantages. Les mutants peuvent
étre décelés directement par ’observation des pousses issues des bourgeons irradiés.
On diminue ainsi la quantité de plantes 4 manipuler et a élever. L’irradiation
de plantes in vitro n’évite pas la formation de mutants en chimére péricline, qui
représentent dans nos expériences un peu moins de la moitié¢ des mutants
observés. Un autre intérét pratique est la possibilité d’irradier les plantes avec
une source de rayons gamma utilisée en radiothérapie. Le nombre de plantes
irradiées simultanément est réduit en raison des caractéristiques du champ offert
par la source. Si, au lieu de plantes, on place des boutures en boites de Pétri, il
est alors possible d’accroftre considérablement le nombre de bourgeons qui peuvent
étre irradiés simultanément.
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EXCERPTS FROM DISCUSSION

L. DECOURTYE: In vitro cultures of apical and axillary meristems seem to

represent good possibilities for reducing chimerism following mutagen treatment.
No sectorial and only a few periclinal chimeras were observed.

A. SONNINO: Reduced rooting of irradiated axillary bud culture, compared

with apical bud culture, may be related to the smaller volume of axillary meristems.
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Abstract

X-RAYINDUCED MUTABILITY IN EMBRYOGENIC SUSPENSION CULTURES OF
Euphorbia pulcherrima.

In model experiments embryogenic cell suspensions of poinsettia (Euphorbia pulcherrima)
were X-irradiated to induce as high mutability as possible. For this purpose, a poinsettia
idiotype heterozygous for anthocyanin synthesis (WHwh) was chosen. Induced homozygous
whwh mutants could be easily identified in vitro by anthocyanin-free petiols of developing
shoots. X-irradiation of immobilized embryogenic cells with doses between 10 and 60 Gy
resulted in decreasing survival rates down to 11% (unirradiated control = 100%). The mutation
rates (the percentage of whwh mutants related to the total number of regenerated plants) rose
with increasing X-ray doses. The highest mutation rate of 8.9% was obtained after 60 Gy
treatment. The divergence between the survival and mutation rates caused by increasing X-ray
doses complicates the decision as to what X-ray dose should be applied in practice. Thus, the
‘relative effectivity’ of mutagenic treatment has been evolved. Based on the quotient ‘number
of mutants per number of irradiated units’, the calculated value for the 10 Gy irradiation was
put at 1.0. The relative effectivity for treatments at 20, 30, 40 and 60 Gy was 2.0, 3.1, 4.4
and 1.4, respectively. Fractionated applied X-ray doses (2 X 20 Gy and 3 X 20 Gy), interrupted
by intervals for recovery of between 0.5 and 28 h, resulted in increasing survival rates compared
with acute irradiation. The highest relative effectivity (6.3) was obtained after 2 X 20 Gy
irradiation with an interruption of 1 h. Any further extension of the time for recovery did not
increase the relative effectivity of the treatment. It is assumed that in poinsettia the mutation
of the WH locus can be used as a marker for the overall inducible mutability, including physio-
logical characters of horticultural interest.

* Research carried out in association with the IAEA under Research Agreement No.3563.

113



114 KLEFFEL et al.

1. INTRODUCTION

In many cases, methods of mutation induction and selection of mutants are
morte easily applied to in vitro cultures than to cuttings or other vegetative parts
of plants. This results in a reduction in the inputs necessary for breeding pro-
grammes by reducing space requirements and by shortening the period up to the
introduction of new cultivars.

If the inducible genetic variability has to be estimated in model experiments,
the mutation-induction procedure should start from single-cell cultures of high
regenerative capacity. Today, however, such cultures are generally restricted to .
some members of the Solanaceae family and a few genera of other families. In
most of the species that are of agronomic and horticultural importance, in vitro
mutagenesis starts from multicellular units, such as calli, or from different kinds
of organized tissue cultivated either on solid or in liquid media. Therefore, the
reproducible quantification of the effects of mutagenic treatments, e.g. survival
rates or mutation frequencies, remains difficult. Some of these problems can be
overcome using heterogeneous suspension cultures, which contain a constant
number of embryogenic single cells or microclusters per millilitre to be regenerated
to whole plants. Such embryogenic suspension cultures of poinsettia (Fuphorbia
pulcherrima) were used in the experiments described below.

It was the purpose of this investigation to develop methods for the induction
of high mutation rates. For the measurement of the effects of different X-ray
treatments, a poinsettia idiotype was chosen that was heterozygous for antho-
cyanin synthesis (WHwh). Induced, homozygous whwh mutants can be identified .
by the anthocyanin-free petiols of the expanding leaflets during the early stages
of in vitro shoot regeneration. This easily recognizable genetic change was used
as a marker to determine the mutation rates induced by increasing X-ray doses
or fractionated applied irradiation.

2. MATERIAL AND METHODS

The red poinsettia cultivar Angelika , heterozygous for the anthocyanin
locus WH [1], was used in all of the experiments.

2.1. Callus and cell-suépension culture

Defoliated shoots were sterilized for 10 min in a 3% NaOCl solution and
then rinsed three times for 10 min each in sterilized tap water. The shoot tips
(of 0.5 mm) and three stem segments below the tip (0.5 mm each) were placed,
for callus formation, on Murashige and Skoog (MS) agar medium containing
2.0 ppm indole-3-acetic acid (IAA), 0.2 ppm 6-benzylaminopurine (BAP) and
3% sucrose. The following environmental conditions were applied: a constant
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temperature of 24°C; light intensity: 1000 Ix, fluorescent lamps: Philips TL 34,
for 18 h/d. After three weeks, explants producing compact callus were trans-
ferred to a liquid medium of the same composition and maintained at 100 rev./min
on a gyratory shaker. Twenty days later, cell aggregates were separated by filtration
and retransferred to the MS agar medium for the development of friable callus.
This callus was the source of fast-growing stock suspensions that were subcultured
every two weeks, after filtration through stainless steel sieves of 500 um mesh
width and replacement of two-thirds of the volume by fresh medium.

A phytohormone composition of 1.0 ppm IAA, 0.1 ppm 4-chlorophenoxy-
acetic acid (CPA) and 0.2 ppm BAP yielded suspension cultures with a high
percentage of single cells (80-90%). Somatic embryogenesis could be induced in
these cultures by changing the phytohormone concentrations, to 0.2 ppm CPA
and 0.2 ppm BAP, and extending the subculture period to four weeks. Before
plating on ‘soft> agar medium, the number of embryogenic cells, or microclusters,
was adjusted to 10® mL™. In each Falcon dish (diameter 5 cm), | mL of cell
suspension was mixed with 1 mL MS agar medium (2.0 ppm IAA, 0.2 ppm BAP)
kept liquid in a water bath of 40°C. The final agar concentration (Oxoid agar
No.1) was 0.4%. The plating efficiency, i.e. the number of developed globular
embryoids related to the total number of plated embryogenic cells or microclusters,
was about 20%.

2.2. Irradiation procedure and mutant selection

Immediately after plating, the immobilized cells were X-irradiated with
doses between 10 and 60 Gy, using an X-ray machine (Miiller MG-300; 20 mA,
100 kV, 1.7 mm Al filter, dose rate: 0.9 Gy/min). Developed embryoids (1 mm)
were counted after 35 d. The survival rate was defined as the percentage of
growing embryoids related to the untreated control (equal to 100%). All surviving
embryoids were transferred to fresh MS medium containing 2.0 ppm IAA and
0.2 ppm BAP. Embryogenesis was interrupted by this procedure, inducing .
simultaneously the development of secondary embryogenic and/or organogenic
callus. The appearance of chimeras was thus completely avoided. One shoot
per embryoid was regenerated for the determination of induced anthocyanin-
defect mutants. Anthocyanin-free plants were grown in the greenhouse in order
to confirm the mutant in the reproductive phase of plant development.

The mutant rate was calculated as a percentage of whwh mutants among
the total number of regenerated plants. The ‘factor of effectiveness’ (FE) [2],
defined as :

Number of mutants

E=—— : : X 100
Number of irradiated embryogenic cells or microclusters '

was calculated for every X-ray treatment and then transformed to the term
‘relative effectivity’ (RE), which is based on the FE of the 10 Gy dose (1.0).



116 KLEFFEL et al.

TABLE I. INFLUENCE OF X-RAY DOSES ON THE SURVIVAL RATE OF
EMBRYOIDS

X-ray dose (Gy) 0 10 20 30 40 50 60
Survival rate (%) 100 81 62 51 39 20 11

TABLE II. PERCENTAGE OF X-RAY-INDUCED whwh MUTANTS

X-ray dose (Gy) 0 10 20 30 40 60
No. of regenerated plants 316® 474 365 712 1075 416
No. of whwh mutants 0 4 8 30 83 37
whwh mutants (%) 0 0.8 2.2 4.2 7.7 8.9

4 1In a separate set of experiments, 737 plants were obtained from unirradiated WHwh
suspension cultures. Among these plants, no spontaneous whwh mutants were found.

3. RESULTS
3.1. Radiosensitivity of embryogenic cells

For the measurement of the radiosensitivity of embryogenic suspension
cultures, immobilized cells were irradiated with increasing X-ray doses, and 35 d
later all growing embryoids larger than 1 mm were counted. The survival rates
in relation to the untreated control (equal to 100%) are summarized in Table I.

From these data, the lethal dose for 25% of the embryoids (LD,s) was calcu-
lated to be about 13 Gy. "For LD, and LD, values of 30 and 48 Gy, respectively,
were derived. A

3.2. X-ray-dose-dependent mutation rate

Among plants regenerated from irradiated embryoids, all anthocyanin-free
whwh mutants were selected (Table II).

These experiments demonstrate a well-known correlation: increasing X-ray
doses resulted in an increase in induced mutations. The highest mutation rate
‘was obtained by the 60 Gy dose. However, increasing X-ray doses not only cause
an increase in mutability, but also result in a decrease in the survival rate. There-
fore, the determination of relative effectivity can aid in deciding which X-ray dose
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TABLE III. INFLUENCE OF INCREASING X-RAY DOSES ON RE

X-ray dose (Gy) 0 10 20 30 40 60
RE 0 1.0 2.0 3.1 4.4 1.4

TABLE IV. INFLUENCE OF FRACTIONATED IRRADIATION ON SURVIVAL
RATE AND RE

Time interval (h) 0 - 0.5 1 28
X-ray dose
(2 X 20 = 40 Gy) Survival rate (%) 39 44 46 49
RE 4.4 4.9 6.3 6.3
Time interval (h) 0 2 12 24
X-ray dose
(3 X 20 = 60 Gy) Survival rate (%) 11 23 29 31
RE 1.4 1.9 2.1 3.3

should be applied in practical mutation-induction experiments. The calculated
RE values exhibited a nearly linear increase up to the 40 Gy treatment, followed
by a remarkable decrease as a result of the 60 Gy treatment.

Table III demonstrates the fourfold increase of RE after a 40 Gy treatment,
as compared with 10 Gy irradiation. The ‘effectivity’ of the 60 Gy treatment
(RE = 1.4) was considerably reduced by the low survival rate (11%), although a
relatively high mutation rate of 8.9% was determined.

3.3. Influence of fractionated X-ray doses on survival rate and RE

Investigating the influence of split X-ray doses on survival rates, i.e. on the
repair of radiation-induced damage, the 40 Gy dose was applied in parts of 2 X 20 Gy,
interrupted by intervals of 0.5, 1 and 28 h. The 60 Gy treatment was split into
3 X 20 Gy doses administered at intervals of 2, 12 and 24 h (Table IV).

In both experiments, fractionated X-ray application resulted in increasing
survival rates compared with acute dose treatments. The repeated irradiation
with 2 X 20 = 40 Gy doses, interrupted by an interval of 28 h, yielded a 10%
higher survival rate than that observed after acute irradiation at 40 Gy. The
highest RE value (6.3) was calculated in the case where the second 20 Gy dose
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had been applied after a one-hour period. An extension of the interval between
the two 20 Gy split doses of up to 28 h could not further improve the repair
of radiation-induced damage. '

The 3 X 20 = 60 Gy treatment, interrupted by periods of 2, 12 or 24 h,”
resulted in an increase in RE values of 1.9, 2.1 and 3.3, respectively. The survival
rates increased from 11%, after acute irradiation of 60 Gy, to 23, 29 and 31%
after application of three subsequent 20 Gy irradiations interrupted by periods of
2,12 0r 24 h.

4. DISCUSSION

The induction of high mutation rates is one important prerequisite for the
in vitro selection of rare physiological mutants tolerant of various environmental
stress factors, e.g. suboptimal temperatures or diverse toxic substances. Some
data on mutation frequencies were reviewed by Maliga et al. [3]. In most cases,
however, no information is available on spontaneous or induced in vitro mutability
of agronomically and horticulturally important characters expressed at the whole-
plant level. ‘

In some experiments, described earlier [4], cold-tolerant mutants could be
selected after 25 Gy irradiation of Chrysanthemum and poinsettia cell suspensions
screened at low-temperature regimes. Among 24 induced mutants of Chrysanthe-
mum cv. Puck an early flowering idiotype was found, morphologically identical
to the original cultivar. The differences in the floral development between Puck
and the mutant increased with decreasing temperatures. Puck was delayed more
than four weeks when cultivated at 10°C day and night temperatures. After
greenhouse tests over three years, the mutant has now been introduced in practice,
replacing the original cultivar. Recently, Broertjes and Lock [5] reported on
radiation-induced low-temperature-tolerant mutants of Chrysanthemum regenerated
from pedicel explants. Up to now, in poinsettia, however, the induction and
selection of cold-tolerant mutants was less efficient. Although clones of three
selected plants proved to be better adapted to low temperatures than the original
cultivar Preduza , the improvement was only a small one [4]. This was determined
by the number of leaves shed under low-temperature stress in the greenhouse.
Therefore, the efficiency of mutagenic treatment had to be improved in this
species. , . ,

The development of the most efficient irradiation procedure using ionizing
radiation should be based on the following considerations. Increasing radiation
doses induce an increase in point and chromosome mutations. In general, chromo-
some breakages lead to a loss of vitality of the organism.. Therefore, methods

have to be applied which warrant a high point-mutation rate and a low number

of chromosome mutations. The determination of survival rates after irradiation
provides the opportunity to arrive at a conclusion on the radiosensitivity of the
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in vitro system under investigation. For these purposes, standardized methods
for in vitro cultures, as well as for irradiation procedure, have to be developed.
Such standard methods render it possible to quantify the mutation rates of
monogenic inherited traits, which can be used as markers for the estimation of
totally inducible mutability, including characters influencing physiological
responses to various environmental stress factors, e.g. cold tolerance expressed
at the whole-plant level.

The use of embryogenic cell cultures has several advantages in introducing
valuable traits. Compared with callus cultures, plants regenerated via somatic
embryogenesis were remarkably uniform [6]. This assisted in distinguishing
between spontaneous and radidtion-induced mutability. Furthermore, embryo-
genic cultures contribute to the standardization of regeneration procedures,
following discrete steps from embryogenic cells to the whole plant.

In our experiments the transfer of globular embryoids onto fresh medium
containing 2.0 ppm IES and 0.2 ppm BAP caused an interruption of somatic
embryogenesis, followed by intermediate callus production and secondary regener-
ation of embryoids and/or adventitious shoots. Thus the occurrence of undesired
chimeras could be completely avoided.

The rates of anthocyanin-defect mutants (whwh) after X-irradiation with
doses between 10 and 60 Gy were relatively high. Therefore, only a small number
of regenerated plants per treatment (Table II) was needed for the determination
of the influences of different X-ray doses on mutability.

These results demonstrate that embryogenic cell suspensions of poinsettia,
that are heterozygous for anthocyanin synthesis (WHwh), are very suitable for
the investigation of mutagenic effects induced by different X-ray doses. The
mutation rate can be estimated at the early stages of in vitro plant development.

For practical mutation breeding with the aim of developing low-temperature-
tolerant poinsettia cultivars, an X-ray dose of 40 Gy, applied as split doses
(2 X 20 Gy), to embryogenic cell suspensions can be recommended. The period
between the two mutagenic treatments should last one hour or more. The
effectivity of different screening methods for cold tolerance after X-irradiation
remains to be investigated, as already mentioned [7].

ACKNOWLEDGEMENTS

This project was partly supported by Deutsche Forschungsgemeinschaft
(DFG). The authors wish to thanlk Kerstin Klimmeck for expert technical
assistance.



120 KLEFFEL et al.

REFERENCES

[1] STEWART, R.T., Inheritance of bract colour in poinsettia, J. Hered. 51 (1960) 175.

] WALTHER, F., “Effectiveness of mutagenic treatments with ionizing radiation in barley”,
Induced Mutations in Plants (Proc. FAO/IAEA Symp. Pullman, 1969), IAEA, Vienna
(1969) 261.

[3] MALIGA, P., SIDOROV, V.A., CSEPLO, A., MENCZEL, L., “Induced mutations in
advancing in vitro culture techniques”, Induced Mutations — A Tool in Plant Research
(Proc. FAO/IAEA Symp. Vienna, 1981), IAEA, Vienna (1981) 339,

[4] PREIL, W., WALTHER, F., ENGELHARDT, M., Breeding of low temperature tolerant
poinsettia (Fuphorbia pulcherrima) and Chrysanthemum by means of mutation induction
in in vitro culture, Acta Hortic. 131 (1983) 345,

[5}] BROERTIES, C., LOCK, L., Radiation-induced low temperature tolerant solid mutants
of Chrysanthemum morifolium Ram, Euphytica 34 (1985) 97.

[6] HANNA, W.W., LU, C., VASIL, LK., Uniformity of plants regenerated from somatic
embryos of Panicum maximum Jacq. (Guinea grass), Theor. Appl. Genet. 67 (1984) 155.

[7] WALTHER, F., PREIL, W., “Mutants tolerant to low-temperature conditions induced
in suspension culture as a source for improvement of Euphorbia pulcherrima Willd. ex
Klotzsch”, Induced Mutations — A Tool in Plant Research (Proc. FAQO/TIAEA Symp.
Vienna, 1981), IAEA Vienna (1981) 399,



IAEA-SM-282/49

EFFECTS OF GAMMA RADIATION
ON MORPHOGENESIS AND MUTAGENESIS
IN CULTURED STEM EXPLANTS OF POPLAR*

G.C. DOUGLAS

The Agricultural Institute,
Kinsealy Research Centre,
Dublin, Ireland

Abstract

EFFECTS OF GAMMA RADIATION ON MORPHOGENESIS AND MUTAGENESIS IN
CULTURED STEM EXPLANTS OF POPLAR.

Stem explants of poplar consistently produced adventitious buds when cultured in vitro
on basal medium with 3% sucrose, in the absence of exogenous growth regulators. Morphological
variation, in the form of chlorophyll deficiency, was induced by irradiating explants with gamma
rays from a 137Cs source. Bud formation decreased with increasing dose, resulting in a fivefold
inhibition, at 3000 rad, and the greatest number of potential mutants per cultured explant.
Irradiated explants cultured on medium supplemented with zeatin produced more shoots than
those cultured on basal medium. The frequency of putative mutants, however, did not sub-
stantially increase with cytokinin supplements. When explants were recultured on both basal
and zeatin-supplemented media, a second set of adventitious buds were obtained. Bud pro-
duction was significantly reduced in recultured explants. However, the frequency of mutated
shoots was increased. The presence of wild-type shoots on explants inhibited development of
shoots from mutant buds and several media were tested to determine conditions for the
independent culture of excised buds. Wild-type shoots did not inhibit differentiation of
chlorophyll-deficient shoots produced spontaneously by two-year-old callus cultures. The
culture of regenerating calli, at low light intensities, may have facilitated survival of mutants.
Only 26% of rooted wild-type shoots from irradiated explants survived transfer to the glass-
house. Among 19 plants from irradiated explants, none showed evidence of morphological
variation.

INTRODUCTION

Mutation breeding can be useful for the alteration of one or a few charac-
teristics, particularly with vegetatively propagated species. With ornamentals, a
simple change in flower colour [1] or the absence of pollen production [2] can
be economically valuable. Members of the genus Populus are valuable in forestry
and are usually propagated vegetatively. Development of techniques to produce
mutants of high-yielding clones for increased disease resistance, capacity to
coppice and for altered morphological habits are highly desirable. In addition,

* Research carried out with the support of the IAEA under Research Contract No.3077.
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the production of biochemical or morphological markers, such as chlorophyll
deficiencies, are useful for the recovery of somatic hybrids following protoplast
fusion [3]. ‘

Poplars have a high capacity to resprout after cutting of stumps, and observations
by Broertjes and Van Harten [4] showed that split branches readily regenerated
shoots. Early studies reported somatic mutations, such as variegated leaves and
chlorophyll deficiencies in poplar plants after chronic gamma radiation {5].
The ability of poplar callus [6] and its stem explants (cultured in vitro) [7] to
form adventitious buds makes this important genus suitable for experimental
induction of mutants by radiation.

This study reports on the effects of gamma radiation on morphogenesis
and mutant formation in cultured explants of poplar. Conditions for culturing
adventitious buds and regenerating plants from two-year-old calli are also
presented.

MATERIALS AND METHODS

The source of gamma rays used was '3 Cs. The facility consisted of a
radiation cell 6.8 cm in diameter and 15.0 cm deep. The dose rate was calibrated
according to the method of Weiss {8]. The rates obtained were 264 rad/min in
an unshielded cell and 25.5 rad/min if the cell was surrounded by a sleeve of lead
2 cm in thickness.! The dose rate was uniform throughout the cell. The facility
required manual lowering and raising of the source, which made precise dose
administration difficult to achieve.

For adventitious bud formation, stem explants were obtained from actively
growing shoots of poplar. A clone of Populus hybrid TT32 (P. trichocarpa X
P. tacamahaca) was used for irradiation experiments. Young shoots were obtained
from dormant cuttings, which were cold-stored (3—5°C) until required. Cuttings
23 cm in length were inserted (five per 22.5 cm diameter pot) in potting compost
and placed in a growth chamber. After two weeks they were dis-budded, leaving
one bud per cutting to develop into a shoot. Young shoots (7—8 weeks old)
were harvested and stem internodes were surface sterilized and cultured, as
described previously. {7].

Stem-internodal explants 6 mm in length were excised and cultured with the
physiological basal end of the explant inserted in agar-solidified media. The basal
medium consisted of a modified Murashige and Skoog (MS) {9] formulation with
3% w/v sucrose [7]. Explants from the first three internodes, counting from the
shoot apex, were not used. Explants were cultured under a 16 hour photoperiod
provided by cool, white fluorescent lights (Thorn), with a photon fluence rate of

! 1rad=1X1072Gy.
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63 umol-m™2-s7! and 4 temperature of 21 +'1°C. Adventitious buds and shoots
were counted after four-five weeks of culturing.

Calli were initiated using 6 mm stem internodes cultured on MS medium
containing 2% (w/v) sucrose and supplemented with 2,4-dichlorophenoxyacetic
acid (2,4-D) (0.3 mg/L) and zeatin (0.1 mg/L). Calli were subcultured every
four-five weeks on fresh medium for one year. Prior to regeneration, the calli
were subcultured twice at monthly intervals on MS medium supplemented with
2,4-D (0.1 mg/L), zeatin (0.1 mg/L) and sucrose (2% w/v). For shoot induction,
calli were then transferred to MS medium with benzyladenine (BA) (0.5 mg/L),
indolebutyric acid (IBA) (0.1 mg/L) and sucrose (3% w/v).

For irradiation studies, stem explants were prepared as described above
and exposed to gamma rays within 24 hours of culture. Thereafter, they were
cultured in darkness for two days before transfer to light. A range of radiation
doses was obtained by varying the exposure time. Potential mutants, such as
chlorophyll-deficient shoots, and morphological aberrations in green shoots, such
as distorted and elongated leaves, were recorded after four-five weeks.

RESULTS AND DISCUSSION

Stem explants of poplar produced adventitious buds when cultured on MS
medium in the absence of exogenous growth regulators. This response was
controlled by a number of parameters, including the genotype, the length of

FIG.1. Stem explant (top view) with adventitious buds (small arrows) after 14 d (X15).
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TABLE I. EFFECTS OF RADIATION ON SHOOT AND MUTANT
FORMATION IN CULTURED STEM EXPLANTS OF POPLAR

Dose No. of Total No. of No. of normal + No. of putative

(rad) explants normal shoots mutants/explants mutants/explants®
0 47 333 7.3 0.03

1000 47 257 5.0 0.09

2000 47 158 3.7 0.10

2500 47 87 2.1 0.13

3000 50 24 0.6 0.29

2 Chlorophyll deficiencies and morphological aberrations in shoots were scored as putative

mutants.

the explant, the orientation of the explant on the culture medium and the origin
of the explant on the donor shoot [7]. Bud differentiation proceeded by pro-
liferation of cambial- and phloem-associated cells, resulting in a wedge of
parenchymatous tissue after five days of culture. Buds were visible after

10—12 days (Fig.1). These subsequently differentiated further, but only one

or two per explant developed into a leafy shoot with a normal stem axis.

The effects of increasing doses of radiation on morphogenesis and the
appearance of potentially mutant shoots are summarized in Table I. Shoot
formation decreased with increasing doses of radiation and was almost completely
suppressed at 3000 rad. The number of potentially mutant shoots produced
‘also increased with dosage and gave a maximum of 0.29 mutants per explant,
at 300 rad (Table I). Over 90% of the potential mutants were either albino or
chlorophyll deficient (Fig.2). In addition, some green shoots with distorted
leaves also appeared. Chlorophyll-deficient shoots grew more slowly than green
shoots. ‘ ‘

The morphogenic capacity of explants was potentiated by supplementing
the medium with zeatin [10]. To assess the effects of low ‘concentrations of
zeatin on irradiated explants, a second experiment was carried out (Table II).

In agreement with our first experiment, at high doses (2300—3300 rad) the
capacity for shoot formation declined (Table II). Unlike our previous experiment,
however, there was no increase in the frequency of mutant shoots with increasing
dose (Table II). The presence of zeatin increased bud formation per explant.
Zeatin did not, however, consistently or substantially increase the frequency of
mutant shoots (Table II). Explants from this experiment were recultured on fresh
medium. Buds produced during the primary culture were excised prior to














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































