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I. INTRODUCTION

Vascular plants are characterized by a unique feature in development and growth, i.e.,
the localization at the end of axial organs of embryonic tissues, the apical meristems, which
all through the life of the individual form new tissues and organs (shoots, leaves, roots)
which are added to those formed during embryogenesis. Because of this, plants have some-
times been defined as organisms with continued embryogenesis or "recurrent ontogene-
sis."1-2 Recurrent ontogenesis has two important developmental consequences; first, no
separation exists between germ line and soma, any somatic cell being a potential progenitor '
of a new individual. This capacity is most clearly expressed in the ability of plant cells to
produce a complete plant via adventitious embryogenesis and/or adventitious bud formation
both in vivo and in vitro.3"5 Second, the shoot apical meristem acts as a place of storage for
the genetic information of the plant, which in seed plants (phanerogams) is delivered to the
germ line (more properly, the microsporogenous and megasporogenous cells) in the flower
at the time of transition from the vegetative to the reproductive phase (phase change).1

Since the meristems are the forerunners of the germ line, genetic stability of the meristem
cell line is the prerequisite for the genetic stability of the germ line. Important factors of
genetic stability in meristems seem to be (1) the strict control of the sequence of DNA
synthesis and mitosis which does not allow, in the vast majority of plants, the extra dupli-
cations of DNA (endoreduplication) which are responsible for somatic polyploidy; and (2)
the continuous cell division which eliminates at least part of the spontaneously occurring
chromosome structural changes and genetic defects impairing the reproductive integrity of
cells.1 In angiosperms, the use of periclinal chimeras, especially cytochimeras, allows tracing
of the ontogeny of the germ line. It is now clear that in the dicotyledons the sporocytes
(micro- and megasporocytes) are derived from the second cell layer (histogenic layer II or
L2) in the shoot apex. In monocotyledons (only a few species have been studied until now),
the megasporocytes are derived from L2 and the microsporocytes are derived from L3 or
from L2 and L3. Thus, whether or not a somatic cell enters the reproductive lines in the
flower strictly depends upon its localization in a defined apical layer at the time of phase
change.2 Obviously, these developmental features and others (to be discussed later) need to
be taken into consideration when studying plant regeneration in vitro in its various
consequences.

A. Genetic Stability of Meristems and In Vitro Plant Cloning
The genetic stability of shoot apices (both terminal and axillary) can be, and indeed is,

utilized in in vitro plant propagation. Following the now classical experiments of Morel6 on
orchids, the production of meristem derived clones (mericlones) has been achieved in a very
large number of plant species including ornamentals, vegetable crops, fruit crops, trees, and



74 CRC Critical Reviews in Plant Sciences

some agronomic crops.7 Observations made on mericlones show that meristem culture usually
gives security for obtaining plants true to the type of the mother plant; the frequency of
variants in mericlones seems to be comparable to that which can be observed when using
traditional methods of propagation.7-8

Genetic, or at least phenotypic, uniformity has been reported for plants of Festuca, Lolium,
Phleum, and Dactylis regenerated from floret primordia which consist of meristematic tis-
sues.9 Also, potentially meristematic tissues at the base of scales and leaves in monocoty-
ledons, e.g., Allium cepa and Narcissus, apparently ensure genetic uniformity of plants
regenerated via adventitious buds.10-" Of 226 shoots regenerated in A. cepa, 225 were
diploid and only one was tetraploid.l0

An important point to be stressed is that assurance of genetic uniformity in mericlones is
strongly dependent on techniques that avoid the formation of calli, a common source of
genetic variation.810" Thus, e.g., in Asparagus officinalis, plants propagated from meristem
cultures are all diploid,12 whereas plants regenerated from callus and suspension cultures
are either diploid or tetraploid, but the tetraploids predominate.13-14

II. NUCLEAR CYTOLOGY OF TISSUE CULTURES

By applying appropriate techniques, the most varied types of tissues and cells in an
extraordinary number of plant species have been grown in vitro using solid and/or liquid
culture media. In seed plants, in vitro cultures have been obtained from such diverse materials
as ovaries, ovules and nucelli, excised embryos, seeds, differentiated portions of roots,
stems, rhizomes, tubers, bulbs, bulbils, leaves, flowers and inflorescences, meristems, pith
parenchyma, secondary phloem, tumor tissues, pericarp and endocarp of fruits, endosperm,
female gametophytes of gymnosperms, anthers and pollen grains, wall-deprived cells
(protoplasts).5

When plant cells and tissues are explanted in vitro on hormone containing media, they
can be induced to proliferate and form an unorganized tissue mass; the callus. Calli can be
subcultured and maintained indefinitely in vitro or they can be dissociated into single cells
and/or cell clumps to produce long-term suspension cultures.

In a discussion on the nuclear cytology of cultured cells, three points deserve particular
consideration, i.e., (1) nuclear conditions in vivo, that is in the original explant; (2) nuclear
processes occurring at the time of callus induction (dedifferentiation); and (3) nuclear con-
ditions in callus and suspension cultures.

Reviews on the chromosomal status of cell and tissue cultures have been published
recently.15"17

A. Nuclear Conditions In Vivo
/ . Polysomaty

Since most explants contain differentiated tissues or cells,5-13 information on the nuclear
cytology of cell differentiation in vivo is of particular importance.2-18-20 It is now known
that in gymnosperms and about 10% of the angiosperms studied so far, cells and tissues
differentiate in a diploid state. In general, the differentiated cell nuclei are left with the same
DNA content which they had at the end of the mitosis immediately preceding cell differ-
entiation; that is, the 2C DNA content which is typical of the pre-DNA synthesis phase (G,)
of the diploid cell cycle (in haploids, G, = 1C). Only rarely, do differentiated cells replicate
their DNA to attain the 4C DNA content corresponding to the post-DNA synthesis phase
(G2) of the diploid cell cycle. Among angiosperms, species characterized by histological
differentiation in the diploid state (they can be defined "non-polysomatic", see below) are
rather common in the families Apiaceae and Asteraceae.20'22 The accumulation of non-
polysomatic species in certain genera and families indicates a genotypic control of nuclear
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stability at the diploid level.2 One evidence for such a genotypic control is provided by the
occurrence in sunflower (Helianthus annuus) of non-polysomatic varieties and varieties in
which somatic polyploidy due to chromosome endoreduplication occurs in differentiated
cells of different organs.23

In pteridophytes and the vast majority (about 90%) of angiosperms, at least part of the
somatic cells undergo chromosome endoreduplication concomitant with differentiation. The
degree of endoreduplication may vary from tissue to tissue and in a given tissue is not
generally uniform: a variable number of cells may not endoreduplicate (2C and 4C nuclear
DNA content) while other cells may undergo a different number of endoreduplication cycles
(8C, 16C, 32C, 64C, etc.). During the process of histological differentiation in different
organs, meristematic tissues (pericycle, procambium, cambium) remain diploid and when
not dividing generally rest in 2C (G,). This mixture of cells with different ploidy levels
(polysomaty) in vivo has been extensively analyzed by applying mitosis stimulating methods,
especially wounding and phytohormone treatment. Under the mitogenic stimulus, some cells
enter mitosis with 2n normal (2-chromatid) chromosomes (monochromosomes), others with
2n diplochromosomes (4-chromatid chromosomes) or with 2n quadruplochromosomes (8-
chromatid chromosomes). Cells with higher endoreduplication levels (32C, 64C) are induced
into mitosis occasionally, or not at all.2-18

2. Aneusomaty
In some plants, the aplical meristems, and consequently the differentiated tissues, comprise

cells with two to several or even many different aneuploid chromosome numbers, sometimes
in addition to the euploid number (aneusomaty). Aneusomaty involves normal (A), not B
chromosomes; it is known to occur in both wild and cultivated species. The following
examples may be cited: Poapratensis,24 Orobanche gracilis,25 Hymenocallis calathinum,26

the clone H50-7209 of sugarcane27-28 and an autotetraploid clone (2n=4x =32)* of Ribes
nigrum.29 In natural populations of Poa in the Netherlands, practically all individuals were
aneusomatic (the difference between the lowest and highest chromosome number in one
plant was 9), whereas aneusomatic individuals represented 64% of the natural populations
of Orobanche.2*-25 The range of chromosome number variation in the root tips of Hymen-
ocallis and Ribes was found to be very wide: from 23 to 83 in the former and from 4 to 32
in the latter. In both species, which also show aneusomaty in their pollen mother cells, the
chromosome number variation mostly depended on the organization from a prophase nucleus
of two separate spindles which produced four separate cells with reduced chromosome
numbers. That the organization of two separate spindles ("twin spindles") in an uninucleate
cell is an important process of chromosome reduction and haploidization in vivo is well
documented by the investigations of Huskins' school30-31 on mitosis in the root tips of some
plant species. They showed a.o. that, though with very low frequency, a diploid nucleus
can segregate into two homologous chromosome groups ("homologous chromosome seg-
regation") which organize two separate spindles responsible for the production of four
haploid nuclei (somatic haploidization).

The capacity for survival and continuous mitotic propagation of Ribes cells possessing
only a few chromosomes (minimum: 4 chromosomes)29 is of particular interest in the light
of the observations of Sokolov et al.32 on experimentally produced aneusomatic root tips in
Haplopappus gracilis and Crepis capillaris. They have shown that an essential condition
for a cell to survive and go through repeated cell cycles is the presence in its chromosome

* In this paper, 2n denotes the diploid (somatic) chromosome number and n denotes the haploid (gametic or
sporic) chromosome number independently of the ploidy level. When necessary, this is specified by the basic
chromosome number (x): e.g., 2n = 4x = 32 denotes a species (or individual) of tetraploid origin having 8 as
its basic chromosome number (x) and 32 as its somatic number (2n).
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complement of one chromosome with a nucleolus organizing region (NOR), a chromosomal
site known to carry the genes for ribosomal RNA.

To conclude this section on naturally occurring aneusomaty it may be added that some
aneusomatic species, including Poa pratensis,2* do not show any sign of mitotic aberrations
in their meristems. In the present writer's opinion, this indicates that in such species the
nuclear processes responsible for creating aneusomaty operate early in development (during
embryogenesis?): once established, the different aneuploid cell lines will continue to prop-
agate with a normal spindle mechanism. This aspect will be further elucidated when dis-
cussing in vitro regeneration of aneusomatic plants.

3. Chimeras
Among vegetatively propagated plants, including woody species (e.g., apple, peach,

grapes, and cranberry), horticultural and ornamental species (e.g., potato, geranium, car-
nation, and Poinsettia pulcherrima) periclinal chimeras are distinguished: mutational (ge-
netic), plastidial and cytological (cytochimeras or ploidy chimeras). In periclinal chimeras,
the nuclear or plastidial change may be localized in one or more histogenic layers; they can
only be maintained through vegetative propagation. When a chimera is propagated by seed,
the chimeric structure is lost and a uniform progeny is obtained that shows the genetic
conditions of cell layers L, or L^ and L3 from which the sporogenous cells, and the gametes,
are derived (uncovering of chimeras).2 Uncovering of a periclinal chimera can also be
achieved through adventitious shoot regeneration from internal tissues or through radiation-
induced cell death which may lead to a rearrangement of cell layers in the apex.2 Uncovering
of a periclinal chimera can also result from plant regeneration from in vitro cultures of
chimeric material. A very recent example may be cited. The cultivar Meunier of grapevine
is a periclinal chimera with the tomentose genotype situated in the outer histogenic layer
(L,) at the apex. In vitro culture of apex fragments leads to a breakdown of the periclinal
situation. Three types of regenerates are obtained: (1) uniformly tomentose (regeneration
from L, cells); (2) uniformly hairless (regeneration from cells underlying L,); and (3) hairless-
tomentose mosaic (regeneration from cells of L, and subjacent layer(s)).33

The production of mosaics in this experiment is evidence for the multicellular origin of
in vitro regenerated shoot apices.

4. Chromosome Structural Changes and Other Genetic Changes
By experimental mitosis stimulation, D'Amato and Avanzi34 demonstrated the occurrence

of chromosome structural changes in differentiated cells of onion roots. In endoreduplicated
nuclei, the structural changes generally appeared as diplochromosomes aberrations; that is,
quadruple (4-chromatid) fragments and dicentric diplochromosomes that formed quadruple
bridges at anaphase.34-35 This shows that breakage and reunion of broken chromosome ends
occurred in G, (2C), i.e., before the double chromosome duplication responsible for di-
plochromosome formation. Further work has shown that chromosome structural changes
occur in the differentiated tissues of many, but not all, species investigated.18-36 It has also
been observed that species showing chromosome aberrations in their differentiated tissues
also undergo, under particular physiological conditions, chromosome structural changes in
their apical meristems.18

Spontaneous gene mutations certainly occur in somatic plant cells, but they generally
escape detection for two main reasons: (1) most mutations are recessive and in diploid cells
originate in a heterozygous condition; and (2) mutations with immediate phenotypic effect
are rare and become detectable only when they occupy superficial cell layers in aerial plant
organs. The situation is better for somatic crossing-over which can be detected from spots
in leaves; it involves at least one locus in tomato, tobacco, soybean, and Gossypium
barbadense?1



Volume 3, Issue 1 77

The problem of the origin of spontaneous mutations in plants has been critically discussed
by D'Amato and Hoffmann-Ostenhof.38

B. Nuclear Processes at the Time of Callus Induction
When tissues and cells are explanted in vitro, their nuclei may be subjected to four different

processes which may act separately, but frequently they may variously combine in the explant:
(1) mitosis; (2) endoreduplication followed by mitosis; (3) nuclear fragmentation (amitosis)
followed by mitosis; and (4) differential DNA replication (amplification).

1. Mitosis
In non-polysomatic species, the explant is uniformly euploid. When the explant is moved

to the culture medium, part of its cells reenter the cell cycle (a process called dedifferentiation
when it involves differentiated cells) from either G, or, more rarely, G,. Thus, when explants
of Jerusalem Artichoke (Helianthus tuberosus) tuber tissue (which contains 2C cells only)
are cultured in vitro, cells enter DNA synthesis and proceed through mitosis synchronously.39

In another non-polysomatic species, Helianthus annuus, the first mitoses that occurs in the
epidermis, cortex, cambium, and pith of stem tissues explanted in vitro are all diploid.21

When the explant originates from a polysomatic species, the initial mitotic stimulation
will involve both diploid and endoreduplicated cells. These will form polyploid cell proge-
nies: e.g., tetraploid starting from 2n-diplochromosome mitoses and octoploid starting from
2n-quadruplochromosome mitoses.40"42 Cells with higher levels of endoreduplication (32C
and 64C nuclear DNA contents) are rarely induced into mitosis; in any case, they do not
appreciably contribute to the development and growth of a callus.15 Starting from the initial
mitotic stimulation, a mixoploid (diplo-polyploid) population of dividing cells is produced;
it obviously reflects the condition of polysomaty (diploid and endoreduplicated cells) preex-
isting in vivo.15-18

2. Endoreduplication Prior to Mitosis
There is evidence that, in species liable to endoreduplication, some differentiated cells in

the explant may be induced to endoreduplicate before entering mitosis. When tobacco
(Nicotiana tabacum) stem pith, which consists of cells with 2C, 4C, 8C, and 16C nuclei,
is explanted in vitro in the presence of kinetin (K) and indoleacetic acid (IAA), both diploid
and endoreduplicated nuclei are triggered into mitosis; DNA autoradiography shows that
diploid mitoses are either labeled or unlabeled, thus demonstrating the occurrence in pith
tissue of cells resting in either G, (2C) orG2(4C). Other 4C nuclei, however, undergo DNA
replication and enter an 8C (endotetraploid: 2n diplochromosomes) mitosis.43-44 A similar
behavior of 4C nuclei is observed following explantation in vitro of pea root segments which
contain 2C, 4C, and 8C cells.45 These results are in line with other observations that in
polysomatic species G2 is the period when the cell "makes a decision" whether to remain
in the cell cycle or go out of cycle, becoming destined for endoreduplication.46

Premitotic endoreduplication also occurs in some haploid Datura innoxia protoplasts which
enter mitosis with n-diplochromosomes.47 As we will see in another section of this review
(Section III.A.), premitotic endoreduplication in microspores or pollen grains explains the
origin of diploid and polyploid androgenic embryos and plants in some species.

3. Nuclear Fragmentation (Amitosis) Prior to Mitosis
Nuclear fragmentation (amitosis) followed by mitosis is a very important process of

chromosome number reduction and haploidization in vitro. In the extensively investigated
tobacco pith, it has been observed that the auxin-kinetin ratios in the medium may influence
the cytological mode of callus induction, whether by mitosis or by nuclear fragmentation
followed by mitosis. In the now classical experiments of Patau and Das,44 in which a
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medium containing IAA 2 mg/€ and K 0.5 or 1 mg/€ was used, the first mitotic wave in
the explant occurred after 2 days and all mitoses were euploid (diploid and polyploid). In
experiments of other authors with higher IAA-K ratios (literature in Reference 48), the first
mitoses occurred after 6 days and showed a good proportion of aneuploid chromosome
numbers, besides the euploid ones; in one experiment, the chromosome number in the first
mitotic cycle in the explant was found to vary from 40 to 215.49 This situation is now easily
explained by the observation that on a medium with a high auxin-kinetin ratio (IAA 2 mg/
€ + K 0.2 mg/€) callus induction in tobacco pith starts with nuclear fragmentation accom-
panied by mitoses which occurs at a low rate;50 most probably, mitoses involve both intact
nuclei and nuclear fragments resulting from nuclear fragmentation (see below).
, Detailed observations on nuclear fragmentation (amitosis) in the first phases of callus
induction have been published in the last 10 years or so; some of them are worthy of
particular consideration.

Autoradiographic and cytophotometric observations on Nicotiana glauca pith explants
(2C and 4C cells) grown on a medium containing 2,4-dichlorophenoxyacetic acid (2,4-D),
have shown a very active initial nuclear fragmentation leading to multinucleate cells (which
undergo cellularization later on) and the coexistence in the primary callus of two cell
populations, one derived from nuclear fragmentation and the other from cells that follow a
normal synthesis-mitosis-synthesis cycle.51

Cytological observations combined with chromosome counts and DNA cytophotometry
have demonstrated nuclear fragmentation followed by mitosis in intact nuclei and nuclear
fragments resulting from fragmentation (amitosis) in the first phases of callus induction in
the proximal region of the Phaseolus coccineus (2n = 22) embryo suspensor (in vivo: 2C,
4C, 8C, and 16C cells). Since nuclear fragmentation occurs mostly by bipartition of the
nucleus (binuleate cells represent 70% of the cells with nuclear fragments) and since mitosis
mostly involves originally diploid nuclei, the early dividing cell population in the explants
consists for the greater part (83%) of hypohaploid, "haploid" (11 chromosomes), hypo-
diploid and diploid cells, the remainder (17%) being hypotetraploid, tetraploid and hyper-
tetraploid (213 mitoses in 7 suspensors were analyzed).52 The very high frequency of 11-
chromosome mitoses (53 out of 213 = ca 25%), much greater than expected on a random
chromosome distribution, suggested that part of the 11-chromosome cells were true haploids
(n = x = 11) which resulted from homologous chromosome segregation. This suggestion
could not be verified, however, P. coccineus is not amenable to a reliable karyotype analysis.52

Callus induction from immature cotyledons of Vicia faba, a tissue system comprising
diploid and endoreduplicated cells (up to 32C DNA values) has been shown to follow a
series of nuclear events which are independent of the hormonal composition of the medium,
i.e.,48 (1) resumption of DNA replication in the explant, which increases the DNA content
of the largest nuclei to 64C and higher and clearly raises the proportion of "intermediate"
relative to euploid DNA values; (2) furrowing (lobation) of nuclei eventually leading, at 10
to 18 days of culture, to binucleate and multinucleate cells, part of which later undergo
cellularization. Fragmentation is clearly documented by DNA cytophotometry; and (3) oc-
currence, between 6 and 25 days of culture, of mitoses at a low rate in both intact nuclei
(diploid and polyploid chromosome numbers) and nuclear fragments resulting from frag-
mentation (very wide range of aneuploid chromosome numbers).

A sequence of nuclear events very similar to that occurring in Vicia faba has been reported
by Fasseas and Bowes53 in their ultrastructural study of the first phases of callus induction
from mature cotyledons of Phaseolus vulgaris. Nuclear fragmentation (amitosis) and an
establishment of a broad range of aneuploid chromosome numbers have also been observed
during induction and initial growth of calli from mesocotyls of Triticum durum,iA" root
sections of Cichorium intybus,16 and shoot protoplasts of Solanum tuberosum.m
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4. Differential DNA Replication (Amplification)
From the preceding pages, it is apparent that DNA replication is an essential prerequisite

for callus induction (cell dedifferentiation). Duplication of the nuclear DNA serves two
essential scopes, i.e., (1) initiation of mitosis and maintenance of the mitotic cycle in dividing
cells; and (2) in polysomatic species, increasing the level of endoreduplication in part of
the cells of an explant, e.g., in haploid Pelargonium,*0 Pisum sativum,*2 and Viciafaba.48

In recent years, however, a third type of DNA replication has been observed: the differential
replication (amplification) of particular DNA sequences.

In 1973, Parenti et al.57 observed that during the first 72 hr of in vitro culture of Nicotiana
glauca stem pith there occurred amplification of a heavy (G + C rich) satellite DNA which
later disappeared. Further work by the same research group has shown that the amplification
process involves both G + C and A + T rich DNA fractions.58 Nagl and Riicker59 have
reported that when Cymbidium protocorms are cultured on auxin-supplemented medium an
increase in A + T rich sequences occurs in their DNA, while G + C sequences increase
in a gibberellin-supplemented medium. Other examples of DNA amplification in cultured
cells are reported by Durante et al.58 They express the view that developmental regulation
may be controlled not only by differential transcription (gene activation) but also by specific
DNA synthetic processes. For a discussion on the occurrence and the role of differential
DNA replication in plants, the reader may consult two recent reviews.60-61

It is possible that DNA amplification in vitro may be more common than previously
suspected. Very recently, pollen-derived doubled haploids of Nicotiana tabacum have been
shown to have nuclei with a higher DNA content than the parental cultivar "Coker 139"
(10.62 pg vs. 9.32 pg), though having the same chromosome number (2n = 48). Moreover,
the doubled haploids show a 12% increase in heterochromatin (condensed chromatin) and
significant differences in DNA thermal denaturation in respect to the parental cultivar. These
results suggest amplification of DNA sequences during formation of the doubled haploids.6-

C. Nuclear Conditions in Callus and Suspension Cultures
From the preceding pages, it is apparent that, in the first phases of culture, a primary

explant may comprise a heterogeneous cell population which partly reflects a preexisting
condition (e.g., diploidy and polyploidy due to polysomaty or different aneuploid chro-
mosome numbers due to aneusomaty) and partly results from nuclear processes occurring
at the time of callus induction (chromosome endoreduplication, mitosis subsequent to nuclear
fragmentation or amitosis). During growth in vitro of calli and cell suspensions, there occurs
ample possibilities for further chromosome number variation depending partly on intrinsic
characteristics of the culture and partly on external factors, especially hormonal composition
of the medium, type of culture, and cultural regime.

The subject of the nuclear cytology of cell and tissue cultures has been reviewed on several
occasions.ll5"17-63-64 In his 1980 review, Bayliss17 listed 66 plant species for which data on
the chromosomal status of callus and/or suspension cultures had been reported. The following
species that have been studied in the last few years may be added to this list: Apium
graveolens, Luzula elegans, Nicotiana glauca, Nigella damascena, Paeonia lactiflora, Pinus
nigra, Scilla indica, and haploid Solanum tuberosum.65'71 The extensive literature accu-
mulated so far allows an analysis of the main components of chromosomal variation in callus
and suspension cultures.

1. Diploidy
In Crepis capillaris, a non-polysomatic species,22-74 leaf calli grown on hormone containing

medium for 1 year were found to consist exclusively of diploid cells (chromosome counts
and cytophotometric measurements of nuclear DNA contents).75 In the same species, a
satisfactory stability at the diploid chromosome level was reported by Sacristan76 in a detailed
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study of leaf and root calli of different age (up to 1 year): in a total of 223 calli, 175 (78.5%)
were diploid (2n = 2x = 6), the remainder being 4x or 2x + 4x (mixoploid). Stability at
or around the diploid level has also been reported for callus or suspension cultures of other
non-polysomatic species: a.o. Helianthus annuus,21 Pinus nigra7' Daucus carota,77 and
Lilium longiflorum.7a Evidence for a strict control of diploidy in non-polysomatic species
also comes from the reaction of their tissues to tumorgenesis by the crown gall bacterium:
the dividing cell population has been shown to consist exclusively or essentially of diploid
cells in tumors of Helianthus annuus,21 H. tuberosus,63 and Crepis capillaris.19 Moreover,
cytophotometric DNA measurements on crown gall tumors of seven non-polysomatic species
(two in the family Apiaceae and five in the family Asteraceae) revealed that the vast majority
of cells (from 88 to nearly 100% of the cells measured) fell under the diploid DNA values
(2C and 4C), the 2C values being predominant.20

In polysomatic species, diploid-polyploid (mixoploid) calli and suspension cultures are
the rule rather than the exception. Available evidence shows that selective advantage of
diploid over tetraploid (and rare octoploid) cells can be achieved. Apart from the use of
particular auxin-cytokinin combinations,80 selective pressure in favor of diploid cells can be
obtained by a regime of suspension culture (as opposed to callus culture) with short intervals
between subcultures. Results of this sort have been reported for suspension cultures of
Haplopappus gracilis,91 Daucus carota,*2 and four cell lines ofNicotiana.™ The experiments
of Bayliss82 with suspension cultures containing mixed diploid and tetraploid cell clones
have clearly shown the selective advantage of diploid over tetraploid cells.

In conclusion, the evidence accumulated until now shows that changes in the interval
between subcultures may be an important factor influencing the chromosomal constitution
of cultured plant cells.

2. Polyploidy
Polyploidy in the form of endoreduplicated cells may already be present in explants from

polysomatic species, but does not occur in explants from non-polysomatics. Polyploidy has •
been shown to originate at different times of culture in calli and cell suspensions of non-
polysomatic species,21-76'78 whereas in polysomatic species the extent and degree of poly-
ploidy increases with the increasing age of the culture or under particular hormonal com-
binations.41-84"90 An important mechanism of polyploidization in vitro appears to be restitution
nucleus formation due to spindle failure and chromosome lagging at anaphase; these two
phenomena have been observed to occur in plant cell and tissue cultures.69-91 Polyploidization
may also result from spindle fusion in binucleate cells when their nuclei divide synchronously
("bimitosis"): a feature observed in some tissue cultures.86-92 This mechanism of polyploid-
ization is well documented for the binucleate cells induced by caffeine in root apical mer-
istems.93 Finally, a polyploidization mechanism which operates in cultured cells of polysomatic
species is chromosome endoreduplication. Convincing evidence for endoreduplication is the
occurrence of mitoses with diplochromosomes (and sometimes with quadruplochromo-
somes): e.g., in cultures of haploid Anthirrinum majus,Si Paeonia lactiflora10 and Pisum
sativum.94 Whether cells of non-polysomatic species may undergo endoreduplication in vitro
remains an open question.

Among the various ploidy levels occurring in tissue and cell cultures, of special interest
are odd-ploid chromosome numbers (e.g., triploid, pentaploid, heptaploid). Triploid mitoses
were reported to occur in Crepis capillaris76 and Haplopappus gracilis.*6-95 In this species
(2n = 2x = 4), a callus strain which showed 13% triploid mitoses (3x = 6) at the fourth
month of culture,95 when examined several years later was found to comprise a wide range
of ploidies, from diploidy (2n = 4) to 9x and higher.96 In tobacco, three out of four callus
strains with a predominance of triploid (72 chromosomes) or near-triploid cells)97"99 were
found auxotrophic for auxin. Quite recently, callus from immature embryos of Viciafaba
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(2n = 2x = 12) after 16 months in culture was found to consist predominantly of 3x (18
chromosomes) cells (range of chromosome numbers: 11 to 24); after 30 and 32 months, the
predominant chromosome number was 12 (2n) and the variation in chromosome number
ranged from 9 to 31.71 Although odd-ploid chromosome numbers might result from nuclear
fusion,64 a more plausible mechanism appears to be genome segregation in polyploid mitoses.
Genome segregation, which emerges as a multipolar mitotic figure, is known to produce
odd-ploid chromosome numbers in the rat liver100 and in mammalian cell cultures.101 Thus,
e.g., in tissue cultures of Microtus agrestis tetraploid cells, besides dividing with a normal
bipolar spindle to produce two tetraploid daughter cells (for brevity 4:4), may also divide
by a tripolar spindle (1:3:4; 3:2:3, 2:4:2) or a tetrapolar spindle (2:2:2:2).l01 In total, as
indicated by the extensive literature review of Pera,101 multipolar spindles during mitosis of
polyploid plant and animal cells are rather common both in vivo and in vitro, whereas
multipolar spindles are exceptionally formed in diploid mitoses.

3. Haploidy
Haploid tissue and cell cultures can be initiated from somatic explants of haploid plants

or from microspores and pollen grains (see Section III. A.). Haploid cells seem to be quite
susceptible to chromosome doubling. They may be immediately induced into chromosome
endoreduplication at the time of explantation in vitro (see Section II. B.2.) or they may
diploidize by spindle failure at mitosis. In Crepis capillaris, the diploidization of the haploid
cultures have been found to be considerably more frequent than tetraploidization of the
diploid cultures.76

When cultures are started from diploid plants, haploid cells may be produced at the time
of callus induction (see Section II.B.3) or originate during culture. True haploid mitoses
(one representative chromosome for each of the homologous chromosome pairs) have been
reported in cytologically favorable materials, such as Luzula elegans,61 Haplopappus gra-
cilis,86-95 Vicia hajastana,'02 and Allium sativum.'03 In the callus strain of this species, in
which haploid cell formation was observed, haploidy increased with increasing age of the
culture.

The most probable mechanism of haploid cell production is homologous chromosome
segregation during diploid mitosis. It is probable that haploidization may also occur via
genome segregation in polyploid mitoses. Such a mechanism might explain the occurrence
of 10-chromosome mitoses in calli of Zea mays endosperm, a triploid (3x = 30) tissue.104

4. Aneuploidy
Apart from rare cases of aneusomaty (see Section II.A.2), aneuploidy is not generally

found in vivo because of the genetic stability of the germ line. Aneuploidy is produced in
vitro, not infrequently during the first phases of callus induction, through nuclear fragmen-
tation (amitosis) followed by mitosis (see Section II.B.3). Aneuploid cell lines thus produced
are able to propagate mitotically even when provided with a chromosome number lower
than haploid;102 during subculture, however, the range of aneuploid chromosome numbers
may be reduced as compared to the aneuploidy range in the primary callus.48 The mitotic
propagation of aneuploid cell lines explains why in some cultures — e.g., calli of Triticum
aestivum showing a wide range of aneuploid chromosome numbers (from 24 to >84),105 no
indication has been found of abnormalities in either spindle function or chromosome move-
ment. Such aberrations (multipolar anaphases, lagging chromosomes, non-congression, non-
disjunction) are frequently observed and are certainly implicated in the de novo production
of aneuploidy in callus and suspension cultures.77-81-91 In vitro origin of aneuploid cell lines
is clearly shown by a progressive increase in frequency and extent of ansuploidy with
increasing age of the cultures: e.g., pea,87 Haplopappus gracilis,'06 carrot,107 and to-
bacco.83-108 Of particular interest for the problem of chromosome number stability in estab-
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lished cultures is the observation that in some species e.g., rice,109 wheat (Triticum aestivum
and T. dicoccum)"0 and Allium sativum1" the degree and extent of aneuploidy depends on
the organ from which explants are taken. In the establishment and maintenance of certain
aneuploid chromosome complements, nonrandom selection of particular chromosomes may
take place. Thus, e.g., in H. gracilis aneuploid cells with an extra chromosome I are better
competitors than cells with an extra chromosome II.81 Finally, in long-term tissue cultures
of Viciafaba evidence has been found that aneuploidy may arise through amitotic processes.'I2

5. Chromosome Structural Changes
Structurally changed chromosomes are sometimes present in tissues in vivo; they then

emerge during callus development from an explant. The vast majority of chromosome
structural changes, however, originate in vitro and are of both chromosome-type (e.g., rings,
dicentrics, multicentrics, telocentrics, deleted chromosomes)64-66-67-77-861"-"-1-"4 and chro-
matid-type (e.g., pseudochiasmata, chromatid deletions and interchanges and achromatid
lesions or "gaps")-8 6"5 Since chromatid-type aberrations are known to originate during the
S or G, phase of the cell cycle,"6 they provide convincing evidence for their origin in cells
undergoing mitosis in vitro. By contrast, chromosome-type aberrations result from breakage
and reunion of broken chromosome ends in the pre-DNA synthesis phase (G,) of the cell
cycle;"6 so, part at least of the chromosome aberrations might occur in the nondividing cell
fraction and become visible when reentering mitosis: e.g., at the time of subcultures.

Among chromosome aberrations, dicentric chromosomes which form bridges at anaphase
have been observed in several callus and suspension cultures. In suspension cultures of
Triticum monococcum, a dicentric chromosome persisted in the cell population for more
than 1 year amounting to 200 cell generations;"3 in a callus strain of Haplopappus gracilis,
the behavior of a dicentric chromosome was followed for several transfers after its forma-
tion.64 It was shown that the dicentric propagated through a breakage-fusion-bridge cycle
similar to that originally described by McClintock in maize."7 Since the breakage point in
the intercentric segment of the bridge tended to vary, deficiency-duplication mechanism
continually produced new dicentrics. As pointed out by Sunderland,64 the breakage-fusion-
bridge cycle ends whenever healing of the broken ends occurs instead of fusion. Two new
monocentric chromosomes are introduced in the complement. So, the operation of a breakage-
fusion-bridge cycle is an important mechanism of both chromosome number variation and
production of new karyotypes: a condition previously demonstrated for the in vitro cultured
endosperm of Lolium perenne."* Production of new karyotypes with maintenance of the
diploid chromosome number has been demonstrated in cultures of such favorable materials
as Crepis capillaris,16119 Apium graveolens,66 Brachycome dichromosomatica,12012' and
Vicia faba.71 In these two species, use has been made of chromosome banding techniques;
in karyotype analysis, this is the only technique capable of detecting deficiencies, duplication
and translocations.17 Cells with diploid chromosome number and altered karyotype have
been called "pseudodiploid" by Gould'21 who has pointed out that chromosome number
appears to be a poor estimator of chromosome stability in plant tissue culture.

The factors responsible for the origin of chromosome structural changes in plant cells in
vitro are not known. On several occasions, hormones (especially 2,4-dichlorophenoxyacetic
acid, 2,4-D) which are added to culture media have been implicated; but the available data
are conflicting. Using hypocotyl callus of Haplopappus gracilis grown on media containing
only an auxin — 2,4-D, IAA (indoleacetic acid) or NAA (naphthaleneacetic acid) — or an
auxin + kinetin. Singh122 observed a comparable frequency of chromosome aberrations in
media containing one of the auxins, but in the medium with 2,4-D + kinetin aberrations
were clearly more frequent than with 2,4-D alone. This difference was attributed to a higher
frequency of polyploid cells which were seen to be affected by aberrations more frequently
than diploids. In Nicotiani glauca and N. glauca x N. langsdorffii pith callus, the frequency
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of chromatid aberrations (which certainly originate in vitro, see above) was shown to increase
with increasing duration of exposure to 2,4-D.123 Ogura124 studied the effect of different
concentrations of 2,4-D and IAA on the root tip mitoses of Viciafaba and observed chro-
mosome aberrations after a 6-hr treatment with solutions of either hormone. Quite recently,
the effect of a culture medium containing different combinations of an auxin (IAA or 2,4-
D) with kinetin has been tested on a very mutagen-sensitive system, the Tradescantia clone
4430 heterozygous for stamen-hair color (blue/pink, blue being dominant): following de-
tection on the dominant allele or its mutation, pink cells appear and mutation rates can be
calculated. No mutation-inducing effect was observed for any of the solutions used.125

Although it cannot be excluded that hormones at certain concentrations and/or in particular
cultural conditions may act as mutagens, it also might be suspected that they favor mutation
by influencing metabolism. In this context, information on "spontaneous" mutations in vivo
is illuminating. First of all, reduced oxygen availability (anaerobiosis) has been shown to
induce a very high frequency of chromosome aberrations in cells of the root apical meristem
of Viciafaba.'26 Second, single deficiencies of anions (phosphorus, nitrogen, sulfur) and
cations (calcium, magnesium) have been demonstrated to induce both chromosomal and
gene mutations in Antirrhinum majus, Oenothera, and Tradescantia.'27-123 Third, in their
1956 review on the relation of spontaneous mutations to metabolism in plants, D'Amato
and Hoffmann-Ostenhof,38 presented an extensive list of mutagenic substances occurring in
plants (sulfur-containing substances, amino acids, amines, amides, nitrogen-free acids, al-
dehydes, alkaloids, phenols, quinones, tropolones, coumarins, degradation products of nu-
cleic acids) and discussed their metabolic fate. They also presented several lines of evidence
that, under particular physiological conditions, some substances produced by a plant can act
as mutagens on the plant itself ("automutagenesis") and discussed possible mechanisms of
automutagenesis. The data accumulated since 1956 greatly strengthen the concept of spon-
taneous mutation as an automutagenic process.2

III. CYTOGENETICS OF REGENERATED PLANTS

In many species, plants can be regenerated from single cells, calli and suspension cultures
via adventitious embryos and/or (more frequently) adventitious buds. Adventitious embryos
are of unicellular origin both in vivo and in vitro.3-129 Because of the unicellular origin of
adventitious embryos, the plants developing from them consist of genetically identical cells;
the possibility of occurrence of mosaics (chimeras) only rests on the production of heritable
variation (genomic, chromosomal, genie) during embryogenesis or during plant development.
Adventitious buds are known to originate from several cells since the classical anatomical
studies of Crooks'30 on flax {Linum usitatissum) seedlings. Evidence also exists for the
multicellular origin of adventitious buds in vitro. '"-"J3.131.133 ^ s w e wjj] s e e ] a t e r j e v id e n c e

for the multicellular origin of adventitious buds is provided by the frequent occurrence,
among regenerated plants, of mixoploids (two, rarely three, ploidy levels in individual plants)
and aneusomatics (chromosome number mosaicism of aneuploid type).

For a fruitful discussion on the cytogenetics of in vitro regenerated plants, four separate
classes of regenerates will be considered: (1) pollen-derived (androgenetic) plants; (2) plants
regenerated from somatic cell and tissue cultures; (3) aneusomatic plants; and (4) somatic
hybrid plants. A discussion will follow on the nature and origin-of genetic variation in
regenerates.

A. Androgenetic Plants
In 1964, Guha and Maheshwari134 observed little embryos crowding the test tubes con-

taining cultured Datura anthers. It took another 2 years to prove that the embryos were
haploid and were arising from pollen grains.1" Since that discovery, a large amount of
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Table 1
CHROMOSOME NUMBERS OF ANDROGENETIC PLANTS

Species (chromosome number)

Aesculus hippocastanum (2n = 40)
Albizzia lebbeck (2n = 26)
Arabidopsis thaliana (2n = 10)
Asparagus officinalis (2n = 20)
Atropa belladonna (2n = 72)
Brassica campestris (2n = 20)
Brasska juncea (2n = 36)
Brassica napus (2n = 38)
Brassica oleracea (2n = 18)
Capsicum annuum (2n = 24)

Capsicum frutescens (2n = 24)
Coix lacryma-jobi (2n = 20)

Datura innoxia (2n = 24)
Datura metel, haploid (n = 12)
Datura metel (2n = 24)
Datura meteloides (2n = 24)
Datura muricata (2n = 24)
Digitalis purpurea (2n = 56)
Festuca arundinacea (2n = 42)
Fragaria x ananassa (2n = 56)
Fragaria virginiana (2n = 56)
Gerbera jamesonii (2n = 50)
Hordeum vutgare (2n = 14)
Hordeum vulgare (2n = 14)
Hyoscyamus muticus (2n = 28)
Hyoscyamus niger (2n = 34)

Lilium longiflorum (2n = 24)
Lycium halimifolium (2n = 24)
Lycopersicum esculentum (2n = 24)
Nicotiana alata (2n = 18)
Nicotiana attenuata (2n = 24)
Nicotiana clevelandii (2n = 48)
Nicotiana glauca x N. langsdorffii

Amph. (2n = 42)
Nicotiana glutinosa (2n = 24)
Nicotiana knightiana (2n = 24)
Nicotiana langsdorffii (2n = 18)
Nicotiana otophora (2n = 24)
Nicotiana paniculata (2n = 24)
Nicotiana raimondii (2n = 24)
Nicotiana rustica (2n = 48)
Nicotiana suavolens (2n = 32)
Nicotiana sylvestris (2n = 24)
Nicotiana tabacum (2n = 48)

Oryza sativa (2n = 24)
Pelargonium hortorum (2n = 36)
Petunia axillaris (2n = 14)
Petunia hybrida (2n = 14)

Mode of
development

(rare)

Embryo
Callus
Callus
Callus
Embryo
Embryo
Embryo
Embryo
Callus
Embryo

(Callus)
Embryo
Embryo

(Callus)
Embryo
Embryo
Embryo
Embryo
Embryo
Callus
Callus
Callus
Callus
Callus
Callus
Callus
Embryo
Embryo

(Callus)
Callus
Embryo
Callus
Embryo
Embryo
Embryo
Embryo

Not reported
Embryo
Callus
Not reported
Not reported
Embryo
Embryo
Embryo
Embryo
Embryo

(Callus)
Callus
Callus
Embryo
Embryo
(Callus)

Chromosome number of
regenerated plants

20
13
5
10, 20, 30, 40
36, 72, 108
20, 30, 40, 60
18,5(5
38, 57, 76
9
12

12
10, 20, Mixopl.

12, 24, 36, 48, 72
12,24
12, 24, 36
12, 24
12
28, 56, 112, Aneupl.
21
28, 42, 56
56
25
7, 14, 28
7, 14, Aneupl., Aneusom.
14, 28, 42
17,34, 51, 68

12
12
12, 24, 36, 48, Mixopl.
9
12
24
21

12
12
9, 18
12, 24
12
12
24
16
12. 24, 36, 48, Mixopl.
24, 48, Mixopl.

12, 24, 36, 48, 60
18, 36
21. 28
7. 14.2/ . 28

141
142
143
144,
146,
148
149
150
151
152

153
154

155,
157
158,
158
158
160
161
162
163
164
165
166
167
168

169
170
171
172
173
174
175

176
173
177
176,
176
173
172,
175
172,
158,

180,
182
183
184.

Ref.

145
147

156

159

178

176

179
172, 178

181

185
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Table 1 (continued)
CHROMOSOME NUMBERS OF ANDROGENETIC PLANTS

85

Species (chromosome number)

Petunia parodii (2n = 14)
Petunia violacea (2n = 14)
Physalis ixocarpa (2n = 24)
Physalis minima (2n = 48)
Poncirus trifoliata (2n = 1 8 )
Saintpaulia ionantha (2n = 28)
Secale cereale (2n = 14)
Setari'a indica (2n = 18)
Solanum bulbocastanum (2n = 24)
Solanum demissum (2n = 72)

Solanum dulcamara (2n = 24)

Solanum melongena (2n = 24)
Solanum nigrum (2n = 72)
Solanum phureja (2n = 24)
Solanum polytrichum (2n = 48)

Solanum stenotomum (2n = 24)
Solanum tuberosum (2n = 48)

Solanum tuberosum, haploid (n = 24),
Solanum verrucosum (2n = 24)

Triticale (2n = 42)
Thticale (2n = 56)
Triticum aestivum (2n = 42)

Zea mays (2n = 20)

Mode of
development

(rare)

Embryo
Embryo
Embryo
Embryo
Embryo
Callus
Embryo
Callus
Embryo
Embryo
(Callus)

Embryo
(Callus)

Callus
Callus
Embryo
Embryo
(Callus)

Embryo
Embryo

(Callus)
Callus
Embryo
(Callus)

Callus
Callus
Callus (

(Embryo)
Embryo

Chromosome number of
regenerated plants

14, 21. 28
7 , 1 4 . 2 /
12
72
9, 10, 11, 18, Aneusom.
14
1,14
9, 18
12
36.12

12

24
36, 72, 108, Aneupl.
12, 24
24, 48

12,24
24, 48

24, 48, Aneupl.
12, 24, 36, 48

21
28
21, 42, Aneupl.

10. 20

Ref

186
187
188
189
190
191
192
193
194
194

195

196
197
194
194

194
198, 199

200
194

201
152
202, 203

204

Note: In case of different chromosome numbers, the number more frequently observed is shown in italics.
Aneupl., aneuploid; Aneusom., aneusomatic; Mixopl., mixoploid.

literature has accumulated; but until 1981, more than 500 papers had been published and
androgenesis had been reported in 171 species.136

Table 1 reports information on the chromosome number of plants regenerated from anther
and pollen cultures and their mode or origin. The table does not include F, interspecific
hybrids and species in which only one or very few pollen plants were analyzed or the
cytological data are not reliable. Because of the extensive literature available, especially in
some species, principal references — not necessarily the first — are given for each species.
For additional references, the reader may consult previous reviews.15136"'40

As shown in Table 1, androgenetic plants originate via embryogenesis from microspores
or pollen grains or via adventitious bud formation from pollen-derived callus. The data
reported in the table clearly show that plants originating through embryos are euploid (hap-
loid, diploid, triploid, etc.), whereas aneuploids, mixoploids, or aneusomatics may occur
among plants regenerated from pollen calli. This situation is easily explained by (1) the
production of chromosome number variation during induction and development of a callus
(see Section II.C); and (2) the multicellular origin of adventitious buds which may originate
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from a chromosomally heterogeneous cell population in a callus. In a detailed study of callus
formation from microspores in cultured anthers of rice (Oryza sativa), Chen and Chen205

showed that nuclear changes occurred during the very early stages of microspore develop-
ment. Forty-six pollen calli excised from the anther were analyzed after 20 days; the vast
majority of them (74%) were mixoploid (cells with two or four different ploidy levels), the
remainder being uniformly haploid, diploid, tetraploid, or hexaploid. In an analysis of pollen
callus and plant regeneration from anthers of Digitalis purpurea,160 a strong effect of light
was observed: out of 53 plants regenerated in the dark, 51 were diploid (2n = 56) and two
were hypodiploid, while among the 38 plants regenerated in the light, experiments 5 were
haploid (n = 28), some were tetraploid (2n = 112) and the rest were hypotetraploid (from
92 to 110 chromosomes); no diploid plant was recovered. Differences between plants re-
generated directly from pollen (embryogenesis) and plants regenerated from pollen calli have
been observed in species in which both modes of regeneration of androgenetic plants occur.
Thus, e.g., in Coix lacryma-jobi, plants regenerated via embryogenesis are all haploid (n
= 10), whereas those regenerated from pollen are haploid, diploid (2n = 20) and mixoploid.154

The nuclear processes reponsible for the origin of different ploidies in androgenetic plants
are now sufficiently understood. In the most extensively investigated species, Nicotiana
tabacum, the vast majority of androgenetic plants are haploid. They generally develop from
embryos which originate by repeated divisions of the vegetative cell in a binucleate pollen
grain, while the generative cell may undergo a few divisions and does not seem to contribute
to embryo formation (type A grains). In other cases, a microspore undergoes an equal
division to form two derivatives having nuclei similar in size and chromatin structure; either
cell or both may contribute to the formation of the embryo (type B grains).137 In other
species, haploid embryos may originate via one or both of the development types, but origin
from the vegetative cell in binucleate pollen is much more common.'37'138-17'-187 By contrast,
in henbane (Hyoscyamus niger) the embryo develops by repeated divisions of the generative
cell in a binucleate pollen grain.206 In tobacco, there is tendency to form a callus in anthers
cultured after pollen mitosis; callus formation from microspores or pollen grains in an
exclusive process in cultured anthers of a .number of species (Table 1 and Reference 136).-

Diploid androgenetic plants are known to originate in several ways. In some species, e.g.,
Datura innoxialS6 and Nicotiana sylvestris,119 the generative and the vegetative nuclei enter
mitosis simultaneously and divide on a common spindle or spindle fusion may occur between
dividing nuclei derived from the vegetative nucleus.156-179 In the first case, spindle fusion
occurs when the two "equal" nuclei of the first microspore mitosis are not separated by a
complete wall.136 In other species, e.g., Hordeum vulgare and Triticum aestivum, chro-
mosome endoreduplication may precede the first pollen mitosis.207-208 In Triticum, endore-
duplication has been documented with DNA cytophotometry (microspores with 4C nuclei).208

The diploid pollen plants that originate through the diploidization mechanisms outlined above
are to be considered doubled haploids characterized by complete homozygosity ("pure-
breeding" or isogenic lines). Genetic analyses have demonstrated the homozygosity of
androgenetic doubled haploids in some species, including Petunia hybrida™5 and rice {Oryza
sativa).209-210 In Datura innoxia2'1 other Daturas and Solanum spp.138 diploid androgenetic
plants may originate from.unreduced microspores; in the case of F, hybrid plants, such
diploids are genetically identical to the donor plant and segregate in their selfed progeny.
One example may be cited: some androgenetic diploids recovered from cultured anthers of
F, hybrid plants of Secale cereale.2'2 Apart from the doubled haploids that may be obtained
from microspores or pollen grains, doubled haploids can be obtained from haploids with
the aid of colchicine;213 but a much better method is to regenerate plants from somatic tissues
of haploids. In such cases, diploids (doubled haploids) result from endoreduplicated cells
preexisting in the explant.214-215

Non-haploid pollen embryos and plants include triploids and individuals of higher ploidy.
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In all species of Petunia so far investigated, triploid (2n = 3x = 21) individuals predominate
among pollen plants (Table 1). In Petunia parodii and P. violacea, the vegetative nucleus
in G, (1C) fuses with the generative nucleus in G2 (2C) to initiate a triploid embryo.lli6J87

In Datura innoxia, the cytological mode of genesis of triploid embryos was first described
in 1974:156 the endoreduplicated generative nucleus (n-diplochromosomes) and the vegetative
nucleus (n-chromosomes) divide on a common spindle producing two triploid daughter cells.
Quite recently, Sangwan-Norreel216 has studied the nuclear DNA content of pollen grains
at different times of anther culture in D. innoxia; she has suggested the fusion of a 2C
generative nucleus with a 4C vegetative nucleus. Failure of the spindle mechanism or
chromosome endoreduplication in a triploid nucleus probably explains the formation of a
hexaploid D. innoxia'56 and of triploid-hexaploid chimeras in P. hybrida.'M Operation of
the same cytological mechanisms in a diploid nucleus may lead to the production of tetraploid
pollen plants. In a particular case (£>. innoxia), a pollen metaphase with 12 diplochromosomes
and two groups of 12 chromosomes (vegetative daughter nuclei) has been observed.156 An
important point to be stressed is that triploid and polyploid plants originating from pollen
grains are autopolyploid.217

B. Plants Regenerated from Somatic Cell and Tissue Cultures
It is not yet known for certain whether the nuclear condition in an in vitro culture may

be a determinant of the regenerative (organogenic and embryogenic) potential of the culture.
In his study of long-term callus cultures of Pisum sativum, Torrey87 observed a progressive
loss in organogenic capacity with increasing polyploidy and aneuploidy. In tobacco callus,
the capacity for shoot formation was found to be severely reduced in callus strains with an
extensive aneuploidy.85 The suggestion of Torrey87 and Murashige and Nakano85 that loss
in morphogenetic capacity is correlated with increasing variation in chromosome number
did not find confirmation in the experiments of Sacristan and Melchers218 and Sacristan and
Lutz;219 these demonstrated a very easy regeneration in vitro of a wide variety of aneuploids
in tobacco. It is now known that aneuploids and aneusomatics are a common occurrence
among in vitro regenerated plants (Tables 2.and 3). Obviously, the control of morphogenetic
ability in plant cell and tissue cultures is not wholly genetic but depends, at least partially,
on epigenetic changes that occur during growth and differentiation in vitro.220

Table 2 reports the most relevant literature on the chromosome number of plants regen-
erated from callus and suspension cultures of somatic cells and tissues; the table does not
include aneusomatics which are listed in Table 3.

Table 2 shows that in Arabidopsis thaliana, carrot (Daucus carota), grass pea {Lathy rus
sativus), and maize (Zea mays), despite the occurrence in cultures of different ploidy levels
and/or aneuploidy, all regenerated plants or the vast majority of them (in maize, 229 out of
233 regenerates = 98.6%),248-24') are diploid. This most probably indicates a selective
advantage of the diploid cell line (meristem cell line) in plant regeneration, via both organ-
ogenesis (adventitious bud formation) and somatic embryogenesis, as in carrot250-25' and
maize.252 In Lilium longiflorum, which keeps a relatively high stability at the diploid level
in long-term callus cultures, Sheridan78 observed that, among seven regenerated plants, five
were diploid (2n = 24) with normal karyotype. However, stability at the diploid level does
not necessarily imply preservation of the original karyotype. Thus, e.g., in Triticale cv.
Welsh part of the 2n (= 42) plants had normal karyotype and part had recombinant chro-
mosomes or telocentrics (Table 2);242 in Hemerocallis flava, of the 2n ( = 22) plants regen-
erated from 16-month-old suspensions (Table 2) 64% had normal karyotype and 36% had
a changed karyotype.225 An important point to be stressed is that the six species in which
only or essentially 2n plants have been regenerated are true diploids, i.e., species in which
2n = 2x. Since true diploids in comparison to polyploids are less buffered against chro-
mosomal changes and less tolerant of aneuploidy,249 it is conceivable that true diploidy may
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be a determinant of the in vitro regeneration of diploid plants. This question merits further
elucidation for the problem of the survival of the meristem cell line in long-term cultures.

As seen from Table 2, diploid, polyploid and/or aneuploid plants were regenerated in
vitro in a number of species. Among polyploids, of particular interest are amphidiploids,
i.e., doubled interspecific hybrids. In a total of 57 plants regenerated from the F, hybrid
Lycopersicum esculentum X L. peruvianum, 21 were amphidiploid (2n = 4x = 48);231

four out of 6 plants regenerated from the F, hybrid Triticum tauschii x Secale cereale were
amphidiploid (2n = 4x = 28).247 These results show that in vitro plant regeneration may
become a useful tool for the isolation of amphidiploids. A unique case, among regenerated
polyploids, is the regeneration of "pentaploids" (2n = 5x = 35) (9 regenerates analyzed)
from the hexaploid Triticum crassum (2n = 6x = 42).246 These "pentaploids" most probably
trace back to a 35-chromosome cell line derived by genome segregation (elimination ofone
genome, x = 7) from hexaploid cells (see Section I.C.2). Another, though remote, possibility
would be genome segregation during in vitro development of the regenerates. Genome
segregation in polyploids is known from the botanical literature. For example, in a tetraploid
Rhoeo discolor (2n = 4x = 24), triploid (3x = 18) and tetraploid roots with patches of
triploid tissues were formed. The genome segregation 6 + 1 8 was observed in 24-chro-
mosome mitoses.253

As to aneuploid regenerates, they are rather common in species of polyploid origin. In
Nicotiana tabacum (2n = 4x = 48) a wide variety of aneuploids have been regenerated:
an interesting phenomenon, which remains unexplained, is that the chromosome number of
plants from calli with a wide aneuploidy range is in all cases lower than the chromosome
number most frequent (modal number) in the culture (Table 2).218 In another polyploid plant,
hexaploid Triticale cv. Welsh (2n = 6x = 42), the use of the C-banding technique dem-
onstrated that the frequency of aneuploids and changed karyotypes increased with age of
the culture, that 41-chromosome plants lacked either a rye or a wheat chromosome and that
deletion or addition of chromosome segments involved wheat and rye chromosomes.242 In
protoplast calli of the potato {Solarium tuberosum) cultivar Maris Bard, shoot regeneration
was studied at different passages: an indication was found that in the first passages chro-'
mosome doubling occurred prior to shoot culture initiation; it was then followed by extensive
chromosome loss during culture that led to a large range of chromosome numbers. In contrast,
in the cultivar Fortyfold aneuploidy occurred mostly independent of chromosome doubling.241

Compared to the wealth of data on chromosome numbers based on the analysis of mitotic
cells, information on the cytogenetic characterization of regenerates with the aid of meiotic
analysis (pollen mother cells) is still quite limited. Results of meiotic analyses have been
recently reported in plants regenerated from calli of oats {Avena sativa,)2-3 the F, interspecific
hybrid Lolium multiflorum x L. perenne230 and wheat {Triticum aestivum).2ii These studies,
as expected, have demonstrated that meiotic analysis not only allows the determination of
the chromosome number of a plant, but also has an unsurpassed resolving power in detecting
chromosome structural changes such as interchanges, inversions, deletions producing het-
eromorphic chromosome pairs, etc. In wheat chromosome counts in root tips combined with
meiotic analysis of pollen mother cells, have ascertained that the same chromosome number
in distinct organs (root and flower) of a plant provide cytogenetic proof of the unicellular
origin of the wheat regenerates (somatic embryogenesis).245 In Avena, McCoy et al.223 have
observed the same cytogenetic constitution, either normal (2n = 21 bivalents) or abnormal
(aneuploidy, chromosomal changes) in two or three panicles in each plant. This cytogenetic
uniformity would speak in favor of an origin of the oat regenerates via somatic embryogenesis.

We now come to the genetic analysis of in vitro regenerated plants; for a more general
discussion on heritable variation in plant cell cultures, reference is made to Meins' recent
review.254 Genetic analysis of in vitro regenerated plants has generally been based on the
selfed progeny of the regenerates. Oono2" analyzed the selfed progeny (D2) and the next



Table 2
CHROMOSOME NUMBER OF PLANTS (ANEUSOMATICS EXCLUDED)

Species (chromosome number)

Apium graveolens (2n = 22)
Arabidnpsis thaliana (2n = 10)
Asparagus officinalis (2n = 20)
Avena saliva (2n = 42)
Brassica oleracea (2n = 18)
Datura innoxia, haploid (n = 12)
Daucus carota (2n = 18)
Hemerocallis flava (2n = 22)

Jatropha panduraefolia (2n = 22)

Haworthia arislata (2n = 14)
Haworthia setaia (2n = 14)
Lathyrius saiivus (2n = 14)
Lilium longiflorum (2n = 24)
Lolium imiliifloruin (2n = 14)

Lolium miiltiflorum x Lolium perenne F,
(2n = 3x = 21)

Lycopersicum esculenlum x Lycopersicum
peruvianum F, (2n = 24)

Lycopersicum peruvianum, triploid (2n
= 3x = 36)

Nicoliana alata (2n = 18)
Nicoliana otophora (2n = 24)
Nicoliana sylvestris (2n = 24)

Type of culture

Callus
Callus
Callus
Callus
Callus
Callus
Suspension
Suspension

(16-month-old)
(26-month-old)

Callus
(endosperm, 3x = 33) .

Callus
Callus
Callus
Callus
Embryogenic callus
(2-month-old)
(2-year-old)

Primary callus

Callus
Older callus
Callus

Callus

Callus
Callus
Callus

Chromosome numbers
in culture

Not reported
10 to 60, Aneupl.
Not reported
Not reported
Not reported
12, 13—23, 24, >24
9, 18, 36, 72
Not reported

Not reported
33. 66, >66

14
14, 21, 27, 28, 56
<14, 14, 48, 56, Aneupl.
24, 24 + 1 isochrom.
Not reported

Not reported
Not reported

Not reported
Not reported
Not reported

Not reported

Not reported
Not reported
Not reported

Chromosome numbers
of regenerated plants

22, 44
10
20,40
41,42, 43, Mixopl. (1)
18, 36, 72
12,24. 48, Mixopl. (1)
18
22

22, 44, Aneupl.
33

14
14, 27, 28
14
24. 24 + 1 isochrom., 48
14, 28 (50% each)

27, 28
21

14, 16, 18, 19, 20
26, 27, 28, 29, 30, Aneusom.
24. 48

24, 36, 72

18, 19
24
24

Ref.

221
222
13, 14
223
224
47
92
225

225
226

227
227
228
78
229

229
230

230
230
231

232

233
234
234

i
c

c

00



Table 2 (continued)
CHROMOSOME NUMBER OF PLANTS (ANEUSOMATICS EXCLUDED)

Species (chromosome number)

Nieoliana tabacum (2n = 48)
Tn,, auxin heterotrophic
Tn>, auxin heterotrophic

Ta, habituated

Tc, from crown gall

S17, habituated

S_,,, slightly habituated
Pith
Nicotlana tabacum, haploid (n = 24)

Ornithogalum thirsoides (2n = 12)

Orzya saliva (2n = 24)

Pennisetum purpureum (2n = 28)
Primus amygilalus (2n = 16)
Saccharum species hybrid (2n = 106)

Clone H-37—1933
Solanum luberosum, haploid (n = 24)
cv. Maris Bard, haploid (n = 24)
cv. Fortyfold, haploid (n = 24)
Tricale cv. Welsh (2n = 42)

Type of culture

Callus

Callus

Callus

Callus

Callus
Callus
Callus
Callus
Callus
Callus

(10-week old)
(35-week old)

Callus
(from ovary)
(from seed)

Embryogenic callus
Callus
Callus

Callus
Callus
Callus
Callus

Chromosome numbers
in culture

4 7 ^ 9 , 83—85, 92—100
(96)

47—49, 83—96, 182—
184, 191—193 (92)

35—37, 65—82, 143—
145 (72)

35—37, 47—53, 68—76,
80—82 (72)

Not reported
Not reported
Not reported
Not reported
24, 48, 72, 96, Aneupl.
12,24

Not reported

Wide variation
Not reported
9, 15, 16, 24, 28, 32
Not reported

24, 48, >48
Not reported
Not reported
Not reported

Chromosome numbers
of regenerated plants

65 to 71

85 to 90

57 to 65 (61)

60 to 70 (63)

50 to 60, 94 to 97 (96)
94 to 97 (96)
48, 96, Aneupl.
24, 48. 96
24. 48, 96, Aneupl.
12

12, 24 (50% each)
24. 48

24
28
16
106

24, 46, 48, 96, Aneusom.
46,48,51 to 93 (90)
48, 93, 46 to 49 (47)
42,41,41 + It. 41 + 2t, 40 + 2t,

Ref.

99,218

99,218

99, 218

99, 218

219
219
235
214, 215
236
237

237
238

239
240
88
27,28

73
241
241
242

nSo

n
o"
Si

50
m

t o

• s .
U

s

36 + 6t, 39 + 2t, 39 + 3t,
Aneusom.



Trilicum aestivum (2n = 42)

Trilicum crassum (2n = 42)
Tricimm crassum x Hordeum vulgare F,

(2n = 28)
Tricimm lauschii x Secale cereale F,

(2n = 14)
Zea mays (2n = 20)

Callus
Callus
(regenerative)
(non regenerative)

Embryogenic callus
Callus
Callus

Callus

Callus
Callus

26—84 (42)
Not reported

35—46
Not reported
Not reported
Not reported

Not reported

20, 40, >40, Aneupl.
17, 18, 19,20, 21

42
42

No regenerate
42. 37 to 45
35
28, 56

14, 28

20, 21,40
19, 20, Mixopl. (1)

243
244

244
245
246
246

247

248
249

Note: Regenerated from callus or suspension cultures originating from somatic cells and tissues and, when known, chromosome numbers in the cultures used for
plant regeneration. In case of two or more chromosome numbers, the number more frequently observed is shown in italics. Aneupl., aneuploid; Aneusom.,
aneusomatic; Mixopl., mixoploid (number of regenerates); t, telocentric chromosome (see Table 3).

I
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generation (D3) of plants regenerated from tissue cultures of four cultivars and one F,
intraspecific hybrid of Oryza sativa (2n = 2x = 24). Mutations for both quantitative and
qualitative characters, either recessive or dominant, were fixed in D2 or later generations;
genetic variability was found to differ among callus strains. It was also observed that the
spectrum of chlorophyll mutations varied with the culture medium used. In another diploid
species, Nicotiana sylvestris (2n = 2x = 24), an analysis was made of the selfed progeny
of diploid plants regenerated from protoplast calli. Among four plants which segregated for
two phenotypes, mutant and wild, two showed a segregation fitting the expected monogenic
1:3 ratio, while in two regenerates segregations mutant-to-wild of 3:46 and 4:40, respectively,
were observed.256 In our opinion, this "deficit" of recessives (mutants) might find an
explanation in the possible mosaic (chimeric) structure of the regenerates (see below). In
another typical diploid seed-propagated species, tomato {Lycopersicum esculentum, 2n =
2x = 24), Evans and Sharp257 analyzed the selfed progeny of plants regenerated from leaf
callus. Among the 13 plants that segregated for mutant:normal, 9 had segregations very near
to the theoretical 1:3 ratio, one had a 1:6 (6:36) segregation, two had a 1:5 (6:30; 8:40)
segregation and the thirteenth plant manifested a strongly deviating segragation (4:41 =
1:10.5). The authors assumed all segregations, excluding the last one, as fitting the expected
1:3 ratio and concluded that "the 13 shoots were each derived from a single cell of a
callus."257 Considering the size of the progenies analyzed (36 to 48 individuals), the present
writer is inclined to regard 1:5 and 1:6 segregations as real "deficits" of recessives, to be
ascribed (together with the 4:42 ratio) to a mosaic (chimeric) structure of the regenerates
(consider the multicellular origin of shoots that originate from adventitious buds in vitro).
The work done on mutagen-produced plant chimeras has clearly demonstrated the inadequacy
of segregation analysis on a plant progeny basis and stressed the validity of the organ progeny
(spike progeny, panicle progeny, branch progeny) analysis in the genetic study of chi-
meras.258-259 It is to be hoped that in the near future studies of the genetics of plants regenerated
in vitro will consider their possible chimeric structure.

In maize, a genetically well-known diploid (2n = 2x = 20) species, Edallo et al.248.
reported the results of a detailed R, analysis for simply inherited mutations in plants regen-
erated from two inbred lines, W64A and S65. They found endosperm and seedling mutants
very similar to the spontaneous ones and calculated that on average each plant of W64A
and S65 was carrying, respectively, 1.2 and 0.8 mutations. These results are of particular
interest because of the unicellular origin (somatic embryogenesis) of in vitro regenerated
maize plants.252 Because of these developmental characteristics, maize regenerates are an
ideal material for studies aimed at distinguishing — with the use of specific genes — between
mutations present in culture and mutations possibly originating during embryo development.249

C. Aneusomatic Plants
In a total of 142 plants of Nicotiana tabacum regenerated from a callus strain of crown

gall origin (Table 2), Sacristan and Melchers218 observed 4 aneusomatic plants; the more
extreme aneusomatic condition involved six different chromosome numbers, ranging from
56 to 68. Since that time, several examples of aneusomatic plants regenerated in vitro have
been reported; most probably, as a consequence of more detailed cytological analysis. Table
3 reports the principal examples of in vitro regenerated aneusomatic plants; a few other
.examples of aneusomatics are reported in Tables 1, 2, and 4.

In 1976, Ogura266 reported that 10 plants from tissue culture of the cultivar Wisconsin
No. 38 of Nicotiana tabacum (2n = 4x = 48) all showed wide variation in chromosome
numbers in their root tips; the chromosome number ranges in individual plants were comprised
between 16 to 84 and 26 to about 120. Aneusomaty persisted up to meiosis in pollen mother
cells as shown by disturbances of metaphase I and anaphase I leading to unequal distribution
of chromosomes. In the selfed progeny of some aneusomatics, most plants stabilized at a
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given chromosome number, either euploid or aneuploid, but one plant exhibited aneusomaty
even in its second selfed generation. To study the genetics of aneusomaty, reciprocal crosses
between aneusomatic and normal Wisconsin 38 tobacco plant were made and the F,s, that
were all aneusomatic, were selfed or backcrossed to either parent. It was concluded that the
aneusomatic condition was inherited as a monogenic dominant trait that was induced during
in vitro culture.266-273-274 Observations were also reported on the persistence of aneusomaty
in the selfed progeny of androgenetic tobacco plants regenerated from calli of the cultivar
Vrahya 96.265 In another polyploid species, hexaploid (bread) wheat (Triticum aestivum, 2n
= 6x = 42), aneusomaty "with prevalence of haploid and nearly haploid cells" was
observed in almost all plants regenerated from mesocotyl calli.269 Here again, aneusomaty
was found to persist in the selfed generation of many aneusomatics.

In another polyploid species, durum wheat (Triticum durum, 2n = 4x = 28), the behavior
of the in vitro regenerated aneusomatics was different from that in tobacco and bread wheat.
Chromosome counts in both root and shoot tips showed that the aneusomatic condition
present in the regenerated plantlets was maintained through all plant development until
differentiation of spikes. Diploid cells then overgrew aneuploid cells (diplontic selection).
As a consequence, pollen mother cells (microsporocytes) of all aneusomatics were diploid
(2n = 28) and underwent normal meiosis with 14 bivalents. Since 40 plants taken at random
in the selfed progeny of aneusomatic plants were found to be normal diploid (2n = 28), it
was concluded that diplontic selection also operated in developmental stages preceding
meiosis in the female germ line.271-272 Diplontic selection in the durum wheat aneusomatics
was favored by two conditions, i.e., (1) the predominance (84.5 to 98.7%) of diploid cells
in the shoot meristems; and (2) the almost exclusive presence, among aneuploid cells, of
cells with hypodiploid chromosome numbers. Hypodiploid cells are expected to be at a
disadvantage in competition with diploid cells in a species (Triticum durum) that, despite
its tetraploid origin, is extensively diploidized and similar, in several respects, to a diploid
species.275

From the above discussion and from the data gathered in Table 3, it would appear that
regeneration in vitro of aneusomatic plants may be favored by the polyploid nature of the
explant material. Indeed, in parallel experiments on plant regeneration from cell suspension
cultures in Nicotiana glauca, a diploid species, and the amphidiploid N. glauca x N. langs-
dorffii, the frequency of aneusomatics in the former (5.5%) was much lower than in the
latter (35.03%).6a The data of Table 3 provide, however, substantial evidence that aneu-
somatic plants can be regenerated in vitro, sometimes with high frequency, from pure diploid
species as Allium sativum, Cichorium intybus, Haworthia setata, Hordeum vulgare, Lilium
longiflorum and Pelargonium zonale. In barley (Hordeum vulgare), Mix et al.262 reported
that aneusomaty, as studied in root tips, persisted during growth of the regenerates and that
there were no changes in the proportion of the different chromosome numbers. They sug-
gested that chimerism in the root tips is a reflection of a general chimeric condition. This
view is supported by the observation that, in aneusomatic plants of durum wheat, the
condition of aneusomaty present in root apices matched that observed in shoot apices.271

As pointed out in another section of this review (Section III.), aneusomaty remains the
best evidence for the multicellular orign of in vitro regenerated adventitious buds and shoots
(see also Reference 262). It must, however, be stressed that variation in chromosome number
may be produced during growth in vitro of regenerates, e.g., via multipolar spindles276 and
chromosome endoreduplication in both euploid and aneuploid cells.267

D. Somatic Hybrid Plants
With the development of techniques for protoplast isolation, protoplast culture and pro-

toplast fusion, it has been possible to produce somatic hybrid cell lines, both intraspecific
and interspecific, and to regenerate plants from many of them. The rapidly expanding field



Table 3
EXAMPLES OF IN VITRO REGENERATED ANEUSOMATIC PLANTS

Species (chromosome number)

Allium sativum (2n = 16)
Cichoritim intybus (2n = 18)
Haworthia sirieia (2n = 14)
Hordeum vulgare (2n = 14)

Hordeum vulgare, haploid (n = 7)
Lilium longiflorum (2n = 24)
Nicotiana glauca (2n = 24)
Nicoliana glauca x N. langsdorffii,

Amph. (2n = 42)
Nicotiana labacum (2n = 48)
Tc, Crown gall origin

Pelargonium zonale, haploid (n = 9)
Saccharum offlcinarum

Clone H5O-72O9 (2n= 108-128)"
Clone FI46(2n =110)
Clone F156(2n = 114)
Clone F164 (2n = 108)

Triticum aestivum (2n = 42)

Triticum durm (2n = 28)

Type of
culture

Callus
Callus
Callus
Callus

(pollen)
Callus
Callus
Callus
Suspension
Suspension

Callus

Callus
Callus
Callus

Callus
Callus
Callus
Callus
Callus
Callus

(pollen)
Callus
Callus

Number of
regenerates

analyzed

264
18
Not reported
Not reported

Not reported
10
9
220
68

142

3
10
20

37
8
6
8
12
72

16
14

Number of
aneusomatics

84
16
Many
80%

All
10
8
12
24

4

3
10
14

36
6
6
5
Almost all
6

15
14

Extreme aneusomatic condition
(chromosome number range)

(16—32)
12 different numbers (9—22)
Not reported
(4—26)

(14—17)
Not reported
5 different numbers (19—24)
6 different numbers (24—42)
9 different numbers (61—76)

6 different numbers (56—68)

17 different numbers (22—96)
10 different numbers (26—ca. 120)
6 different numbers (9—36)

(94—120. 17—118)
(110—180)
(95—114)
(89—108)
(7—63)
10 different numbers (42—120)

10 different numbers (11—>56)
12 different numbers (16—56)

Ref.

260
56
261
262

71
263
264
68
68

218

265
266
267

27. 28
268
268
268
269
270

271
272

§
5'
-a
5"

3"

3

aneusomatic clone
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of somatic cell hybridization has been recently reviewed on several occasions.277281 In this
review, only the nuclear aspects of somatic hybrid plants will be discussed. For the iden-
tification and selection of hybrid cells and/or plants, for their morphological and biochemical
characterization and for the analysis of cytoplasmic hybrids (cybrids), reference is made to
the above cited reviews.

In 1972, Carlson et al.291 reported the regeneration of the Nicotiana glauca + N. langs-
dorffii somatic hybrid from fused protoplasts of the two species. The biochemical and
morphological characteristics of the somatically produced hybrid were identical to those of
the sexually produced amphidiploid; the somatic hybrid plants, such as the amphidiploid,
had 2n = 42 chromosomes. Further work on the N. glauca + N. langsdorffii somatic
hybrid392-293 has shown that, among the 33 somatic hybrids analyzed, only 2 had the am-
phidiploid chromosome number (2n = 42) while the remainder were aneuploid with chro-
mosome numbers higher or much higher than 42. Smith et al.29- assumed a triple protoplast
fusion producing 60 (GG + LL + LL) or 66 (GG + GG + LL) chromosomes followed
by chromosome loss to produce the more favorable aneuploidy (56 to 64); they did not,
however, exclude fusion of a diploid with a doubled protoplast from a cell present among
leaf cells. Multiple protoplast fusion and/or fusion of diploid and endoreduplicated proto-
plasts, followed by chromosome loss, may also explain the range of aneuploidy observed
among the somatic hybrids N. glauca + N. langsdorffii studied by Chupeau et al.293 and
other somatic hybrid plants. On the other hand, as seen from Table 4, aneuploids and, in
some cases, aneusomatics are rather common among somatic hybrids as they are among in
vitro regenerated plants (see Tables 1 to 3). As to somatic hybrids with aneusomatic con-
stitution (chromosome number chimeras), they certainly trace back to adventitious buds
(multicellular origin) differentiating from a chromosomally heterogeneous callus (see Section
III.C). By contrast.uniformity in chromosome number in individual regenerates character-
izes the somatic hybrid plants Daucus carota + D. capillifolius which orginiate via somatic
embryos (unicellular origin).288

Table 4 shows that somatic hybrids with the amphidiploid chromosome number (i.e., the
summation of the chromosome numbers of the parent species) can be obtained. These somatic
amphidiploids are of particular interest and merit genetic analysis in comparison with the
genetic analysis of their sexual counterpart (see below). Only amphidiploid chromosome
numbers have been reported for the somatic hybrids Nicotiana tabacum + N. glauca271-300

and Nicotiana tabacum + N. nesophila.302 If confirmed, these data may represent an ex-
ception to what seems to be a rule in somatic hybrid plants, i.e., chromosome number
variation.

In the intergeneric somatic hybrid Arabidpsis thaliana + Brassica campestris (Arabi-
dobrassica), studied by Gleba and Hoffmann282 and by Hoffmann and Adachi,283 the hybrid
plants with the amphidiploid chromosome number (2n = 60) have been defined "symmetric
hybrids", that is stable allopolyploids representing the first case of intergeneric intertribal
hybrids in flowering plants obtained by parasexual hybridization. In the somatic hybrids
with less than 60 chromosomes of "asymmetric hybrids", the relative proportion of chro-
mosomes of the two species varied greatly; many hybrids, found to bear most genetic
information of one of the parental species and only a few chromosomes of the other, were
more regular in morphology. Some of them reached flowering but were sterile; the flowering
regenerate 15 to 1 contained only a few Brassica chromosomes. The condition of "asym-
metry" found in regenerates was the result of chromosome elimination that occurred during
growth in vitro of Arabidopsis + Brassica hybrid cell lines;308 but evidence was found that
not all chromosome elimination took place prior to regeneration.283 Chromosome elimination
apparently characterizes also the somatic hybrid cell lines and plants Datura innoxia +
Atropa belladonna.2*1 A somatic hybrid callus with ca. 140 chromosomes (probably the
fusion product of three D. innoxia protoplasts, 24 x 3 = 72, and one protoplast of A.
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Table 4
CHROMOSOME NUMBER OF SOMATIC HYBRID PLANTS

Species (chromosome number)

Arabidopsis thaliana (2n = 40)
+ Brassica campestris (2n = 20)
( = Arabidobrassica)

Brassica oleracea (2n = 1 8 )
+ Brassica campestris (2n = 20)

Datura innoxia (2n = 24)
+ Datura innoxia (2n = 24)

Datura innoxia (2n = 24)
+ Datura discolor (2n = 24)

Datura innoxia (2n = 24)
+Datura stramonium (2n = 24)

Datura innoxia (2n = 24)
+Atropa belladonna (2n = 72)

Daucus carota (2n = 18)
+ Daucus capillifolius (2n = 18)

Daucus carota (2n = 18)

Number of somatic
hybrids analyzed

Not reported
10

9

20

4

49

Not reported

12

Not reported
+Aegopodium podagraria (2n = 42)

Medicago sativa (2n = 32)
+ Medicago falcata (2n = 32)

Nicotiana glauca (2n = 24)
+ Nicotiana langsdorffii (2n = 18)

1

Not reported
23
10

Chromosome numbers of somatic
hybrids

55 to 60
35 to 45

18, 36, 38,54

48, 72,96, 34, 88, 108. 1 Aneusom.
(38—41)

46, 48

46, 48,72,49 to 71

ca.78, ca.140

34, 35, 36. 54

18

Aneusom. (54, 62, 63)

42
56, 57 58, 60. 62, 63, 64
42, 59, 62, 63, 70, 78, 80

F

282
283

284

285

286

286

287

288

289

290

291
292
293

Nicotiana rustica (2n = 48)
+ Nicotiana sylvestris (2n = 24)

Nicotiana rustica (2n = 48)
+ Nicotiana tabacum (2n = 48)

Nicotiana tabacum, haploid (n = 24)
+ Nicotiana tabacum, haploid

(n = 24)
Nicotiana tabacum (2n = 48)

+Nicotiana alata (2n = 18)
Nicotiana tabacum (2n = 48)

+ Nicotiana glauca (2n = 24)
Nicotiana tabacum (2n = 48)
+ Nicotiana glutinosa (2n = 24)
Nicotiana tabacum (2n = 48)
+ Nicotiana knightiana (2n = 24)
Nicotiana tabacum (2n = 48)

+ Nicotiana nesophilia (2n = 48)
Nicotiana tabacum (2n = 48)

+ Nicotiana repanda (2n = 48)
Nicotiana tabacum (2n = 48)

+ Salpiglossis sinuata (2n = 44)
Petunia hybrida (2n = 14)

+ Petunia parodii (2n = 14)
Petunia parviflora (2n = 18)
+ Petunia parodii (2n = 14)
Solanum tuberosum. haploid (n = 24)

+ Lycopersicum esculentum
(2n = 24)

28
13
4
108

25

Aneusom. (36—+8,53—57)
70 ,71 ,72 .76

68, 83 to 87, 89 to 96
60, 67, 77 to 79, 82, 83, 91
77, 79, 82, 91
48, 72, 96, 46, 47, 70, 71
73, Aneusom., (67—73,69—72)

66, 71

72

33

8

Not reported

3

3

Not reported

Over 50

4
17

50, 52 to 54, 65, 66
68 to 72. 74, 78, 79, 82, 88
All Aneusom. (44—94 to 74—131)

96

52, 58, 64

63,71,76

28

31. 36, 40

ca. 50. ca. 72
56. 57. 60. 72. ca. 90. 8 Aneusom.

294

295
296
297
298

299

277, 300

299

301

302

303

303

304

305

306
307

Note:

(48—50, 50—52, 56—57. 70—74,
72—74)

In case of two or more chromosome numbers, the number more frequently observed is shown in italics.
Aneusom., aneusomatic (chromosome number range).
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belladonna, 72) produced green shoots which instead of the ca. 72 contained ca. 40 chro-
mosomes of A. belladonna; later on, some albino shoots were developed which contained
36 A. belladonna chromosomes. A subline contained 78 chromosomes, of which 6 were of
Atropa and the remaining 72 were of D. innoxia (those originally present in the callus).
Thus, the elimination of Atropa chromosomes occurred not only once, but several times.
The observations on Arabidobrassica and on the Datura innoxia + Atropa belladonna
somatic hybrids show that via intergeneric protoplast fusion some chromosomes can be
transferred from one species to another.

In Arabidobrassica, indications have been found of interchromosomal recombination; that
is, recombination involving chromosomes of the parental species. Interchromosomal recom-
bination probably explains the (so far) unique case of an intergeneric somatic hybrid: Daucus
carota + Aegopodium podagraria.239 Green plants regenerated after fusion of protoplasts
of albino D. carota (2n = 18) and A. podagraria (2n = 42) had 2n= 18 and no difference
was found in chromosome morphology and distribution of heterochromatin in somatic hybrids
and D. carota plants. However, the somatic hybrids showed the expression of marker genes
of A. podagraria.

Genetic analyses of somatic hybrid plants are not numerous. In 1974, Melchers and
Labib309 fused protoplasts of a Nicotiana chlorophyll deficient haploid strain (n = 2x =
24) bearing the recessive sublethal {s) allele with protoplasts of another N. tabacum chlo-
rophyll deficient haploid strain (n = 2x = 24) carrying the recessive virescent (v) allele
and isolated the green somatic hybrids (genetic complementation). The selfed progeny of
the somatic hybrid was compared with the selfed progeny (F2) of the F, sexual hybrid N.
tabacum (2n = 4x = 48, sis) x N. tabacum (2n = 4x = 48, v/v): identical segregation
ratios green:mutant were demonstrated for the somatic and the sexual hybrid.310 The hybrid
nature of the tetraploid intraspecific somatic hybrids of two albino mutants of Datura innoxia
was demonstrated by an analysis of the androgenetic plants regenerated from the hy-
brid:segregation ratios of green to each albino mutant were as expected for autotetraploids
which are duplex for two loci.3" Power et al.312 compared the flower color segregation in
the selfed progeny of the autotetraploid Petunia hybrida x P. parodii sexual hybrid with
that of two somatic hybrids; overall, both types of hybrids segregated for flower color in a
similar manner. Schieder313 analyzed the selfed progeny of amphidiploid somatic hybrids
Datura innoxia + D. discolor and D. innoxia + D. stramonium which had been selected
by using, in the fusion experiments, albino protoplasts of D. innoxia. The selfed progenies
were found to segregate for a few albinos (attributed to rare formation of quadrivalents at
meiosis I) and green plants which were uniform in three sexual generations. In another
interspecific somatic hybrid, Nicotiana tabacum + N. nesophila, segregation of light green
and albino seedlings were observed in backcrossed and self-fertilized progenies.302 Finally,
in the intergeneric somatic hybrid, Solanum tuberosum + Lycopersicum esculentum,306

backcrossing to either potato or tomato has been unsuccessful.307

No sexual counterpart has yet been reported for four intergeneric and two interspecific
somatic hybrids, i.e., Arabidopsis thaliana + Brassica campestris,2*2-2*3 Datura innoxia
+ Atropa belladonna,2*1 Solanum tuberosum + Lycopersicum esculentum,306-301 Nicotiana
tabacum + Salpiglossis sinnata303 Nicotiana tabacum + N. repanda303 and Petunia par-
viflora + P. periodii.305-3M These somatic hybrids raise the question of the relation of
somatic to sexual incompatibility in plants. This aspect has been discussed in a recent
review.279

E. Nature and Origin of Genetic Variation in Regenerates
Larkin and Scowcroft"5 have proposed the general term "somaclonal variation" for the

variation displayed among plants derived from any form of cell culture. The data on so-
maclonal variation discussed by^fenrian-imd-Sem^croft,3'5-316 together with the information
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presented in the present review, allow a brief discussion to be made on the nature and the
possible time and mode of origin of genetic variation in regenerated plants. In the following
few pages, the different components of the genetic variation of regenerated plants will be
considered separately, although several processes responsible for the production of genetic
variation may operate simultaneously in cell and tissue cultures and, to smaller extent, during
in vitro growth of a regenerate. Further detail is provided by Larkin and Scowcroft,315-316

Skirvin317 and Chaleff.318

1. Polyploidy and Aneuploidy
As seen from Tables 1 to 4, polyploids and aneuploids are a common occurrence among

in vitro regenerated plants. Polyploidy and aneuploidy generally have phenotypic effects to
which-changes in the physiology and/or metabolism of plants correspond.319-320 Polyploidy
in the form of endoreduplicated cells in vivo may preexist to the culture (Section II.A.I)
but is frequently induced in culture via two essential mechanisms, chromosome endoredu-
plication and spindle failure leading to restitutional mitosis (Section II.C.2). Aneuploidy is
not generally present in plant explants; it is produced in culture via either nuclear fragmen-
tation (amitosis) followed by mitosis (Section II.B.3) or defective chromosome behavior
during mitosis (Section II.C.4). As expected from plant cytogenetic literature,320 quite dif-
ferent types of aneuploids can be regenerated in vitro from species of polyploid origin, e.g.,
tobacco and hexaploid wheat (Table 2). By contrast, aneuploid plants are rarely regenerated
from pure diploid species; trisomics are easier to obtain than monosmics, e.g., Lilium
longiflorum and maize (Table 2).

2. Chromosome Structural Changes
As pointed out by Larkin and Scowcroft,315-316 this could be a major mechanism to generate

somaclonal variation. Karyotype analysis on mitotic cells and analysis of meiosis in pollen
mother cells, a method of cytogenetic analysis with high resolving power, have demonstrated
the occurrence in some regenerated plants of simple and reciprocal translocations, deletions,.
inversions, centric and acentric fragments,'isochromosomes, telocentric and dicentric chro-
mosomes, etc. (Section III.B).

Apart from the irreversible damage to genes at chromosome break points, dominant alleles
may be switched off as a consequence of translocation or transposition at another chromosome
site (position effect). In a heterozygous diploid, the loss of the chromosome segment carrying
the dominant allele will result in the expression of the recessive phenotype. The same result
would be expected in a diploid individual hemizygous for a dominant allele. In cultured
animal cells, evidence has been presented that cells seemingly diploid by cytogenetic and .
chemical criteria are extensively haploid by genetic criteria. It cannot be excluded that such
culture-induced hemizygosity321 may also operate in cultured plant cells.

Because of their mitotic propagation through the breakage-fusion-bridge cycle, dicentric
chromosomes are active producers of different coordinated deficiency-duplication events in
cultured plant cells (Section II.C.5). In this context, it must be stressed that the breakage-
fusion-bridge cycle remains an efficient mechanism for the production of tandem duplications
in mitotic cells. It is not excluded that another deficiency-duplication mechanism, sister
chromatid exchange,322 may operate in cultured plant cells.

As to the origin of chromosome structural changes, there is evidence that changed chro-
mosomes present in meristematic tissues and, more frequently, in differentiated tissues in
vivo (Section II.A.4) can propagate in culture when the mutated cells reenter the mitotic
cycle in vitro. However, the vast majority of chromosome structural changes originate in
culture; possible mechanisms of origin have been discussed in Section II.C.5.



Volume 3, Issue 1 99

3. Gene Mutations
Genetic analyses of in vitro regenerated plants have demonstrated the occurrence of simply

inherited (one or two genes) mutations; some of the heritable mutations have shown a complex
(multigenic) inheritance (see Section III.B. and References 254, 316, and 323 to 325).
Analysis of selfed progenies has shown that regenerates are generally heterozygous for the
mutation: a condition to be expected because of the origin of mutation in the heterozygous
state in diploid cells. However, cases of homozgyous mutants have been reported. Since
processes of chromosome number reduction and haploidization may occur in culured cells
(Section II.C.3), it seems probable that a mutation produced in a haploid cell may become
homozygous by restoration of diploidy through chromosome doubling (doubled haploid).
Quite recently, Negrutiu et al.325 have regenerated diploid plants fully deficient in nitrate
reductase (NR) activity from non-mutagenized protoplast-derived colonies of haploid Ni-
cotiana plumbaginifolia selected by chlorate resistance. They have shown that NR deficiency
was inherited as a single recessive nuclear gene and have assumed that chromosome doubling
occurred during in vitro passage of the selected cells. The rather high mutation frequencies
for chlorate resistance in these experiments323 may indicate that, as suggested by Hoffmann
et al.,323 spontaneous mutations may be caused by the haploid condition of certain genotypes
more than by tissue culture manipulations.

The question whether mutations, and genetic variation in general, preexist or are induced
during culture is important for the problem of the possible control of genetic variation in
somatic cells. Barbieri and Dulieu326 analyzed the frequency of variants in tobacco plants
regenerated, at different times of in vitro culture (from 30 to 255 days), from cotyledons of
F, tobacco (Nicbtiana tabacum) plants heterozygous for two color marker genes (af/a, yg+/
yg) and concluded that the color variants were present in the differentiated cells of the
cotyledons and were multiplied by the in vitro culture. Recently, the same authors327 have
analyzed tobacco shoots and plants regenerated from leaf protoplasts of the same tobacco
strain (a,+/a, yg+lyg); they have concluded that the exact time of occurrence of variants
could be either before protoplast isolation, as lesions repaired by a recombination process
(if unrepaired, they would yield deletions) during aging of resting mesophyll cells, or induced
when cell division resumed after isolation.

Other investigations provide evidence that mutation may occur in the culture phase and
does not preexist. Oono328 reported that pollen-derived doubled haploids of rice {Oryza
sativa) showed mutations, some in the homozygous and others in the heterozygous condition.
These last mutations certainly originated following spontaneous chromosome doubling during
the culture phase. Similarly, Hoffmann et al.,323 using a highly inbred line of rapeseed,
reported that 9 out of 36 pollen-derived doubled haploids segregated for mutations indicating
that the mutational event had occurred after spontaneous diploidization. Segregation for
mutants has also been observed in pollen-derived doubled haploids of Nicotiana sylvestris.329

For other cases of production of mutations or other genetic variation which may affect
nuclear or cytoplasmic genomes during the culture phase, reference is made to Larkin and
Scowcroft316 and Lorz and Scowcroft.324

Questions relating to the origin of chromosomal and gene mutations in vivo and in vitro
have been discussed in Section II.A.4 and Section II.C.5.

It has been proposed that some genetic variation in vitro may arise through activation of
transposable elements316 or mitotic recombination,257 but no clear-cut evidence for either
possibility exists.

4. Differential DNA Replication (Amplification)
In Section II.B.4, data have been reported on the process of differential replication of

particular DNA sequences (DNA amplification) that occurs during callus induction (dedif-
ferentiation) and in other callus phases. Attention has been drawn on the particular case of
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androgenetic doubled haploids (2n = 48) of Nicotiana tabacum that have been found to
possess a consistently higher nuclear DNA content and significant differences in DNA thermal
denaturation in respect to the parental cultivar.62 Another case of heritable quantitative and
qualitative changes in nuclear DNA has been reported for doubled haploid plants of Nicotiana
sylvestris resulting from consecutive androgenetic cycles. Such plants contain on the average
increasing amounts of total DNA and increasing proportions of highly repeated G + C and
A + T rich sequences.330

The situation observed in the androgenetic doubled haploids of N. tabacum and N. syl-
vestris closely resembles that found in flax (Linum usitatissimum) genotrophs, stable new
forms that are induced by particular fertilizer regimes in a few varieties of flax including
Stormont Cirrus. Cullis331 and Cullis and Goldsborough332 showed that the large genotroph
(L) had a class of moderately repeated DNA sequences not present in either the small
genetroph (S) or the original form (PI: plastic genotroph). S had 70% fewer ribosomal
cistrons than L or PI. By appropriate treatment, L and S genotrophs, that keep stable through
repeated self generations, can be reverted to the original form (PI). Thus, the flax genotrophs
provide an unique example of how some genomes can respond to particular environmental
conditions with stable heritable changes that can be made to revert at any time if proper
conditions are applied.2

Whether particular environments created by in vitro culture manipulations may favor
isolation of plant genotrophs remains an exciting possibility which is worthy of investigation.

IV. CONCLUDING REMARKS

Because of the genetic stability of the meristem cell line in vascular plants, meristem
culture under conditions that do not induce callus formation allows the mass propagation of
plants true-to-type (in vitro plant cloning). Present evidence shows that genetic variation in
mericlones is no greater than the genetic variation that occurs during traditional methods of
vegetative propagation. The possibility of isolating virus-free mericlones adds to the merit •
of meristem culture over other propagation methods.

When plant cells and tissues are explanted in vitro on hormone-containing media, a callus
is produced; calli and cultures derived from them are depositories of sometimes extensive
genetic variation. Available evidence indicates that part of the genetic variation (genomic,
chromosomal, genie) preexists to the culture; it may accumulate in vivo in differentiated
cells and be expressed in culture in consequence of cell dedifferentiation. However, part of
the genetic variation is produced in vitro, but the underyling mechanisms are unknown. This
is probably due to the little work done on the physiology and metabolism of cultured plant
cells in the search for changes in metabolic pathways, possible production and accumulation
of particular metabolites and/or degradation products, and so on. Another area where further
research is needed concerns the relative contribution of preexisting variation and of variation
generated in culture in determining the genetic status of regenerated plants. Genetic analysis
of plants regenerated at different times from cell cultures heterozygous for genetic markers
and genetic analyses of androgenetic doubled haploids can greatly assist in elucidating this
problem.

When conducting genetic analyses of in vitro regenerated plants, attention should be paid
to their mode of origin. Regenerates formed via somatic embryos (structures of unicellular
orgin) are expected to consist of genetically identical cells; for such plants, an analysis of
their selfed progeny and calculation of segregation ratios on a plant progeny basis are an
adequate method of genetic analyses. Part, if not all, of the regenerates formed via adven-
titious buds (structures of multicellular origin) are expected to be mosaics (chimeras) with
variant (mutant) sectors of different size. In case of plants regenerated via adventitious buds,
I recommend a genetic analysis on an organ progeny basis: e.g., spike progeny, panicle
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progeny, capsule progeny, truss (flower-cluster) progeny, branch progeny, etc. As discussed
in Section III.B, genetic analysis on an organ progeny basis has a high resolving power; in
particular materials, organ progeny analysis can usefully be supplemented with a "topo-
graphical analysis" (location of the segregants in their actual position in the organ).258

Genetic analyses of somatic hybrid plants have generally served the scope of confirming
their hybrid nature, but in some cases comparative genetic analyses of somatic hybrids and
their sexual counterparts have been conducted. This sort of analysis is worthy of being
pursued in the future in an attempt at establishing the relative merits of somatic hybridization
and sexual hybridization in the production of genetic variation. For somatic hybrids for
which the sexual counterpart is not yet known (Section III.D), efforts should be made to
determine whether the species concerned are really incompatible at the sexual level. Also,
the process of chromosome elimination that characterizes some somatic hybrids deserves
particular attention in view of the possible production, via somatic hybridization, of chro-
mosome addition lines. Finally, work is needed to prove or disprove the possibility that
recombination of chromosome segments between chromosomes of the parent species in
somatic hybrids, especially those between genetically distant species, takes place.

In conclusion, plant regeneration from calli and suspension cultures makes it possible to
recover a conspicuous portion, if not all, of the genetic variation present in cultured cells.
Such genetic variation is of both theoretical and practical significance; this explains the
continuously increasing interest of the geneticist and the plant breeder in the in vitro culture
method.
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