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INTRODUCTION

Protoplast technology is important in, on the one hand, the application of various cellular
methods in plant breeding (i.e. somatic hybridization, cybridization, direct DNA transfer
via polyethylene glycol (PEG), electroporation, micro-injection), and various fundamen-
tal studies (e.g. on membrane transport, cell compartmentation, the cytoskeleton in
relation to the cell cycle and cell division) on the other hand. For practical applications,
plant regeneration from protoplasts is a prerequisite.

In 1989, regeneration from protoplasts was listed (Roest & Gilissen 1989) for 214
higher plant species (Spermatophyta), representing 97 genera and 31 families. Since then,
regeneration procedures for more than 100 higher plant species have been reported. These
include many economically important agricultural and horticultural crops, as well as
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woody plant species. In this paper these new species are listed, supplemented with specific
information on the donor tissue used, the culture technique applied, and the type of
development of the regenerants. In addition, recent achievements in fundamental aspects
of protoplast research, which gradually provide further insight into the genetical, physio-
logical and ultrastructural background of the phenomenon of totipotency of plant cells,
will be briefly reviewed.

PLANT SPECIES

During the last 3 years, procedures have been published for regeneration from protoplasts
of 106 higher plant species, belonging to 49 genera and 18 plant families, via somatic
embryogenesis, i.e. the direct orindirect (through callus) regeneration of somaticembryos,
and via organogenesis, i.e. the indirect regeneration of shoots, bulblets and plantlets
(Table 1). This brings the total number of plant species for which regeneration has been
achieved to 320, representing 146 genera and 49 plant families. Table 1 lists the first
publication in which the regeneration procedure for a given plant species was described.
The Solanaceae had the highest number of responding plant species, which increased from
67 to 76, representing 13 genera. Regeneration was reported in 29, 23, 7, and 6 species
belonging to the genera Solanum, Nicotiana, Petunia and Lycopersicon respectively.

Ornamental plant species which can now be regenerated from protoplasts include:
saffron (Crocus sativus, Iridaceae), lily (Lilium formolongi, Liliaceae), honeysuckle
(Lonicera nitida, Caprifoliaceae), carnation (Dianthus caryophyllus, Caryophyllaceae),
Oxalis glaucifolia (Oxalidaceae), lupin (Lupinus mutabilis x hartwegii, Papilionaceae),
statice (Limonium perezii, Plumbaginaceae), cyclamen (Cyclamen persicum, Primulaceae),
primrose (Primula malacoides, Primulaceae), and roses (Rosa persica x xanthina and
R. rugosa, Rosaceae).

Woody plant species displayed a substantial increase in the number of regenerable
species during the last 3 years. In the Gymnospermae, the number of regenerable species
increased from two to nine, including those belonging to the genera Abies, Larix and
Pseudotsuga. In the Angiospermae, various tree species were found to be regenerable from
protoplasts: Rauvolfia vomitoria (Apocynaceae), eucalypt (Eucalyptus sp., Myrtaceae),
oriental planetree (Platanus orientalis, Platanaceae), poplars (Populus sp., Salicaceae), tree
of heaven (Ailanthus altissima, Simarubaceae), and elm (Ulmus campestris, Ulmaceae).

Further, many agricultural and horticultural crops can also be regenerated from proto-
plasts: Italian millet (Setaria italica) and great millet (Sorghum vulgare) (Gramineae),
onion (Allium cepa, Liliaceae), kiwi (Actinidia deliciosa, Actinidiaceae), Japanese
persimmon (Diospyros kaki, Ebenaceae), cotton (Gossypium hirsutum, Malvaceae),
adsuki bean (Phaseolus angularis) and French vetch (Vicia narbonensis) (Papilionaceae),
passion fruit (Passiflora edulis, Passifloraceae), buckwheat (Fagopyrum esculentum,
Polygonaceae), plums and cherries (Prunus sp., Rosaceae), coffee (Coffea sp., Rubiaceae),
calamondin and satsuma (Cirrus sp., Rutaceae), cocoa (Theobroma cacao, Sterculiaceae),
and celery (Apium graveolens, Umbelliferae).

However, several important plant species, such as banana (Musa sp., Musaceae),
coconut (Cocos nucifera), date (Phoenix dactylifera) and oil palm (Elaeis guineensis)
(Palmae), grape (Vitis vinifera, Ampelidaceae), groundnut (Arachis hypogaea,
Papilionaceae), mango (Mangifera indica, Anacardiaceae), oat (Avena savita), and rye
(Secale cereale) (Gramineae), papaya (Carica papaya, Caricaceae), pineapple (Ananas
comosus, Bromeliaceae), rubber (Hevea brasiliensis, Euphorbiaceae), tea (Camellia
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Japonica, Theaceae), and yam (Dioscorea sativa, Dioscoreaceae), still remain recalcitrant
or have not yet been investigated for their ability to regenerate from protoplasts.

PROTOPLAST REGENERATION

Several factors at the level of explants and cells, as well as external and morphogenetic
factors, play a decisive role during isolation, culture and regeneration of protoplasts.
Some recent data on these factors and their involvement in the regeneration process are
discussed.

Plant factors

Genotype. In many plant species protoplast regeneration appears to be strongly dependent
on the genotype. Izhar & Power (1977) concluded that different genes control the different
developmental stages of leaf protoplasts of Petunia. In tomato (Lycopersicon esculentum),
after crossing with L. peruvianum and segregation analysis, it was shown that the
regeneration capacity from established callus cultures is controlled by two dominant
genes (Koornneef et al. 1987). In Solanum phureja, Cheng & Veilleux (1991) proposed that
the genetic basis for callus development from protoplasts is controlled by two independent
dominant loci. In alfalfa (Medicago sativa), it was possible to achieve somatic embryo
formation in a non-responsive genotype by introduction and expression of genes active in
hormonal regulation, i.e. rol B and rol C genes of Agrobacterium rhizogenes (Dudits et al.
1991).

Donor tissue. The low reproducibility of protocols for protoplast isolation, culture and
regeneration in many plant species may be due to the great physiological variation of
donor plants, especially if grown under greenhouse conditions. By pretreatment of donor
plants under controlled conditions in a growth chamber, cell division and subsequent
regeneration capacity of cultured tobacco and soybean protoplasts were considerably
improved (Negaard & Hoffmann 1989). Also in Lycopersicon species, growth conditions
of source plants influenced protoplast division (Tabaeizadeh et al. 1984): both a reduction
of the daylength from 16 to 9 h and a cold-treatment at 4°C of the donor plants, signifi-
cantly increased the plating efficiency. It was suggested that this cold-treatment provoked
mitotic activity of the protoplasts. .

To overcome the problem of low reproducibility, protoplasts are usually isolated from
plant material grown in vitro under controlled conditions. In many plant species belonging
to the Gymnospermae and Gramineae, the use of embryogenic cell suspensions and callus
cultures as protoplast donor tissues resulted in plant regeneration. In some cases, specific
donor tissues, i.e. shoot tips (derived from in-vitro cultured shoots), embryos and anthers
or pollen, have been successfully used for regeneration from protoplasts (Table 1).

A comparison of different plant donor tissues with respect to the early differentiation of
somatic embryos from protoplasts of Helianthus annuus has been made by Dupuis et al.
(1990). Only hypocotyl-derived protoplasts divided and gave rise simultaneously to
microcalli and somatic embryos, whereas no cell divisions were observed in cotyledon- or
leaflet-derived protoplasts. The number of protoplasts that could be isolated increased
from the base to the top of the hypocotyl. Although the plating efficiency was similar for
protoplasts isolated from various parts of the hypocotyl, differentiation into somatic
embryos was enhanced only in protoplasts derived from the basal parts.
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The protoplast source can also influence the type of regeneration. Protoplasts isolated
from seedling roots of Medicago sativa cv. Adriana showed plant regeneration via direct
somatic embryogenesis, whereas protoplasts from leaves and hypocotyl-derived suspen-
sion cultures initially formed an intermediate callus on which somatic embryos could be
induced (Pezzotti et al. 1984).

Density gradient centrifugation was used in rice for the separation of relatively uniform
protoplasts from a heterogeneous population (Masuda et al. 1989). The fraction with the
highest specific gravity contained many cytoplasm-rich protoplasts and showed the
highest plating efficiency (up to 0-7%). The fraction with the lowest specific gravity, which
mainly contained transparent protoplasts with large vacuoles, rarely underwent con-
tinued divisions. Similar results have been reported for Citrus (Tusa et al. 1990) and
Larix x eurolepis (Klimaszewska 1989). Protoplasts can also be separated electrophoreti-
cally. A population of pea protoplasts separated in this manner, appeared to be viable and
able to divide after subsequent culture (Koonen & Jacobsen 1991). In these examples,
however, a stimulatory influence of the treatment itself cannot be excluded.

Protoplasts, even originating from the same organ, can show differences in competence
to cell division and subsequent plant regeneration (cell heterogeneity). In this regard, the
phenomenon of polysomaty is important. In the majority of the Angiospermae the differ-
entiated tissues are polysomatic, i.e. they contain a mixture of cells with diploid and
polyploid nuclei (D’Amato 1952). Polyploidy can interfere with the isolation, culture and
plant regeneration from protoplasts (Uijtewaal 1987, Huang & Chen 1988).

The complexity of cellular competence to cell division and regeneration has been a
major subject of discussion in various fundamental studies on protoplast regeneration (see
abstracts of the VIIIth International Protoplast Symposium at Uppsala in 1991). These
studies can provide further knowledge on the cellular characteristics and processes
involved in the development of a complete plant from a single protoplast.

Cellular factors

In the process of protoplast regeneration, five categories of cellular phenomena can be
distinguished: stress response, the self-defence mechanism of the plant cell; repair
mechanism, repair of membrane damage and of membrane protein systems, formation of
a new cell wall and restoration of the cytoskeleton; dedifferentiation, morphological and
functional adaptations of organelles and cytoplasm; cell division, induction of the cell
cycle, continuous cell divisions and callus formation; and morphogenesis, induction of
organized cell growth and differentiation. The first four processes, discussed below, show
a considerable degree of autonomy. However, the way in which these individual processes
interact, determines the ultimate success of the entire regeneration process. The latter
process will be described in the section ‘Morphogenesis’.

Stress response. In recent years, stress response processes have received much attention in
protoplast research (see poster abstracts in the proceedings of the 1991 Congress of the
International Society for Plant Molecular Biology at Tucson and the VIIIth International
Protoplast Symposium at Uppsala in 1991). Cells have the competence to react to external
stimulation or elicitation (e.g. wounding, infection, heat and UV-light) by a very rapid
induction of self-defence mechanisms. During the protoplast isolation procedure, cell-
wall degrading enzymes appeared to be important stress-inducing agents as they can
produce activated oxygen, which causes lipid peroxidation, resulting in decrease of the
fluidity and concomitant leakage of the cytoplasmic membrane (Ishii 1988). This type of
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membrane damage was negatively correlated with the regeneration ability of sunflower
(Helianthus annuus) protoplasts (Biedinger & Schnabl 1991). Cells generally respond to
these and other stresses with a rapid production of enzyme systems, involved in the
initiation of various metabolic pathways, such as the phenyl-propanoid route, resulting in
the formation of phyto-alexins and structural polymers like lignin, as demonstrated in
alfalfa (Dixon et al. 1991). Also genes coding for ubiquitin proteins, extensin-like proteins,
peroxidases and proteinase-inhibitors, became activated immediately after protoplast
isolation (Criqui ef al. 1991). In freshly isolated tobacco protoplasts, the production of
two chitinases, two osmotin proteins and a glucanase was demonstrated (Meyer et al.
1991).

Some of the stress responses appear to be less favourable for isolated protoplasts. The
occurrence of lipoxygenase activity, that produced lipid peroxides, caused oxidative
damage to membranes in Beta vulgaris protoplasts (Krens et al. 1990). Another detri-
mental stress response reaction on potato protoplast viability and development was the
production of ethylene (Perl et al. 1988).

The nature of the stress response of the protoplasts to the isolation procedure and the
applied culture conditions is an important factor which determines the further expression
of their cellular totipotency. Therefore, more knowledge on these response processes will
be essential for an understanding of the success or the failure of the following processes
involved in plant regeneration from protoplasts.

Repair mechanism. Protoplast isolation starts with the removal of the cell wall by
hydrolytic enzymes. During isolation, various cellular structures will be lost, like the cell
wall, or disturbed, like the protein systems of the plasma membrane. Due to the absence of
the cell wall, which is the modelling factor of the cell, changes occurred in the orientation
and organization of the various elements of the cytoskeleton in the protoplasts. In
addition, the protoplast isolation procedure generally results in the disturbance of cell
polarity (Simmonds 1991).

The plasma membrane contains protein complexes, responsible for the transport of
organic compounds and ions in and out the cell, and for the recognition of a variety of
external signals. Since most cell wall degrading enzymes are more or less contaminated
with proteolytic enzymes, these membrane protein complexes are disturbed partly or com-
pletely (Lin 1985; Morris 1985). Isolated protoplasts can only function after resynthesis
of these protein complexes.

The ability of the individual protoplast to repair its cytoplasmic membrane and protein
components in it, the cytoskeleton and the cell wall, greatly determines the success of its
further development.

Dedifferentiation. Various dedifferentiation processes occur depending on the original
cytology of the isolated protoplast. For example, protoplasts isolated from potato tuber
tissue contain large amyloplasts. Cell division was observed only after metabolization of
the starch, which was completed after approximately 7 days (Jones et al. 1989). The
dedifferentiation process of chloroplasts in tobacco protoplasts could span over several
cell cycles (Nagata & Yamaki 1973; Gigot et al. 1975), and was not necessarily linked to
the initiation of the first cell divisions. Mesophyll protoplasts normally contain numerous
chloroplasts. After isolation of tobacco protoplasts, the chloroplasts showed remarkable
changes: their volume decreased and crystalloid inclusions and thylakoids disappeared.
Also the cytoplasm changed in these protoplasts: the central vacuole disappeared, the
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cellular volume increased considerably and the cell became rich in cytoplasm containing
many ribosomes. In addition, the nucleus, mostly condensed before and during the iso-
lation procedure, increased in volume and showed less condensed chromatin during the
initial culture period (Bergounioux et al. 1986; 1988). The protoplast dedifferentiated into
a meristematic-like cell.

Cell division. The cytoskeleton connects the various organelles and other cytoplasmic
elements of the cell with each other and with the plasma membrane. The cytoskeleton and
the cell wall are involved in cell division and cell differentiation (Derksen et al. 1990).

Microtubules play an important role in plant morphogenesis because they participate in
regulating cell shape and determining the plane and site of cell division (Simmonds 1991).
The correlation between microtubule organization and cell division has been demon-
strated by Fowke & co-workers (1990) in embryogenic protoplast cultures of white spruce
(Picea glauca) and by Dijak & Simmonds (1988) during direct somatic embryogenesis
from mesophyll protoplasts of Medicago sativa.

The formation of a complete new cell wall generally takes 2 days. Protoplasts isolated
from rapidly dividing suspension cells of Vicia hajastana divided within this period, which
resulted in many severe abnormalities in the distribution of the genetic material over the
daughter cells (Simmonds 1991). These results confirm the essential role of the cell wall in
the cell division process. In addition, the presence of a (repaired) dense network of cortical
microtubules appeared to be a prerequisite for the reorientation of the nucleus and the
reoccurrence of cell division.

The competence of a protoplast to undergo cell division is also dependent on the cell
cycle phase. In Nicotiana plumbaginifolia leaf tissue, mainly cells in the G2-phase showed
high cell division activity after protoplast isolation (Magnien et al. 1982). Comparable
results were obtained in cotton, where protoplasts isolated from cotyledons showed a
strong positive correlation between G2-phase and the competence for cell wall formation
and cell division; cells in G1-phase did not appear to be competent for these processes
(Firoozabady 1986). In Petunia leaf protoplasts, synthesis of RNA was resumed 18 hours
after isolation. In addition, an increase in the RNA concentration above a critical level
was necessary to induce DNA replication and cell division (Bergounioux et al. 1988).

Due to cell heterogeneity, different types of calli developed from a single population of
protoplasts. Compact, friable and intermediate types of calli were distinguished in leaf
protoplast cultures of various monohaploid potato genotypes (Uijtewaal et al. 1987).

External factors

Culture medium. The basal culture medium and its supplements can play a decisive role in
the regeneration of protoplasts (Roest & Gilissen 1989). The low viability of protoplasts
of Lycopersicon pennellii could be correlated with high ethylene production and increased
cell sap osmolality (Rethmeier ez al. 1991). Moreover, the choice of cell wall degrading
enzymes influenced the release of ethylene. Addition of the ethylene-inhibitor silver thio-
sulphate to the culture medium improved yield, viability and regeneration of protoplasts
of Lycopersicon pennellii (Rethmeier ez al. 1991) and potato (Perl et al. 1988; Méllers et al.
1992). Addition of o-acetyl-salicylic acid also repressed the formation of ethylene in
isolated protoplasts. This repression resulted in an increased plating efficiency of proto-
plasts of potato (Perl et al. 1988), barley (Holme et al. 1991) and Lolium (Creemers-
Molenaar et al. 1992). However, in the latter species, this increase was not related to a
proportionally increased regeneration frequency.
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The addition of the anti-oxidants polyvinylpirrolidone (pvp) and glycine to the
enzyme mixture as well as to the culture medium resulted in a higher yield of viable
mesophyll protoplasts in Prunus avium (Ochatt 1991b). A combination of the anti-
oxidants glutathione, glutathione-peroxydase and phospholipase, also increased the
plating efficiency and the growth of microcallus from protoplasts of Lolium perenne
(Creemers-Molenaar & Van Oort 1990). In Beta vulgaris, the addition of the anti-oxidant
n-propylgallate (n-PG) to the medium, which inhibits the activity of lipoxygenase, proved
to be essential for successful protoplast culture and shoot regeneration (Krens et al. 1990).

Physical environment. The importance of the physical environment (e.g. plating density,
pH, temperature and light) for culture and regeneration of protoplasts has been reviewed
by Maheshwari et al. (1986). Electro-stimulation, i.e. the application of a low-voltage
treatment, resulted in an enhanced division of protoplasts of Medicago sativa (Dijak &
Simmonds 1988), Trifolium subterraneum (Li et al. 1990), Solanum dulcamara (Chand
et al. 1988) and Solanum viarum (Chand 1991).

In barley (Hordeum vulgare) green plantlets have been regenerated from protoplasts
derived from suspension cultures (Yan et al. 1990), and in rice (Oryza sativa) the plating
efficiency has been increased from cell suspension-derived protoplasts (Lin ef al. 1991),
after heat shock treatment (45°C) for 5-8 min followed by a cold treatment in ice water
(0°C) for 10s.

Culture technique. The induction of cell division and regeneration of plated protoplasts is
highly dependent on the culture system applied. Compared with plating in liquid medium,
embedding of protoplasts in agarose beads and discs resulted in increased plating efficien-
cies. The application of agarose for protoplast cultures has been reviewed (Dons & Colijn-
Hooymans 1989). Recently, embedding protoplasts in alginate (droplets or thin layers) or
gellan gum (gelrite) also improved plating and regeneration efficiency in species like
Hordeum vulgare (Eigel & Koop 1989; Yan et al. 1990), Oryza sativa (Datta et al. 1990a),
Vitis labruscana and Vitis thunbergii (Mii et al. 1991b), Brassica napus and Nicotiana
tabacum (Eigel & Koop 1989) and Nicotiana plumbaginifolia (Verhoeven et al. 1990).
Embedding protoplasts in calcium alginate beads at room temperature increased the
plating efficiency in Medicago and Nicotiana (Larkin et al. 1988). When compared with
plating in agarose, embedding protoplasts in calcium alginate beads has two advantages:
(i) the absence of an elevated temperature treatment in the latter procedure; and (ii) the
possibility of using sodium citrate to dissolve the calcium alginate matrix. This enabled
easy recovery of the entrapped cells or (micro)calli by a gentle dissolution of the gel
layers and beads (Smidsrod & Skjak-Brak 1990), which is much more complicated in
agarose-solidified media.

The proportion of dividing protoplasts can also be improved by ultrafiltration of con-
taminant macromolecules (including glucose, minor sugars and sugar alcohols, etc.) from
the culture medium, as demonstrated for Medicago sativa and Nicotiana tabacum (Davies
et al. 1989).

The importance of the use of feeders or nurse culture techniques has been demonstrated
in various crops. In oat (4vena sativa), feeders from graminaceous plants promoted
protoplast proliferation, while feeders from dicotyledonous plant species suppressed
protoplast division (Hahne et al. 1990). In Brassica oleracea, a simple versatile feeder layer
system has been developed (Walters & Earle 1990). A nurse culture technique has been
used for Trifolium subterraneum (Li et al. 1990) and a mixed nurse plating technique for
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Festuca rubra (Zaghmout & Torello 1990). Regeneration in Citrus was achieved via co-
culture with embryogenic cells (Tusa et al. 1990). In barley (Hordeum vulgare), tobacco
(Nicotiana tabacum) and rape (Brassica napus), individual protoplasts were regenerated
using feeder systems (Eigel & Koop 1989; Schiffler & Koop 1990). Conditioned medium
can also be applied for an increase in the plating efficiency of cultured protoplasts, as
demonstrated in perennial ryegrass (Lolium perenne) (Creemers-Molenaar et al. 1992).

Recently, a microscopic device connected to a cell finder system has been developed
(Verhoeven et al. 1990). This system can be applied to determine the position of agarose-
immobilized cells and protoplasts, and for various analyses, i.e. the development of indi-
vidual protoplasts isolated from different sources, the effect of feeders and vital staining,
the formation of micronuclei and fusion of microprotoplasts, the selection of fusion
products, selection of cells or protoplasts with high production of secondary metabolites,
micro-injection, fate of introduced organelles or chromosomes, and time-lapse analysis.
In addition, the computerized hydraulic system of Eigel & Koop (1989), enables micro-
scopic selection of single protoplasts from protoplast populations and subsequent
regeneration studies.

Plant regeneration from individual protoplasts can be achieved via culture in micro-
droplets of medium or by the application of feeder systems. Using such culture systems,
regeneration from individual protoplasts has been obtained for different Solanum species
(Hunt & Helgeson 1989), Hordeum vulgare, Nicotiana tabacum and Brassica napus (Eigel
& Koop 1989), as well as for fusion products of defined protoplast pairs in Nicotiana
(Spangenberg et al. 1990) and products of microfusions between defined protoplast and
cytoplast pairs in Nicotiana tabacum (Spangenberg et al. 1991).

In addition, regeneration of shoot buds and plants has been achieved for protoplasts
isolated from cryopreserved cell lines of rice (Oryza sativa) (Meijer et al. 1991), and
from cryopreserved protoplasts of maize (Shillito et al. 1989; Zhang et al. 1990), Atropa
belladonna, Datura innoxia and Nicotiana tabacum (Bajaj 1988).

Morphogenesis

Cellular aspects. Morphogenesis is the result of organized cell growth, including deter-
mination and coordination of the plane and time of cell division, and the degree of cell
enlargement. Research at the cellular level on the induction of competence to morpho-
genesis in callus cultures is often hampered by the presence of numerous unorganized
growing cells. Nevertheless, it has been found that morphogenesis in a callus generally
starts with the development of polarity within a single, mostly highly vacuolated cell,
which subsequently becomes meristematic. In tobacco this process appeared to be linked to
an enlargement of the nucleolus and an increased RNA and protein synthesis (Thorpe &
Murashige 1970). These cells also showed an accumulation of starch in the plastids (Ross &
Thorpe 1973). In Petunia hybrida, the formation of preprophase bands was a clear indi-
cation for the initiation of organized cell growth. These bands had been preferentially found
in small protoplast-derived callus cells with high cytoplasmic content (Traas et al. 1990).

Cell heterogeneity in a single population of protoplasts was observed at the level of the
regeneration process: in Nicotiana plumbaginifolia some leaf protoplasts developed into
calli that formed shoots, whereas other leaf protoplasts directly regenerated into roots
(Gilissen et al. 1991).

Development of regenerants. The regeneration process in most species generally proceeds
through two phases: (i) the development of the cell aggregates into a callus; and (ii) the
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induction of one or more callus cells (after a few weeks to several months) to undergo
morphogenesis. Morphogenesis from protoplast-derived calli can take place via somatic
embryogenesis, i.e. the regeneration of somatic embryos, and via organogenesis, i.e. the
regeneration of shoots and bulblets.

In some plant species, direct somatic embryogenesis from protoplasts has also been
observed (see Table 1 in Roest & Gilssen 1989, and Table 1 in this paper). In this case, the
intermediate callus stage is absent. Apparently, these species are able to maintain their
cellular polarity, or to restore it very rapidly. Direct somatic embryogenesis was extensively
studied in leaf mesophyll protoplasts of Medicago sativa (Dijak & Brown 1987; Song et al.
1990). Also, protoplasts isolated from seedling roots of alfalfa cv. Adriana showed plant
regeneration via direct somatic embryogenesis. Remarkably, in the same cultivar proto-
plasts from leaf and from hypocotyl-derived cell suspension cultures initially formed an
intermediate callus before somatic embryogenesis occurred (Pezzotti et al. 1984).

In some plant species, like pea (Pisum sativum), regeneration from protoplasts occurred
both via organogenesis and somatic embryogenesis. The latter was achieved by the
application of strong auxins and an increased osmolality of the culture medium
(Lehminger-Mertens & Jacobsen 1989).

In a number of species, only incomplete regeneration or abnormal (albino or sterile)
plants were obtained. However, in some of these species, e.g. Picea glauca (Attree et al.
1989) and apple (Malus x domestica) (Patat-Ochatt et al. 1988), complete plantlets can
now be regenerated using improved regeneration methods. In addition, for various
graminaceous plant species, regeneration procedures have been developed which lead to
green and fertile (instead of albino and sterile) plantlets, as in Hordeum vuigare (Yan et al.
1990; Jahne et al. 1991a,b), Lolium perenne (Creemers-Molenaar et al. 1989), Indica rice
(Oryzasativa) (Datta et al. 1990a), Triticum aestivum (He et al. 1992) and Zea mays (Prioli
& Sondahl 1989; Shillito et al. 1989; Morocz et al. 1990). Fertile plants have also been
regenerated from protoplasts of sunflower (Helianthus annuus) (Burrus et al. 1991).

Somaclonal variation. While micropropagation through adventitious shoot formation from
explants normally does not lead to excessive somaclonal variation, regeneration from pro-
toplasts is mostly associated with a high frequency of somaclonal variation. To satisfy both
the need for stability and the exploitation of somaclonal variation, it would be beneficial
if the level of genetic instability could be controlled. The degree of somaclonal variation
is affected by various factors, i.c. the genotype, the ploidy level of the source material,
the protoplast donor source, the tissue culture procedure and the medium composition
(Sree Ramulu 1987; Karp 1991). However, morphological and cytological analyses of
populations of regenerants from protoplasts derived from leaves and cotyledons of Lotus
corniculatus exhibited similar frequencies of variation (Webb & Watson 1991). In general,
the longer the in-vitro culture phase, the higher the degree of genetic instability (Karp 1991).
It was suggested that a procedure of rapid regeneration via (direct) somatic embryogenesis,
without a prolonged intervening callus stage, would largely avoid the problem of genetic
instability. However, no clear relationship could be demonstrated until now between
somatic embryogenesis and reduced genetic instability (Karp 1991).

CONCLUSIONS AND PERSPECTIVES

The attractiveness of protoplasts for application in plant breeding is based on the
combination of two important aspects: (i) their amenability to various genetic manipu-
lation techniques, e.g. somatic hybridization, cybridization, direct DNA transfer and
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micro-injection; and (ii) the potential for plant regeneration enabling the production of a
new genotype from each successfully manipulated protoplast.

During the last 3 years, considerable progress has been made in the field of protoplast
regeneration. This can be attributed to the use of appropriate genotypes and donor
tissues, improved pretreatment conditions of explants and newly developed culture
techniques. Up till now, regeneration from protoplasts has been obtained in 320 plant
species, including many important agricultural and horticultural crops and woody plant
species.

In general, the research activities carried out in the field of plant regeneration from
protoplasts were mainly directed towards the optimization of the culture conditions for
large populations of protoplasts, and mostly based on ‘trial and error’. Therefore, less
fundamental knowledge has so far been gained on plant, cellular and external factors,
which act at the level of the individual protoplast during the regeneration process.
Recently, however, various techniques have become available for fundamental studies
on individual protoplasts for their competence to cell division and morphogenesis, e.g.
the microscopic device connected with the cell finder system (Verhoeven er al. 1990),
the computerized hydraulic system (Eigel & Koop 1989), the confocal laser scanning
microscope, in combination with various fluorescent staining techniques (Haugland
1989) and flow cytometry. In addition, techniques which were developed for the (direct)
regeneration from individually cultured protoplasts, selected subpopulations of proto-
plasts and cryopreserved protoplasts, are important achievements for both fundamental
studies and genetic manipulation of protoplasts.

With respect to genetic manipulation of protoplasts, various procedures have recently
been developed: e.g. somatic hybridization by microfusion of defined protoplast and
cytoplast pairs (Spangenberg et al. 1990; 1991), partial genome transfer via microproto-
plasts (Verhoeven et al. 1991), transfer of cell organelles, like chloroplasts by microfusion
(Eigel et al. 1991) and mitochondria by micro-injection (Verhoeven & Blaas 1992),
transformation via micro-injection (Schnorf ez al. 1991), via PEG or electroporation
(Potrykus 1990), via liposomes (Sporlein & Koop 1991) and via mild sonication (Joersbo
& Brunstedt 1990).

Plant species belonging to the Brassicaceae and Solanaceae proved to be highly
responsive in regeneration and genetic manipulation studies. Plants have been obtained
after symmetric somatic hybridization in Brassica (Glimelius et al. 1991) and potato
(Helgeson 1989) and after asymmetric hybridization in Brassica (Sundberg & Glimelius
1991) and tomato (Derks 1992). In cereals and other monocotyledonous plant species
most efforts were directed towards the production of transgenic plants via direct gene
transfer (Potrykus 1990; Vasil 1990). In graminaceous species, using PEG treatment or
electroporation of protoplasts for DNA uptake, transformed plants were obtained in
Agrostis alba (Asano et al. 1991), orchard grass (Dactylis glomerata) (Horn et al. 1988),
rice (Oryza sativa) (Datta et al. 1990b; Toriyama et al. 1988) and corn (Zea mays) (Rhodes
et al. 1988).

In spite of all these achievements, the routine use of protoplasts in genetic manipulation
of important monocotyledonous and dicotyledonous crops might take several years for
the following reasons.

1. In order to achieve plant regeneration from protoplasts in recalcitrant species or geno-
types, significant fundamental advances have still to be made in our understanding of the
phenomenon of totipotency of the plant cell.
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2. The genetic analysis of agronomic and horticultural characters is highly complex and
up till now only very few important genes have been identified and isolated (Snape et al.
1990). Moreover, many of these characters are polygenically controlled, which compli-
cates considerably their identification and isolation, and thus manipulation by transform-
ation technologies. In addition, the expression and maintenance of introduced genes
depend on many, less understood aspects, e.g. the integration site of the genes in the host
genome.

3. Extensive laboratory and field experiments have to be carried out with genetically
manipulated plants in various growing seasons, especially if several progenies have to be
tested or if woody plant species are involved.

4. Substantial time is required for regulatory approval, crop certification and public
acceptance of the transgenic plants.

Nevertheless, it is expected that in the future the application of protoplasts in genetic
manipulation will become an important complement to plant breeding.
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During the publication of the manuscript, new data have been published on regeneration

from protoplasts of the following species:

Donor Culture Regenerant

Taxon tissue  technique development Reference
MONOCOTYLEDONAE
Gramineae

Agrostis palustris eSc L C->S-P Terakawa et al. (1992)
DICOTYLEDONAE
Caricaceae

Carica papaya x cauliflora  Sc L E-P Chen & Chen (1992)
Compositae

Senecio fuchsii Sh S C-S-P Binding et al. (1992)
Cruciferae

Brassicarapa Co L C-S Hegazi & Matsubara (1992)

Moricandia arvensis L L C-S-P Murata & Mathias (1992)

Raphanus sativus Co L C-S-P Hegazi & Matsubara (1992)
Euphorbiaceae

Euphorbia pulcherrima Sh S C-S Binding et al. (1992)
Linaceae

Linum catharticum Sh S C-S Binding et al. (1992)
Solanaceae

Cyphomandra betacea Sh S C->S-P Binding et al. (1992)
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