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1. Introduction

The Ph.D. Thesis entitled “Protoplast cultures of selected members of the family 

Brassicaceae” was prepared under the combined doctoral study program of Biology 

(! eld study Botany) at the Department of Botany, Faculty of Science, Palacký Uni-

versity in Olomouc. However, the majority of experiments with the plant material was 

conducted in laboratories and greenhouses of the Department of Genetics and Plant 

Breeding Methods, Division of Plant Genetics, Breeding and Product Quality at the 

Crop Research Institute, Prague. Electrofusion of protoplasts were carried out at the 

Potato Research Institute in Havlíčkův Brod and some parts of experiments related to 

chemical fusogens were performed at the Department of Botany, Olomouc.

The topic of my Ph.D. study arose along with the need to introduce new methods 

of modern biotechnology into breeding of winter oilseed rape and some Brassica veg-

etables at the Crop Research Institute I am working at. One of my workloads is to 

establish breeding procedures more e&  cient and to speed up the breeding process of 

important Brassica crops. Somatic hybridization and subsequent regeneration of fu-

sion products represents a unique tool, which can help extend the biodiversity of crops 

both in qualitative and quantitative traits. By means of protoplast fusion techniques 

it is possible to create hybrid combinations, which are not feasible via traditional pro-

cedures of wide hybridization, whether due to various crossability barriers or the pro-

duction of nonviable hybrids. Although the latter could be partially overcome by us-

ing of embryo rescue techniques, even these methods do not guarantee the vigour and 

fertility of resulting hybrids. 

Hence, research teams of three institutions applied for a joint project comprised pro-

toplast culture and somatic hybridization techniques. Since 2004, the four-year project 

entitled “Use of protoplast fusion technology in breeding of commercially important 

crops, Brassica, Cucumis and Solanum” was supported by the Czech Ministry of Ag-

riculture. Concerning Brassica crops, in initial experiments we optimised the process 

of in vitro preparation of donor plants, isolation and puri! cation of protoplasts in se-

lected cruciferous genotypes (in term of yield and vitality of isolated protoplasts) and 

subsequent regeneration from protoplasts in term of cell wall regeneration and ! rst 

cell division. The improvement of plant regeneration was achieved through changes in 

media composition.

Consequently, we prepared and further optimised protocols for chemical fusion and 

protoplast electrofusion. For the chemical fusion, we determined an appropriate com-

bination of “fusogen concentration × time duration” with regard to the viability of fu-

sion products and occurrence of undesirable multifusants. Concerning electrofusion, we 

achieved acceptable viability of fusants and reduced the incidence of multifusants by 

determining the appropriate parameters of alternate current (AC) for protoplast align-
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ment, followed by direct current pulses to perforate the plasma membrane. Fusion of 

membranes took place after progressively reduced AC voltage. Viable microcalli, calli 

and whole plants with proven hybridity were obtained from these experiments. How-

ever, the regenerants exhibited the reduced viability and were not able to survive un-

der in vivo conditions.

In the ! nal phase of our experiments, we tested the possibility of early in vitro se-

lection for cold resistance in the protoplast-derived calli of selected winter and spring 

oilseed rape (B. napus) and Abyssinian mustard (B. carinata) genotypes, using pro-

teomic and analytical methods. A ~47kDa dehydrin was detected in the callus tis-

sue of two winter oilseed rape cultivars. However, the prediction of frost tolerance in 

B. napus and B. carinata based on dehydrin or proline detection and quanti! cation 

in the protoplast-derived calli was not feasible as there was no relationship with levels 

of these compounds, detected in the leaves.

The Thesis is presented in the form of publications in Scienti! c journals and short 

communications already published or ready to print. Publications are grouped the-

matically according to the objectives of the Thesis. In the Appendix section there are 

photographs documenting the process of somatic hybridization, the isolation and pu-

ri! cation of protoplasts, protoplast fusion and regeneration of calli and whole plants 

from protoplast cultures.
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2. Aims of the Thesis

The main aims of the Thesis were to gain knowledge in the ! eld of protoplast culture, 

to establish and optimise the isolation, chemical fusion and electrofusion of protoplasts 

and further regeneration in the protoplast culture of selected genotypes of the family 

Brassicaceae. The next step was to verify the suitability of protoplast culture tech-

nique for in vitro selection of cold-resistant genotypes and the identi! cation of desired 

genotypes by means of proteomic analytical methods. The work was focused on the 

following tasks:

1. To prepare the literature review of the current state of protoplast culture and 

somatic hybridization in the Brassicaceae family, focusing primarily on the ma-

jor species of the genus Brassica.

2. To establish and optimise the method of protoplast isolation and cultivation in 

selected Brassica genotypes and to regenerate whole plants.

3. To determine the parameters of chemical fusion and electrofusion in selected 

genotypes and to initialize the regeneration after fusion in protoplast cultures.

4. To validate the in vitro selection and identi! cation of cold-resistant genotypes 

using the protoplast culture technique and proteomic analytical methods.

5. To conclude the results of experiments on protoplast culture, protoplast fusion 

and in vitro selection through a discussion format.
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3. Summary Results of the Thesis

3.1. Literature review on protoplast culture and 
       somatic hybridization in the Brassicaceae family

3.1.1. Somatic hybridization and protoplast culture in        
 agricultural crops of the family Brassicaceae 
 – a review (unpublished)
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Somatic hybridization and protoplast culture in 
agricultural crops of the family

Brassicaceae – a review

PREFACE

Production of new crop varieties with required yield and quality depends on the selec-

tion of desirable plants, which is only possible if a wide variation is presented in the 

base population (Bajaj 1994). However, prolonged, unilaterally oriented breeding has 

caused substantial narrowing of genetic diversity in many crops (Plucknett et al. 1983). 

Related or distant genera of cultivated crops contain a large reservoir of genes cover-

ing a variety of desirable traits. Thus, identi! cation and utilization of this germplasm 

has great potential for crop improvement (Liu et al. 2005).

Although conventional breeding methods could also broaden the diversity by means 

of wide (distant) hybridization, these procedures often su" er from crossing barriers 

between parents or various abnormalities of resulting hybrids (van Tuyl and de Jeu 

1997). For instance, although McNaughton (1973) obtained hybrids from crosses be-

tween Raphanus sativus and Brassica oleracea (“Raphanobrassica”), these plants ex-

hibited poor fertility and vigour. Malek (2007) reported hybrids between B. rapa and 

B. nigra, where all the crosses showed complete pollen sterility with shrivelled, pointed 

tip, and pale colour anthers and reduced ! laments and failed to set siliquae and seeds. 

Choudhary and Joshi (2001) derived hybrids from crosses B. tournefortii × B. rapa 

with low pollen fertility. Moreover, Wang and Luo (1998) reported the abortion of hy-

brid embryos before the stage of maturity.

Above mentioned di$  culties have been partially solved by use of in vitro fertiliza-

tion methods, that are able to overcome pre-fertilization barriers, i.e., by applying pol-

len to excised ovules on an arti! cial culture medium (Kranz and Dresselhaus 1996). 

Several hybrids were produced via the technique of in vitro pollination: B. napus ×

× B. campestris (Zenkteler et al. 1987), B. napus × Diplotaxis tenuifolia, B. napus ×

× Moricandia arvensis, B. oleracea × D. tenuifolia and D. tenuifolia × B. napus 

(Zenkteler 1990).

Great progress on wide hybridization techniques has been achieved after the intro-

duction of in vitro embryo rescue procedures, enabling regeneration of hybrid plants [Si-

napis alba × B. napus (Ripley and Arnison 1990), Eruca sativa × B. rapa (Agnihotri 

et al. 1990), B. oleracea var. alboglabra × S. turgida (Momotaz et al. 1998), B. rapa ×

× B. oleracea (Heath and Earle 1996), Lesquerella spp. (Tomasi et al. 2002), B. juncea ×

× B. napus (Zhang et al. 2003), B. juncea × B. napus (Iqbal et al. 2006), Erucas-

trum cardaminoides × B. oleracea var. alboglabra (Mohanty et al. 2009)]. However, 
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there are reports that even after using of embryo rescue technology regenerated hybrid 

plants remained sterile, or with very low pollen fertility (Rao et al. 1996, Chandra et 

al. 2004, Inomata 2005).

Consequently, due to mentioned involvements it is di!  cult to transfer the desir-

able traits to the cultivated species via conventional breeding. Moreover, other barri-

ers such as polyembryony, female and/or male sterility in some crops further compli-

cate recombination and segregation of desirable traits in subsequent generations. As a 

result, gene " ow from the related or distant genera to the cultivated species is mini-

mized (Liu et al. 2005).

Mutations induced by chemicals, radiation or in plant and cell tissue culture (termed 

somaclonal variation) are the # rst biotechnological approaches, used to extend the ge-

netic diversity. Since the # rst report on induced mutation of a gene by Muller in 1927 

(Bohman et al. 1999) indicated the potential application of mutagenesis for plant im-

provement, numerous plant mutants have been introduced until now (Larkin 1998). 

Although somaclonal variation appears to be an important source of genetic variabil-

ity, the percentage of valuable mutations (analogously to induced mutations) is rather 

low, changes in the structure of genes are random and unpredictable (Brar and Jain 

1998). Moreover, epigenetic, potentially reversible modi# cations occur more frequently 

than genetic ones and thus complicate further utilization of such “mutants” in subse-

quent breeding programmes (Ahuja 1998).

Somatic hybridization and genetic transformation are the two most promising al-

ternatives and/or supplements of sexual hybridization and mutation for gene transfer. 

They have their own features and one cannot overestimate the function of one technique 

and underestimate the other (Liu et al. 2005). Genetic transformation techniques rep-

resent exact, aim-oriented manipulation with single genes at a molecular level. Where 

interesting genes have been identi# ed and isolated, they can be transferred via genetic 

transformation techniques, but, for most traits, the genes have not been identi# ed, and 

somatic hybridization might then be the method of choice (Waara and Glimelius 1995). 

In addition, presence of selection or reporter markers in transgenic plants may invoke 

negative impacts on public acceptance of the transgenic products (Liu et al. 2005). 
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CHARACTERIZATION OF THE FAMILY 
BRASSICACEAE

Brassicaceae (Cruciferae) is a large plant family, consists of 338 genera and 3709 spe-

cies (Warwick et al. 2006). The family is clearly most abundant in the Northern Hem-

isphere, with the major centre of diversi! cation and endemism in the Irano-Turranian 

region, where some 150 genera and 900 species are found, and a secondary centre in the 

Mediterranean region, with more than 110 genera and nearly 630 species. More than 

600 species native to North America are distributed primarily in the western United 

States and northern Mexico. In the Southern Hemisphere, there are 340 species native 

to South America, 110 species in South Africa, and 114 species in Australia and New 

Zealand (Al-Shehbaz 1984). 

Members of the Brassicaceae family are widely cultivated throughout the world as 

vegetable crops for human consumption, as condiments and spices for improved " avour 

of human diets, and as fodder crops for livestock feeding (Downey and Rimmer 1993, 

Warwick et al. 2009). The family includes more than 120 weedy species of local or cos-

mopolitan distribution as well (Al-Shehbaz 1984), but also many ornamentals, mainly 

from the genera Erysimum, Iberis, Linnaeus, Lobularia, Malcolmia, and Matthio-

la (Zhou et al. 2001). Nevertheless, the largest cultivation of its members is for edible 

vegetable oil production (Warwick et al. 2009). Thus, Cruciferae has been considered 

one of the ten most economically important plant families (Rich 1991).

The majority of genera (250) are oligotypic with ! ve or fewer species, and 138 of 

these are monotypic. However, more than half of the species of the family belong to 12 

large genera: Draba (340), Erysimum (180), Cardamine (175), Lepidium (175), Alys-

sum (170), Arabis (170), Sisymbrium (90), Lesquerella (80), Rorippa (75), Thlaspi 

(75), Heliophila (72), and Hesperis (60). Nevertheless, economically the most impor-

tant one is the genus Brassica, containing 37 di# erent species (Rakow 2004). Those 

of particular importance are: Brassica napus, B. rapa, and B. juncea as sources of 

rapeseed oil, and B. oleracea as cole crops. The genera Raphanus and Sinapis are 

also of major importance, the former cultivated for its edible roots and the latter as 

a source of mustard condiments along with B. nigra. Crambe is cultivated as indus-

trial oil, and the leaves of other genera (e.g. Eruca and Diplotaxis) are eaten as salad 

greens (Warwick et al. 2009). 

In addition to agriculturally important species, there are many wild relatives that 

have potential as sources of speci! c oil composition, condiments and other products. 

Additionally, these relatives could serve as sources of other useful traits, e.g. cytoplas-

mic male sterility (CMS) for the development of hybrid seed production systems in 

Brassica crop plants or provide the gene pool of resistance to various abiotic and bi-

otic stresses (Guil-Guerrero et al. 1999, Rakow 2004, Wang et al. 2006, Prakash and 

Bhat 2007, Warwick et al. 2009). Overview of speci! c traits, available in selected ! eld 

crops and their wild relatives from the family Brassicaceae, is shown in Table 1.
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PROTOPLAST CULTURE AND SOMATIC 
HYBRIDIZATION

1. Introduction

The term protoplast has been de! ned by Vasil (1976) as a naked plant cell surrounded 

by plasma membrane and is potentially capable of cell wall regeneration, growth and 

division. Thus, isolated protoplast per se represents a unique system for ultrastruc-

tural, genetical, and physiological investigations, i.e. on the structure and function 

of cell organelles, cytoplasmic membrane transport in plants and cell wall formation 

(Navrátilová 2004). 

Thanks to their ability to take up macromolecules other than DNA, protoplasts are 

an excellent model in studies of endocytosis at the plasma membrane, and virus uptake 

and replication in plant cells. Controlled lyses permits the isolation of cellular fractions, 

including membranes, organelles and vacuoles, the latter being used to study accumula-

tion of compounds, such as sugars. Patch-clamp techniques, similar to those developed 

for animal cells, have been used to investigate ion transport through the plasma mem-

brane and regulation of the osmotic balance of cells, to assay the longer-term e# ects

of pharmaceuticals, food additives, agrochemicals etc. (Davey et al. 2005).

For example, Robertson and Earle (1987) introduced a qualitative assay for the 

detection of photosynthetic activity in protoplasts of oilseed rape (Brassica napus), 

Rigó et al. (2008) studied the localization of GFP-tagged proteins in the protoplast 

suspension of Arabidopsis thaliana, Skagen and Iversen (1995) made series of experi-

ments on the cortical microtubule array in protoplasts from B. napus. E# ects of novel 

proteins on the plasma membrane of B. napus protoplasts were investigated by Qui et 

al. (1995), the production of polyamines by Papadakis et al. (2005) and the interaction 

of tachyzoites of Toxoplasma gondii with B. napus protoplasts by Werk and Fischer 

(1982). The location, physiological status and the viability of mitochondria by means of 

rhodamine staining examined Wu (1987) in cabbage and cauli% ower protoplasts; Kato 

et al. (2010) investigated membrane proteins in protoplasts of A. thaliana.

Although protoplasts provide a naked cell system that is equivalent to cultured an-

imal cells but, unlike the latter, exhibiting the unique property of totipotency (Davey 

et al. 2005). This phenomenon has enabled their utilization in agricultural research, 

among others for various modi! cations via experimental mutagenesis (Gebhardt et 

al. 1981, Sidorov et al. 1981, Mukherjee and Sengupta 1986), genetic transformations 

and, foremost, through somatic hybridization (Bajaj 1974, Hegazi and Matsubara 1992, 

Hansen and Earle 1994b).

Concerning genetic transformation, protoplasts of B. oleracea var. botrytis (cau-

li% ower) were successfully transformed using polyethylene glycol (PEG) in the experi-
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ments of Radchuk et al. (2002), Nugent et al. (2006) and Jiang et al. (2010), or by 

means of Agrobacterium-mediated transformation in B. carinata (Abyssinian mus-

tard) (Ohlsson and Eriksson 1988) or B. napus (Thomzik and Hain 1990, Wang et al. 

2005) protoplasts. Unfortunately, the genetic basis of many economically important 

traits such as disease resistance, stress tolerance, yield increase, etc. are largely un-

known, and these traits might be subjected to complex regulatory mechanisms which 

will complicate the molecular approaches to clarify their genetic basis (Hinnisdaels et 

al. 1994). 

On the other hand, gene transfer by somatic hybridization can be successful even 

though the gene and the gene product are unknown or when several genes control the 

desired character (Hansen 1998). Thus, unlike the manipulation of single genes through 

genetic transformations, somatic hybridization does not require the identi! cation and 

isolation of speci! c genes (Glimelius et al. 1991, Waara and Glimelius 1995, Forsberg 

1998).

A plant breeder usually obtains hybrids by using various conventional techniques, 

but the di"  culty arises with the sexually incompatible crosses (see Preface). Addi-

tionally, while in the sexual hybridization the male parent contributes only (or almost 

only) nuclear genes and the female parent contributes both nuclear genes and cyto-

plasm (Hinnisdaels et al. 1994), no such unilateral exclusion of cytoplasm exists in the 

somatic hybridization (Ahuja 1982). 

Somatic hybridization, generally de! ned as a fusion of two distantly related, to 

closely related plant protoplasts with subsequent regeneration of a hybrid plant, brings 

together three genetic systems – the nuclear, mitochondrial and chloroplast genomes 

of two genetically di# erent and potentially sexually incompatible parents (Eberhard 

1980). As a result, a single somatic hybridization event can generate more genetic vari-

ation than sexual hybridization (Yadav et al. 2009). 

Somatic hybridization has several potential advantages over sexual hybridization:

— broadening the gene pool by exchange of genetic material beyond the limits of 

sexual compatibility (Hu et al. 1999, Liu et al. 2005, Deng et al. 2007) via 

the transfer of useful traits from wild relatives to phylogenetically remote 

crop plants (Craig and Millam 1995, Waara and Glimelius 1995, Sigareva 

and Earle 1999, Sakhno et al. 2007, Scholze et al. 2010)

— the transfer of traits, controlled via cytoplasmic genes, such as male sterility, 

herbicide resistance, photosynthesis (Kirti et al. 1991), and studies on their 

inheritance per se (Bhojwani et al. 1977)

— restoring ploidy level in polyploid species after breeding at reduced ploidy level 

(Waara and Glimelius 1995)

— direct production of allopolyploids (amphidiploids), so-called “resynthesis” in 

cruciferous plants, without chromosome doubling (Campbell 1993)

— transfer of partial nuclear information from one species to another (Bajaj 1994)
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— production of the heteroplasmic state in the extra-nuclear genetic elements in 

addition to nuclear hybridity (Kameya et al. 1989, Navrátilová 2004)

— induction of somaclonal variants (Bajaj 1994)

However, somatic hybridization is a random genomic recombination process and 

the genome composition of the somatic hybrids is not well-known (Wang et al. 2008). 

Moreover, even if barriers preventing sexual hybridization between two species are by-

passed by protoplast fusion, barriers may still exist at the somatic level. Consequently, 

the di" erentiation, growth and development of di" erent vital organs, such as roots and 

# owers as well as gamete production may be blocked, thereby inhibiting production of 

hybrid plants (Fahleson et al. 1994). Therefore, it may limit the possibilities to com-

bine distantly related species into functional hybrids (Forsberg et al. 1994).

In most cases, fusion of two divergent parents leads to hybrids that combine nu-

clear genomes from both fusion parents, resulting in regeneration of symmetric hy-

brids. Incorporation of total genomes of the two parents, especially nuclear ones, in a 

hybrid has two obvious disadvantages, introduction of too much exotic genetic mate-

rial accompanying the expected gene(s) and genetic imbalance leading to somatic in-

compatibility (Kumar and Cocking 1987, Liu et al. 2005, Tu et al. 2008). Challenges 

with the heredity of above mentioned somatic hybrids between distant species, such 

as incompatibility of genome recombination, poor viability and infertility are the most 

common (Kirti et al. 1991, Waara and Glimelius 1995, Hansen and Earle 1997, Brewer 

et al. 1999, Wang et al. 2003, Liu et al. 2007). Thus, in order to transfer only a lim-

ited part of a genome of one species to the genome of another species, the technique of 

asymmetric somatic hybridization has been developed (Dudits et al. 1980; see Chap-

ter Protoplast fusion).

Although the somatic hybridization technique overcomes part of problems con-

nected with sexual hybridization and o" ers additional bene$ ts, its usefulness relies on 

the ability to regenerate plantlets that can be grown to maturity (Hansen and Earle 

1994a, Vicient and Martínez 1998). Therefore, e&  cient plant regeneration system from 

fused protoplasts is $ rst required (Cai et al. 1996, Hansen et al. 1999, Hu et al. 1999, 

Davey et al. 2005). Despite extensive research over the past decades, regeneration from 

protoplasts has been observed in only a limited number of plant species. Protoplasts 

from important agricultural crops often show recalcitrance to the regeneration of a 

whole plant (Watanabe et al. 2002, Yasuda et al. 2007). Concerning cruciferous crops, 

although plant regeneration has largely been illustrated in various species of several 

genera, studies are always required to improve this technique to make it applicable to 

new genotypes (Delpierre and Boccon-Gibod 1992). 

It can be concluded, that optimization of all crucial steps (i.e., protoplast isolation 

and fusion, identi$ cation of fusants, protoplast culture, whole plant regeneration and 

selection of plants with a hybrid progeny) of the somatic hybridization technique is an 

absolute prerequisite for its successful and routine implementation into breeding pro-

grammes of agricultural crops.
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2. Protoplast Isolation

2.1. History

Since Klercker in 1892 (Bhojwani and Razdan 1996) ! rst isolated protoplasts mechani-

cally from water pineapple (Stratiotes aloides), numerous attempts have been made 

to isolate vital protoplasts from plant tissues. Considerable progress in term of the 

yield and viability of obtained protoplasts was accomplished via the enzymatic diges-

tion of the plant tissue. Cocking (1960) used cellulase from the fungus Myrothecium 

verrucaria for releasing protoplasts from root tips of tomato seedlings. This method 

was later improved by Takebe et al. (1968), who introduced two-step enzymatic pro-

cedure to isolate mesophyll protoplast of tobacco. The leaf pieces were ! rst exposed 

to macerozyme to release single cells, which were then treated with cellulase to digest 

the cell walls and release the protoplasts. Power and Cocking (1970) simpli! ed above 

mentioned method by using the mixture of commercially available pectinases and cel-

lulases to isolate protoplasts from tobacco leaves. In conclusion, mechanical procedures, 

involving slicing of plasmolysed tissues, are now rarely employed for protoplast isola-

tion, but are useful with large cells and when limited (small) numbers of protoplasts 

are required (Davey et al. 2005).

2.2. Source of protoplasts

Protoplasts can be isolated from a variety of plant tissues and organs, including hy-

pocotyls, leaves, stems, shoot apices, roots, fruits, coleoptiles, aleurone layer of cereal 

grains, root nodules, microspore mother cells, microspore tetrads, and pollen tubes 

(Ahuja 1982). 

In the genus Brassica, following tissues have been used the most frequently:

— hypocotyls (Barsby and Shepard 1983, Barsby et al. 1986, Ohlsson and Eriksson 

1988, Kameya et al. 1989, Thomzik and Hain 1990, Hegazi and Matsubara 

1992, Forsberg et al. 1994, Brewer et al. 1999, Hu et al. 1999, Chen et al. 

2001, 2004, Ishikawa et al. 2003, Scholze et al. 2010)

— leaves (Kameya and Takahashi 1972, Kao and Seguin-Swartz 1987, Loudon et 

al. 1989, Jourdan et al. 1990, Sigareva and Earle 1999, Hansen et al. 1999, 

Hu et al. 1999, Chen and Halkier 2000, Ren et al. 2000, Chen et al. 2004, 

Wang et al. 2005, Du et al. 2009, Scholze et al. 2010)

— cotyledons (Barsby and Shepard 1983, Ohlsson and Eriksson 1988, Robertson 

at al. 1988, Kameya et al. 1989, Jaiswal et al. 1990, Hegazi and Matsubara 

1992, Ishikawa et al. 2003, Chen et al. 2004, 2005)
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On the contrary, petioles (Chen et al. 1994), pollen tetrads (Wakasa 1973), micro-

spores (Sun et al. 1999, Liu et al. 2007), mature pollens (Minami et al. 1995), suspen-

sion cultures (Wang et al. 2008, Prange et al. 2010), calli (Wakasa 1973), roots (Xu 

et al. 1982) and root tips (Kameya and Takahashi 1972), stem embryos (Kohlenbach 

et al. 1982), stems (Chuong et al. 1987a) and stem cortex (Klimaszewska and Keller 

1987) or an in! orescence (in cauli! ower) (Yang et al. 1994) have been used as a minor 

source for the protoplast isolation.

Concerning in vivo grown sources, stem sections can be subjected to rigorous sur-

face sterilization procedures, contamination of the protoplast cultures is not a problem 

if the original plant is disease-free. Additionally, the amount of stem material that can 

be obtained from one plant can be increased by trimming the old raceme to induce 

new ones to develop (Chuong et al. 1987a). Wakasa (1973) mentioned di"  culties with 

the isolation of protoplasts from mature pollen grains, because their exines could not 

be digested by any enzymes used. Although there have been attempts to isolate pro-

toplast from younger pollen grains (microspores), the yield is still not su"  cient enough 

for routine use (Sun et al. 1999, Liu et al. 2007). Seasonal variation in physical factors, 

which a# ects the reproducibility of protoplast isolation from in vivo grown plants, is 

generally eliminated using in vitro grown material (Davey et al. 2005).

Thus, the most suitable material for protoplast isolation is seedling tissue (hypocotyls, 

green cotyledons, or leaves) grown in vitro or in growth chambers (Jourdan 1994, 

Hu et al. 1999). Seedlings have the advantage that protoplasts can be isolated from 

their tissues within a few days of seed germination (Davey et al. 2005). The main 

disadvantage of young seedlings, however, include limited yields, production of highly 

heterogeneous protoplast populations, and the requirement for large numbers of seedlings 

thereby increasing the probability of microbial contamination (Klimaszewska and Keller 

1987). Therefore, the preferred tissue source for protoplast isolation are fully developed 

true leaves (Bidney et al. 1983), since the plants can be easily grown in long-term 

aseptic cultures, leaves can be generated in large amounts and maintain high uniformity 

of isolated protoplasts (Bhojwani et al. 1977, Loudon et al. 1989), even though the 

mesophyll protoplasts of Brassica species (contrary to hypocotyl protoplasts) have 

been found more recalcitrant to culture (Ulrich et al. 1980). Moreover, although leaf 

tissues give high yields of protoplasts, the viability is dependent on the physiological 

condition of the donor plants and it is therefore di"  cult to consistently obtain viable 

protoplasts at high frequencies (Klimaszewska and Keller 1987).

On the other hand, isolating protoplasts from suspension culture has certain advan-

tages as these cells are grown under carefully controlled nutritional and physical con-

ditions, and the requirements for their growth and morphogenesis are already known 

(Ahuja 1982). However, suspension and/or in vitro long-term cultures are involved 

by soma- and protoclonal variation, restrained the uniformity of isolated protoplasts 

(Kawata and Oono 1998). 
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In conclusion, hypocotyls of young seedlings and leaves from young, in a greenhouse 

grown plants or shoots grown in vitro are the most commonly used source of protoplasts, 

providing a reasonably good source of protoplast material in term of the protoplast 

yield and viability (Ahuja 1982).

2.3. Isolation of protoplasts

2.3.1. Release of protoplasts

Two common methods have been used for releasing protoplast from the tissue: 

(i) The mechanical methods basically involve strip-cutting of plasmolysed plant 

tissues followed by induced osmotic swelling to release the protoplasts. The number 

of protoplasts obtained by such methods is rather limited, and the procedure can be 

adapted for only a few types of tissues, including highly vacuolated cells (e.g. onion 

bulbs, scales, radish roots), which may not be necessarily suitable for continued growth 

in culture. The mechanical method is used only occasionally, but has a merit in that 

the unknown e! ects of macerating and cell wall degradation enzymes on protoplast 

and its contents are eliminated (Ahuja 1982).

(ii) Chemical methods, i.e. resolving the cell wall components of the plant tissue by 

various fungal enzymes to liberate protoplasts, are now used predominantly. Due to 

chemical digestion, its improvement and the use of commercially available enzymes is 

now possible to isolate protoplasts from virtually every organ and tissue of the plant, 

provided of course that the walls have not undergone extensive secondary thickening 

(Bhojwani et al. 1977). 

Various enzymes (cellulases, hemicellulases and pectinases, isolated from fungi Tri-

choderma viride, Irpex lacteus, Aspergillus niger and Rhizopus ssp.) and their mix-

tures have been used to obtain viable protoplasts. In most instances the crude commer-

cial preparations of enzyme solutions have been used without any further puri" cation. 

Very highly puri" ed or crystalline enzyme preparations are less suitable for protoplast 

isolation, as these are unable to break down the chemically and structurally complex 

plant cell wall (Ahuja 1982). Usually the one-step procedure [introduced by Power and 

Cocking (1970)] comprising the combination of a pectinase, digesting the pectin-rich 

middle lamella, and a cellulase, melting primary and secondary cell walls, has been 

used in most of the experiments. For example, Chen et al. (1994) used the mixture 

of 1.5 % cellulase Onozuka R-10 and 0.3 % pectinase Macerozyme R-10 for the diges-

tion of B. napus petiolar tissue; Chen et al. (2004) used 0.5 % cellulase Onozuka RS 

and 0.1 % pectinase Pectolyase Y23 to isolate protoplasts from hypocotyls of the red 

cabbage (B. oleracea var. botrytis) and Glimelius (1984) 1 % cellulase Cellulysin and 

0.1 % pectinase Macerase in several genotypes of B. napus, B. oleracea and B. rapa; 

Jaiswal et al. (1990) macerated cotyledons of B. carinata by means of 0.3 % cellulase 
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Meicelase and 0.02 % pectinase Pectolyase Y23. Scholze et al. (2010) used the combi-

nation of 2 % cellulase, 0.5 % driselase, 0.5 % hemicellulase and 1 % pectinase for the 

liberation of protoplasts from the mesophyll and 2 % cellulase and 0.3 % macerozyme 

from the hypocotyl tissue in various genotypes of B. oleracea. Additionally, Jourdan 

(1994) recommended the mixture of three enzymes (Cellulysin, Macerase and Drise-

lase) for consistent release of protoplasts from leaves and hypocotyls of B. rapa and 

B. oleracea.

To facilitate the penetration of enzyme solution into the intercellular spaces of the 

tissue, which is essential for successful digestion, various procedures have been used. 

A most commonly used one is to peel the lower epidermis and ! oat the cutted piec-

es of leaf on the enzyme solution in a manner that the peeled surface is in contact 

with the solution (Bajaj 1974, Bhojwani and Razdan 1996) or to cut leaves and hy-

pocotyls with sharp razor into small, 2–3mm segments (Glimelius 1984, Barsby et al. 

1986, Kameya et al. 1989, Jaiswal et al. 1990, Chen et al. 1994, Chen and Halkier 

2000, Scholze et al. 2010). To ease the liberation of protoplast from the tissue, gentle 

agitating on a shaker is often used during or after the enzymatic digestion. Namely, 

Mandal and Sikdar (2003) shaked the enzymatic mixture with the tissue for 11 hours 

at 50 rpm, Wang et al. (2008) for 2 hours at 110 rpm during incubation, Brewer et al. 

(1999) shaked the protoplasts continuously at 40 rpm during long-term (18 h) enzyme 

treatment and Scholze et al. (2010) overnight at 30 rpm. 

Fundamental property of isolated protoplasts is their osmotic fragility and, hence, 

the need for a suitable osmotic stabilizer in the enzyme solution (Bhojwani and Razdan 

1996, Navrátilová 2004). To increase the stability of protoplasts, inorganic salts (Ca2+) 

and organic bu# er (e.g. morpholinoethane sulphonic acid) are added along with non-ionic 

osmotica to minimize the changes of pH during incubation (Navrátilová 2004).

The most frequently used non-ionic osmotica are mannitol (Larkin 1976, Shillito et 

al. 1983, Chatterjee et al. 1985, Köhler et al. 1989, Hu et al. 1999, 2002, Mandal and 

Sikdar 2003, Chen et al. 1998, 2004, Chakraborty and Sikdar 2008, Jiang et al. 2010, 

Scholze et al. 2010), sorbitol (Shillito et al. 1983, Robertson and Earle 1986, Hansen 

and Earle 1994b, Schirawski et al. 2000, Scholze et al. 2010), sucrose (Chen et al. 1994, 

Papadakis et al. 2005) and glucose (Narasimhulu et al. 1992, 1993) or their combinations 

(Minami et al. 1995). Ionic osmotica (various inorganic salts) are less preferable; for 

example Ishikawa (2010) obtained good results with the mixture of 0.6 mol l-1 NH
4
Cl 

and 0.37 mol l-1 NaCl. Hsiao and Bornman (1989) observed slight morphological 

di# erences among protoplasts under di# erent osmotica. Mesophyll protoplasts in the 

presence of mannitol had their chloroplasts more or less evenly distributed throughout 

the cytoplasm. In contrast, in the presence of sucrose, chloroplasts were clustered 

around the nucleus.
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2.3.2. Puri� cation of protoplast suspension

The mixture of intact and viable protoplasts after maceration usually contains various 

other fragments, namely chloroplasts, vascular elements, undigested cells and dam-

aged protoplasts. It is therefore necessary to remove these unwanted particles. Thus, 

released protoplasts are typically ! ltered through nylon or metal meshes 50–150 µm 

in size and further puri! ed by several cycles of low speed centrifugation and resuspen-

sion (Chatterjee et al. 1985, Jourdan 1994). 

Considerable progress in term of purity, yield and viability of isolated protoplasts has 

been achieved via establishing of the gradient puri! cation method, where protoplasts 

# otate on dense sucrose, Ficoll or Percoll gradients (Attree and She$  eld 1986, Loudon 

et al. 1989, Millam et al. 1991, Kirti et al. 1992a, Harter et al. 1993, Endler et al. 

2006, Liu et al. 2007). The centrifugation speed vary from 50 to 200 g, two or three 

centrifugation cycles (5–10 minutes each) are usually su$  cient to obtain puri! ed sus-

pension of viable protoplasts. For example, Taniguchi et al. (1994) ! ltered the suspen-

sion through nylon mesh and then centrifuged at 100 g for 5 minutes. After centrifuga-

tion, precipitated protoplasts were washed three times in washing solution in a centri-

fuge at 50 g for 2 min. Cai et al. (2010) puri! ed the suspension through a 45µm stain-

less steel mesh, followed by centrifugation at 100 g for 3 min on a 25 % sucrose/13 % 

mannitol gradient. Liu et al. (2007) used 30 % sucrose/W5 gradient for discontinuous 

centrifugation with a lower speed of 500 rpm (40 g) for 12 min. Scholze et al. (2010) 

! ltered the suspension through a nylon mesh (40 µm) and centrifuged ! ve minutes 

at 100 g. Protoplast pellets were then resuspended and centrifuged on the sucrose/

/mannitol-sorbitol gradient 10 min at 100 g. Finally, the # oating band of protoplasts 

was washed twice with protoplast culture medium. Loudon et al. (1989) peleted the 

protoplasts by centrifugation at 200 g for 7 min, resuspended in fresh washing solu-

tion and again centrifuged for 5 min. Protoplast were then puri! ed on a 30 % Percoll 

gradient at 100 g for 5 min.

2.3.3. Yield and viability of protoplasts

High yields of viable protoplasts are necessary for somatic hybridization experi-

ments (Kirti and Chopra 1990). Although the protoplasts can be isolated easily, their 

yield and viability depends on a number of factors, the most important ones being the 

type of the tissue, the age and the physiological state of the plant. In addition, partic-

ular attention should be paid to the concentration and purity of the enzyme, their pH, 

period of incubation, and specially the plasmolyticum as they immensely a& ect the vi-

ability of the protoplasts (Bajaj 1974).
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For example, Zhao et al. (1994) found evident genotypic di! erences in yield from cot-

yledons of B. rapa, which appeared to be associated with the di! erent conditions of 

cotyledon germination and the varieties used in protoplast isolation. The highest yield 

(in cv. Bunyip) was 8.3 × 104 protoplasts per one cotyledon. Jaiswal et al. (1990) tested 

the e! ect of seedling age on the isolation of cotyledon protoplasts of B. carinata. The 

highest yield of protoplasts (9.0 × 104 per cotyledon) was obtained from 5 day old seed-

lings, while only 4.08 × 104 and 1.00 × 104 in 11 or 21 day old seedlings, respectively. 

Hegazi and Matsubara (1992) also found signi# cant e! ect of the seedling age and the 

genotype on the yield from cotyledons of radish (Raphanus sativus) and pointed out, 

that seedling age is critical factor in achieving high protoplast yield. 

In hypocotyls, the results of Chen et al. (2004) showed that the hypocotyls of 3–5 

day old seedlings o! ered enough good quality protoplasts for culture, that is, around 

1.8 × 104 per seedling. Gupta et al. (1990) obtained the best yield from 6 day old hy-

pocotyls of B. nigra, Narasimhulu et al. (1992) found the highest yield in 7 day old 

hypocotyls of B. carinata (around 1.0 × 104 per seedling), while in 5 d and 10 d old 

seedlings the yield was lower and the viability was considerably reduced in the latter 

one. On the contrary, 3 day old hypocotyls of B. napus gave the most reproducible 

yields (3 × 106 protoplasts per seedling) (Barsby et al. 1986).

In general, older seedlings had reduced yields, which may be due to secondary wall 

components resistant to enzyme digestion (Barsby and Shepard 1983) or viability, due 

to a higher frequency of vacuolated protoplasts in hypocotyls (Narashimulu et al. 1992). 

Fahleson and Glimelius (1999) found a variation on the yield of hypocotyl protoplasts 

also among di! erent species and even varieties. 

It is easier to obtain enough material from green leaves than from other organs 

(Fahleson and Glimelius 1999). For example, Hansen and Earle (1994b) isolated 

protoplasts from the young in vitro grown leaves and the yield ranged between 2 

and 12 × 106 protoplasts per g of leaf tissue. Cohen et al. (1981) obtained the high-

est yield [3–5 × l06 per gram of the fresh weight (FW)] from rapidly expanding leaves 

of one month old plants of Chinese cabbage (B. rapa var. pekinensis) and Delpierre 

and Boccon-Gibod (1992) around 10 × l06 per gram of FW from leaves of cauli$ ower 

(B. oleracea var. botrytis).

Generally, the youngest fully expanded leaves from several week-old, in vitro grown 

plants or 3–7 day old seedlings (to obtain both hypocotyls and cotyledons) give the high-

est yield of protoplasts in respect to the type of the tissue (Wang et al. 2005, Hansen 

et al. 1999, Hu et al. 1999, Sigareva and Earle 1999, Ren et al. 2000, Chen et al. 2004, 

Du et al. 2009). Therefore, the yield per gram of FW vary between 2–50 × 106 in case 

of true leaf tissue, 3–11 × 106 in seedling cotyledons and only 0.2–2 ×106 in case of 

hypocotyls or 1–2.5 × 106 in calli (Cardi and Earle 1997, Hegazi and Matsubara 1992).
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Although the yield of protoplasts is signi! cantly a" ected by plant organs and seedling 

ages, these factors interacted with enzyme type, incubation period and osmoticum 

concentrations. For example, in the experiments of Hegazi and Matsubara (1992) with 

radish cotyledons, the highest protoplast yield was obtained from the combination of 

Cellulase Y-C and Pectolyase Y-23 in most cultivars. However, cultivar “Harumaki 

Minowase” gave the highest yield after a treatment with Cellulase Onozuka RS and 

Pectolyase Y-23.

Castelblanque et al. (2010) used 0.4 % Cellulase Onozuka R-10 and 0.2 % Driselase 

to isolate the large amount of viable protoplasts. Concerning the isolation of protoplasts 

from microspores of B. napus, 3h incubation with 1.0 % cellulase, 0.8 % pectinase, 

0.02 % pectolyase, and 0.3 % macerozyme gave best results, considering both isola-

tion frequency and protoplast viability (Sun et al. 1999). Narasimhulu et al. (1992) 

obtained the highest yields after 16 h incubation of B. carinata hypocotyl segments 

in the enzyme solution, consisted of 0.5 % cellulase and 0.025 % pectolyase. Although 

higher concentrations of these enzymes released protoplasts in a shorter incubation 

period (12 h), resulted in lower yields and viability, possibly due to toxic e" ects asso-

ciated with increased concentration of enzymes. Brewer et al. (1999) in B. napus suc-

cessfully liberated protoplast from leaf tissue in the enzymatic mixture (1 % Cellulysin 

and 0.1 % Macerase) after 16–18 h treatment, Hansen and Earle (1994b) in rapid cy-

cling B. oleracea and Ren et al. (2000) in broccoli (B. oleracea var. italica) obtained 

high yields of mesophyll protoplast after long-term (18 h) enzyme digestion with 2 % 

Cellulysin, 0.5 % Driselase and 1 % Macerozyme.

Narasimhulu et al. (1992) tested suitable osmotica in term of the yield and via-

bility of protoplasts. Four di" erent concentrations (0.3, 0.4, 0.5 and 0.7 M) of man-

nitol and glucose were tested separately. Protoplasts with higher viability and mini-

mal budding were obtained at a concentration of 0.4 M osmoticum. The two osmotica 

tested did not show statistical di" erences for percentage viability or yield. Mannitol 

was chosen for the enzyme mixture because it should not provide an e#  cient energy 

source during digestion. In other experiments of Narasimhulu et al. (1993), mannitol 

was preferred in the enzyme mixture as well, as it resulted in higher yield compared 

to glucose, though the latter gave a higher viability (77.7 %). Additionally, Hegazi and 

Matsubara (1992) identi! ed 0.5 M mannitol as the best concentration, while Sun et 

al. (1999) observed, that the minimum concentration was 0.7 M, at which a consider-

able number of protoplasts remained intact. 

The viability of protoplasts can be determined by several methods. The most re-

liable test is the regeneration of the cell wall and subsequent cell divisions. The pres-

ence of active cytoplasmic $ owing in freshly isolated protoplasts can also be used as 

a sign of viability (Ahuja 1982). Most commonly used procedure, especially in con-

nection with the protoplast fusion techniques is vital staining of isolated protoplasts, 
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namely with � uorescein diacetate (Craig et al. 1997, Liu et al. 2007), Evans blue (Nea 

and Bates 1987) or neutral red (Kameya 1975); early regeneration of the cell wall can 

be detected by means of Calco� uor White staining (Nedukha 1998).

Contingent fusion procedure must follow immediately after the removal of protoplasts 

from the enzyme solution for maximum fusion frequency, as cell wall regeneration oc-

curs very rapidly (Ahuja 1982).
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3. Protoplast Fusion

3.1. History

Fusion between isolated protoplasts of di! erent species which is the basis of somatic 

hybridization requires a fusion inducing agent (Bhojwani et al. 1977). Although there 

were attempts to fuse protoplast via a mechanical method (bringing of protoplasts 

into contact by micromanipulation equipment), the frequency of fusion was insu"  cient 

(Schenk and Hildebrandt 1971). Later on, the fusogen on the basis of sodium nitrate 

(Power et al. 1970, Carlson et al. 1972, Kameya and Takahashi 1972), immune sera 

(Hartman et al. 1973), gelatin (Kameya 1973) and dextran sulfate (Kameya 1975) 

were used to agglutinate and fuse protoplasts; however the fusion frequency and the 

viability of fusion products were low. Finally, Keller and Melchers (1973) obtained high 

fusion frequencies and good viability with high concentrations of Ca2+ and basic pH. 

Nevertheless, the most commonly used chemical method has been the procedure 

of Kao and Michayluk (1973), who # rst introduced nontoxic fusogen polyethylene gly-

col (PEG), combined with the presence of Ca2+ ions and basic pH. Another promising 

fusion technique has been established by Senda et al. (1979), who # rst used electric 

pulses to fuse plant protoplasts. The procedure of electrofusion has been further opti-

mised by Zimmermann (1982) for routine use. Wiegand et al. (1987) introduced elec-

troporation and protoplast fusion with the help of ultra-violet laser microbeam, appli-

cable for the fusion of two preselected cells in a tissue. However, this method has so 

far failed to a greater extent.

3.2. Mechanism of fusion

Fusion of protoplasts consists of three main phases: (i), adhesion (agglutination), dur-

ing which the plasmatic membrane of two or more protoplasts get in close contact after 

elimination of negative charges on the protoplast surface via fusogens, (ii), membrane 

fusion at small regions, establishing bridges between protoplasts and, (iii), forming a 

spherical fusant (a homo- or heterokaryon) due to expansions of cytoplasmic bridges.

3.3. Spontaneous fusion

Spontaneous fusion is an uncontrolled fusion of two or more protoplasts, that usual-

ly takes place during protoplast isolation. For instance, Ye and Earle (1991) observed 

spontaneous fusion in maize protoplasts, Hansen and Earle (1994a) in B. oleracea. 

Nea and Bates (1987) after using of 2 % Cellulysin (without Driselase) did not speed 
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protoplast release, but reported extensive clumping of the protoplasts and possibly 

spontaneous fusion as well. To reduce this phenomenon, plasmolysis of the source tis-

sue in salt or sugar solutions prior to enzymatic digestion is sometimes used (Larkin 

1978, Gürel et al. 2002, Nugent et al. 2006, Prange et al. 2010). In conclusion, spon-

taneous fusion has no signi" cance in somatic hybridization, which requires fusion be-

tween protoplasts of di# erent origin (Bhojwani et al. 1977).

3.4. Induced fusion

3.4.1. Chemical fusion

Polyethylene glycol has been evaluated as a widely accepted chemical fusogen, be-

cause of the reproducible high frequency of binucleate heterokaryons (i.e. a fusant, con-

sists of two genetically di# erent nuclei) and low toxicity to most cell types. Concentra-

tion of a PEG solution in most of the experiments varied between 12–40 %, and the 

molecular weight between 1500–8000. While the PEG treatment induces agglutina-

tion of the protoplasts, the fusion will occur after dilution of the PEG with a solution 

containing a high concentration of calcium ions at high pH (Bajaj 1994, Waara and 

Glimelius 1995, Scholze et al. 2010).

For instance, Kao et al. (1974) obtained high frequency of heterokaryons with 

high-molecular-weight PEG 1540 (MW) or 4000. However, the frequency of heterokary-

ons was also a# ected by the types of enzymes used for cell wall degradation, duration of 

enzyme incubation and molality of the PEG solutions. Kirti et al. (1992b) regenerated 

intergeneric somatic hybrids of Trachystoma ballii and B. juncea with using of 20 % 

PEG (MW 8000) and 10 % dimethyl sulfoxide (DMSO) and Kirti et al. (1995) somat-

ic hybrids between Diplotaxis catholica and B. juncea with above mentioned PEG/

/DMSO solution. Narasimhulu et al. (1992) obtained resynthesized B. carinata after 

fusion by means of 20 % polyethylene glycol 8000 and 10 % DMSO. Menczel and Wolfe 

(1984) observed that DMSO signi" cantly increased the frequency of PEG-induced fu-

sion between B. napus and B. carinata protoplasts. Liu et al. (2007) reported 20 % 

fusion frequency when used 40 % PEG 4000 between pollen and haploid mesophyll 

protoplasts of B. oleracea and B. rapa. The lowest fusion frequency of about 4.0 % 

was seen with 30 % PEG 8000. Navrátilová et al. (1997) recovered intergeneric somatic 

hybrids between B. oleracea and Armoracia rusticana after fusion with PEG 6000. 

Robertson et al. (1987) obtained somatic hybrids from fusion between B. oleracea and 

atrazine-resistant B. rapa with 33 % PEG 6000 and Yamagishi et al. (1992) with 30 % 

PEG 4000. Scholze et al. (2010) obtained somatic hybrids from fusion between B. ol-

eracea and various wild relatives when used 12.5 % PEG 6000 for 5 min.
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3.4.2. Electrofusion

The term electrofusion refers to the protoplast fusion that is induced by the application 

of electric current. Protoplasts are initially resuspended in the medium of low conduc-

tivity and pipetted between the two electrodes. A high frequency (0.5–1.5 MHz) alter-

nate (AC) current (10–200 V cm-1) is applied. The charge on the protoplast surface be-

comes polarized and thus protoplasts act as dipoles and move to a area of highest ! eld 

intensity. As the protoplasts have been aligned in chain, one or two short (10-20 µs) 

direct (DC) pulses of high voltage (0.125–1 kV cm-1) are applied which causes revers-

ible membrane breakdown in the contact area of the adjacent protoplasts. The AC 

current is shortly applied again to provide close protoplast contact. The fusion process 

takes about 10 minutes (Bhojwani and Razdan 1996). 

Brewer et al. (1999) aligned protoplasts of Thlaspi caerulescens and B. napus us-

ing AC current with a frequency of 1 MHz and a ! eld strength of 0.125 kV cm-1 for 

25 s. Cells were then fused by one or more 100µs DC pulses. Two electrofusion DC 

pulses at 1.25 kV cm-1 produced the highest heterofusion rate of 13 % and good viabil-

ity of fused protoplasts. Craig and Millam (1995) performed electrofusion of Lunar-

ia anua and B. napus protoplasts under conditions of an AC current of 12 V, with a 

110 V pulse of 50µs duration. Wang et al. (2005) used electrofusion to prepare somat-

ic hybrids of B. napus and Sinapis alba with the following parameters: AC current 

1.8 MHz; DC ! eld, 150–160 V and 15 µs duration.

3.5. Symmetric and asymmetric fusion

3.5.1. De! nition

The terms symmetric and asymmetric fusants refer to the genomic constitution of fu-

sion products: symmetric protoplast fusion produces cells that contain a mixture of the 

DNA-containing organelles (nuclei, chloroplasts, and mitochondria) from both fusion 

parents, while asymmetric one results from spontaneous or induced rearrangements 

and/or a loss of DNA belonging to one of the fusion partners, regardless of whether 

they occur before or after the fusion process.

3.5.2. Symmetric fusion

Successful symmetric fusion between distant species were performed for example by 

Pelletier et al. (1983) between B. rapa and R. sativus; B. juncea × Moricandia ar-

vensis (Kirti et al. 1992), B. carinata × Camelina sativa (Narasimhulu et al. 1994), 

B. oleracea × Armoracia rusticana (Navrátilová et al. 1997), B. nigra × Raphanus 
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sativus (Arumugam et al. 2002) and B. napus × Orychophragmus violaceus (Vasilenko 

et al. 2003). However, the formation of a symmetric fusant does not necessarily lead 

in the regeneration of a symmetric hybrid (see Chapter Spontaneous asymmetrization) 

since full genome complements are not present in a number of somatic hybrids derived 

from symmetric fusion (Liu et al. 2005). 

3.5.3. Resynthesis of allotetraploid species

Investigations of U in 1935 (Campbell 1993) elucidated the genetic relationships among the 

six economically most important Brassica species (Figure 1). The cultivated Brassica spe-

cies involve three diploid species, B. rapa (A genome, 2n = 20), B. oleracea (C genome, 2n =

= 18) and B. nigra (B genome, 2n = 16), and three allotetraploid (amphidiploid) spe-

cies, B. napus (AC genomes, 2n = 38), B. juncea (AB genomes, 2n = 36) and B. cari-

nata (BC genomes, 2n = 34). U in 1935 (Poulsen et al. 1993) illustrated the amphidip-

loid nature of B. juncea, B. carinata and B. napus and showed that these genotypes 

could be constructed (resynthesised) by gametic crossing of their diploid predecessors. 

Allotetraploid species have been created also with the help of protoplast fusion, result-

ing in symmetric somatic hybrids: B. napus (Schenck and Röbbelen 1982, Sundberg 

and Glimelius 1986, Taguchi and Kameya 1986, Terada et al. 1987, Robertson et al. 

1987, Chen et al. 1988, Rosén et al. 1988, Jourdan et al. 1989, Heath and Earle 1995), 

B. carinata (Narasimhulu et al. 1992) and B. juncea (Yadav et al. 2009). 
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      Figure 1: Triangle of U demonstrating genome relationships among agriculturally important  

           Brassica species [Adapted from U (1935)]
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3.5.4. Spontaneous asymmetrization

After the symmetric fusion between parents of unrelated species, parts of genetic in-

formation of one or both genomes are often being lost during the in vitro cultivation 

procedure, resulting in asymmetric hybrids (Negrutiu et al. 1989). However, the fac-

tors, a! ecting the spontaneous induction of such asymmetrization are not known and 

therefore unpredictable (Hinnisdaels et al. 1994).

3.5.5. Induced asymmetrization

The disadvantages of symmetric hybrids between distant species (see Introduction) 

have been partially solved by asymmetric hybridization. However, viable and fully 

functional hybrid plants between unrelated species require an extensive asymmetriza-

tion (Hinnisdaels et al. 1994). Thus, a more realistic approach than the combination 

of complete, highly diverse genomes between distantly related species is the transfer 

of small units of genetic material from donor to recipient protoplasts (Ho! mann and 

Adachi 1981). 

The most widely used method is the irreversible fragmentation of nuclear chro-

mosomes via X- or γ-irradiation of the donor protoplasts before fusion with normal 

protoplasts of the recipient parent. The possible application of UV-irradiation provides 

an attractive alternative to ionizing-type irradiations as well (Hinnisdaels et al. 1994). 

Another method to eliminate nuclear DNA of donor protoplasts is their enucleation via 

ultracentrifugation in a percoll/mannitol gradient (Sigareva and Earle 1997). For in-

stance, Gerdemann-Knörck et al. (1995) reported asymmetric fusion between B. napus 

and B. nigra protoplasts, where the latter were irradiated with X-ray doses ranging 

from 450 to 1300 Gy. Scholze et al. (2010) obtained asymmetric hybrids when irradi-

ated donor mesophyll protoplasts with X-ray dose of 92 Gy before fusion. 

Forsberg et al. (1998a) evaluated several doses of UV-irradiation to produce asym-

metric hybrids. Protoplasts of A. thaliana were irradiated with doses between 780 and 

28 080 J m-2 and fused with protoplasts of B. napus. Plants with a hybrid progeny were 

obtained using doses of 780, 2340 and 4680 J m-2. Forsberg et al. (1998b) compared 

the e#  ciency of UV- and X-irradiation on the frequency of asymmetric fusion between 

A. thaliana and B. napus. Both UV- and X-irradiation proved to be powerful tools 

in the production of asymmetric somatic hybrids. The frequency of asymmetric hybrid 

plants produced varied between 57 % and 100 % in the experiments. 

Dushenkov et al. (2002) obtained asymmetric hybrids from fusion between B. jun-

cea and Thlaspi caerulescens mesophyll protoplasts. The latter were irradiated be-

fore fusion by using an X-ray irradiation with the dose of 60 Krad. Sigareva and Earle 

(1997) tested the e! ectiveness of γ-, UV-irradiation and enucleation treatment to elim-

inate nuclear DNA in B. oleracea protoplasts. γ-irradiation was the most e#  cient, 
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while other treatments did not ensure good results. Moreover, the suspension after ul-

tracentrifugation at 40 000 g still contained both cytoplasts (enucleated protoplasts) 

and complete protoplast and thus required further γ-irradiation treatment.

3.5.6. Cybridization

A type of asymmetric fusion, where fusion products (“cybrids”) comprise of the nucle-

us of one parent, and extra-nuclear genome(s) (plastom, chondriom) of the other one 

or both parents. The process to obtain cells or plants with such genetic combination(s) 

is called cybridization. To ensure above mentioned hybrid constitution and to prevent 

cell division of unfused protoplasts of the recipient parent, the application of irrevers-

ible metabolic inhibitors (e.g. iodoacetate, iodoacetic acid) is always applied to the 

protoplast suspension to make them physiologically impaired for cell division when 

they are cultured independently. But when the protoplasts are fused with the donor 

protoplasts, the fusion products can grow due to metabolic complementation (Liu et 

al. 2005). Donor protoplasts are usually treated with ionizing or non-ionizing irradia-

tion (see Chapter Induced Asymmetrization). Cardi and Earle (1997) obtained cybrids 

between B. rapa and B. oleracea and Hansen and Earle (1997) between Sinapis alba 

and B. oleracea, when irradiated the protoplast of the former ones during enzyme di-

gestion with 30 krad γ-rays from a [137Cs] source. Recipient protoplasts of the latter 

one were treated for 20–30 min at 30 °C with 3–5 mM iodoacetate (IOA). 

Hu et al. (2002) recovered cybrids from the asymmetric fusion experiments, where 

B. napus protoplasts were pre-treated with 3 mM IOA for 30 min and those of Ory-

chophragmus violaceus were subjected to X-irradiation at doses of 100 and 200 Gy. 

Du et al. (2009) reported intertribal asymmetric fusion between B. napus and Isatis 

indigotica. B. napus protoplasts were treated by 3 mM IOA for 10 or 15 min to pre-

vent the division of unfused protoplasts. Protoplasts of I. indigotica were subjected to 

UV irradiation for 5, 8, 10, 12, 15, 20 s to fragment its nuclear genome.

3.6. Identi# cation of fusion products

3.6.1. Terminology

When the symmetric protoplast fusion takes place, two basic types of fusants can be 

obtained: (i), a homocaryon, which consists of two or more genetically congruous nu-

clei from only one fusion parent or (ii), a heterocaryon, consists of two or more nuclei, 

where at least one is genetically di$ erent from the other(s). 

Similarly, a homo- or heteroplasmon involved the combination of genetically iden-

tical or di$ erent cytoplasmic organelles (mitochondria, plastids) of one or both fusion 
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parents after the constitution of symmetric or asymmetric hybrids and cybrids. 

The terms “a homofusant” and “a heterofusant” simply refer to fusion products, where 

the former comprises genetically identical fused components, the latter genetically dif-

ferent fusion parents, regardless of the genomic and organellar constitution of fusion 

partners (e.g. protoplasts, cytoplasts, nucleoplasts etc.). 

The terms “a multifusant” or “a polyfusant” refer to fused protoplasts, comprised 

of more than two fused cells. Only heterofusants consisting of two fused cells have a 

potential to ensure regeneration of “functional” somatic hybrids. Therefore, for plant 

breeding purposes, a selection of the fusion products is necessary (Glimelius 1988). Al-

though hybrid plants were obtained without a selection method, this required the cul-

ture of large numbers of non-hybrid calli and regenerated plants (Brewer et al. 1999). 

Thus, to decrease the amount of in vitro cultivated fusion products, an e!  cient and 

reliable identi" cation and/or selection method of heterofusants is clearly needed.

3.6.2. Identi! cation and selection of heterofusants

Fairly convenient approach to identify heterofusants is to use visually di# erent fusion 

parents. For example, fusion between green mesophyll and colourless hypocotyl (cal-

lus, cell suspension and root, respectively) protoplasts ensured early assessment of het-

ero- and homofusants and with the help of a micromanipulator the selection and the 

separate cultivation of desired fusants. Kameya and Takahashi (1972) reported easy 

distinction between leaf protoplasts and root protoplasts, because the former had green 

chloroplasts and anthocyan pigment. Additionally, protoplast can be labelled prior to 

fusion with nontoxic dye(s) and heterokaryons manually isolated via micromanipulator 

(Yarrow et al. 1986). Utilization of transgenic plants with gene(s) for $ uorescence pro-

teins (green, cyan, blue, yellow etc.) is another method to distinguish between homo- 

and heterofusants, and unfused protoplasts (Olivares-Fuster et al. 2002).

Brewer et al. (1999) discovered a possible selection method, based on the apparent 

di# erential adhesive capabilities of B. napus and hybrid cell colonies grown in liquid 

medium. Among fusion cell colonies, it was observed that some adhered to the bot-

tom of the Petri dish (as did B. napus colonies), while others did not. DNA analysis 

of plants from the two populations indicated that a high proportion of plants derived 

from “$ oating” colonies were hybrids. 

Microfusion (Glimelius 1988, Spangenberg 1994) facilitates the production of fu-

sants with desired (hybrid) progeny since just a pair of protoplasts is fused by means 

of micromanipulation equipment. Therefore, no further selection is necessary. Concern-

ing mass fusion, several techniques have been developed for selecting hybrid cell lines 

at early stages, including antibiotic resistance, temperature sensitivity, chlorophyll de-

" ciency, metabolic inhibition of parental protoplasts with chemicals such as iodoac-
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etate and ! uorescence-activated cell sorting (Glimelius 1988, Morikawa and Yamada 

1992). Glimelius (1988) routinely sorted out heterofusants produced between hypocotyl 

protoplasts from one species stained with carboxy! uorescein diacetate and mesophyll 

protoplasts, containing the ! uorophore chlorophyll, from the parental cells. 

Hu et al. (2002) employed the combination of irreversible chemical inhibition and 

in vitro recalcitrance, where one fusion parent was inactivated by IOA and the other 

had no capacity to regenerate in the protoplast culture. Thus, only heterofusants were 

then capable of further regeneration. The combination of chemical inhibition and ionic 

or non-ionic irradiation, where only fusion products with a hybrid constitution are able 

to regenerate in the protoplast culture represents another favourable selection method 

(see Chapter Cybridization). 
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4. Protoplast Culture

4.1. History

The ! rst successful regeneration of fertile plants from protoplast cultures was per-

formed by Takebe et al. (1971) in tobacco; Kartha et al. (1974) regenerated plants from 

protoplasts in rapeseed (B. napus) and ! rst somatic hybrids were produced through 

symmetric fusion by Carlson et al. (1972) in tobacco. Since the middle 1970’s, con-

siderable progress has been made in the development of Brassica protoplast culture 

techniques (Zhao et al. 1994). For example, Gleba et al. (1978) reported successful 

protoplast fusion between A. thaliana and B. rapa. Although the “Arabidobrassica” 

regenerants, obtained in 1978 were the ! rst " owering intertribal somatic hybrids in 

cruciferous plants, all regenerated plants remained sterile (Gleba and Ho# mann 1980). 

Preparation of cybrids between B. napus and Raphanus sativus published Pelletier et 

al. (1983) and the ! rst resynthesis of B. napus Schenck and Röbbelen (1982).

Protoplast culture technology in Brassica species is being developed by an increas-

ing number of investigators for a variety of purposes, including mutant isolation, somat-

ic hybridization and genetic transformation. However, reliable protocols for protoplast 

culture and plant regeneration must be available in order to achieve such objectives 

(Kao and Seguin-Swartz 1987, Hansen et al. 1999).

4.2. Protoplast cultivation

4.2.1. Culture density

In addition to three major factors that in" uence the development of protoplasts in 

culture (the genotype, type of source tissue and its physiological state), the density of 

protoplasts in the culture medium is crucial for sustained mitotic division and further 

regeneration (Davey et al. 2005). Protoplasts are usually cultured at mean densities 

of 1 × 104 – 1 × 106 protoplasts ml-1. For example, Yarrow et al. (1990) used the fu-

sion product density 1 × 105 ml-1 in somatic hybridization experiments between B. na-

pus and B. oleracea, Zhao et al. (1994, 1995) above mentioned density in B. rapa, 

B. napus and B. oleracea protoplast cultures, Chuong et al. (1987b) 2 × 105 ml-1 in 

B. carinata and Ford (1990) in A. thaliana, Chatterjee et al. (1985) 4 × 104 ml-1 in 

B. juncea, Gupta et al. (1990) 2–5 × 104 ml-1 in B. nigra and Hegazi and Matsubara 

(1992) 2–7 × 106 ml-1 in Raphanus sativus.

The density of protoplasts can be decreased, if a feeder-layer (Walters and Earle 

1990, Hu et al. 1999, Ren et al. 2000) or a nurse culture (Chuong et al. 1988, Simmonds 

et al. 1991, Chen et al. 2004) is used for the regeneration of recalcitrant species. 
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4.2.2. Cultivation media

Protoplast cultivation media contain major and minor elements, vitamins, myo-inositol, 

Fe-EDTA, sugar and growth regulators. Thus, the nutrient requirements of isolated 

protoplasts are very similar to those of cultured cells and tissues. However, in the ab-

sence of cell wall, protoplasts tend to be very e!  cient in the uptake of nutrients from 

the medium. For this reason, the initial nutrient media used for culture of protoplast 

must be modi" ed to contain reduced levels of inorganic substances (Ahuja 1982); to 

prevent bursting of protoplasts, an extra amount of osmoticum is added (Bajaj 1974). 

Protoplasts can be grown and induced to divide both in liquid as well as in the agar 

or agarose solidi" ed media (Bajaj 1974).

Additionally, protoplasts from di# erent species and from di# erent tissues of the 

same species generally vary in their nutritional requirements. Consequently, the me-

dium most suitable for culture must be determined empirically (Davey et al. 2005). 

Several types of media and their modi" cations have been frequently used in crucifer-

ous crops at initial stages of protoplast culture: KM 8p medium (Kao and Michayluk 

1975), B and C (Pelletier et al. 1983), A (Glimelius et al. 1986), modi" ed PS or PG 

(Ford 1990), K3 (Zhao et al. 1994), modi" ed NN (Zhao et al. 1995) or modi" ed MS 

medium (Chen et al. 2005). To initiate cell divisions and proliferation of the calli, cul-

tivation media are supplemented with appropriate amounts of growth regulators at 

corresponding ratios (auxins vs. cytokinins). To stimulate rapid formation of dedi# er-

entiated tissue, 2,4-dichlorophenoxyacetic acid (2,4-D) is the preferable auxin in early 

stages. For example, Cai et al. (1996) used modi" ed liquid MS medium, containing 

1.0 mg l-1 2,4-D, 1.0 mg l-1 of 1-naphthaleneacetic acid (NAA) and 0.5 mg l-1 6-ben-

zyladenine (BA) for Raphanus sativus, Brewer et al. (1999) liquid KM 8p medium 

consisted of 1.0 mg l-1 2,4-D, 0.1 mg l-1 of NAA, and 0.5 mg l-1 of 6-benzylamino pu-

rine (BAP) for B. napus, Zhao et al. (1994) liquid B medium with 0.5 mg l-1 2,4-D, 

0.1 mg l-1 NAA and 1 mg l-1 BAP for B. rapa.

Protoplasts in nutrient media are usually cultivated in the dark at 25 °C to regen-

erate cell walls, initiate " rst divisions, microcolonies and small calli (microcalli). 2,4-D 

is replaced during callogenesis with less e# ective auxin [NAA, or indole-3-acetic acid 

(IAA)]. Viable calli are transferred onto regeneration media to initialize shoot regen-

eration and proliferation.

4.3. Whole plant regeneration

The ability to regenerate shoots from protoplast culture is foremost under genetic con-

trol (Jourdan et al. 1990, Chen et al. 2004, Yasuda et al. 2007). Despite extensive re-

search during the past three decades, the regeneration from protoplasts has been ob-

served in only a limited number of the many plant species studied to date. Protoplasts 
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of many important agricultural crops show recalcitrance in regeneration into whole 

plants (Yasuda et al. 2007).

Liquid or solid regeneration media, unlike those for callogenesis, usually contain 

lower amount of auxins and higher amount of cytokinins to stimulate regeneration 

of shoot primordia. Cytokinins as sole growth regulator sources could also stimulate 

shoot regeneration (Bon! ls et al. 1992). Various media are used to meet these require-

ments, mainly modi! ed MS medium (Barsby et al. 1986, Bon! ls et al. 1992, Zhao et 

al. 1994, Sakai and Imamura 1994, Toriyama et al. 1994, Burbulis et al. 2008), modi-

! ed K3 (Nagy and Maliga 1976), B5 (Delpierre and Boccon-Gibod 1992) or E and F 

media (Pelletier et al. 1983). For instance, Cai et al. (1996) obtained the best results 

(19 % of calli formed shoots) on the MS medium, supplemented with 1.0 mg l-1 BA and 

2.0 mg l-1 Kinetin in Raphanus sativus. Tian and Meng (1999) obtained the highest 

regeneration on the modi! ed MS medium with 2.0 mg l-1 BA and 0.1 mg l-1 IAA in 

Moricandia nitens. Delpierre and Boccon-Gibod (1992) regenerated shoots from calli 

of B. oleracea var. botrytis on the modi! ed B5 medium (2 mg l-1 BAP and 0.02 mg l-1 

NAA). Hansen et al. (1999) reported shoot proliferation on solid E medium, supple-

mented with 1.0 mg l-1 of 2-isopentenyl adenine (2iP), 1.0 mg l-1 NAA and 0.02 mg l-1 

of giberelic acid (GA
3
) and Chen et al. (2004) regenerated plantlets of cabbage (B. ol-

eracea) using modi! ed MS medium with 1.0 mg l-1 BA and 0.2 mg l-1 NAA.

Shoots with developed leaves are transferred onto a rooting medium. To initialize 

root formation, agar solidi! ed MS medium (Murashige and Skoog 1962) without growth 

regulators is predominantly used. In recalcitrant species the rooting can be stimulat-

ed by low concentration of an auxin in the MS medium [mainly indole-3-butyric acid 

(IBA)]. For example, Zhao et al. (1994) stimulated rooting via addition of 0.1 mg l-l 

IBA, Brewer et al. (1999) and Du et al. (2009) with 0.1 mg l-l NAA. Regenerants with 

properly developed roots are transferred to the peat substrate and covered with per-

forated foil to avoid over-drying of plantlets. Rapid transfer often gives more e"  cient 

recovery of vigorous plants (Earle 1994). The hybridity of plants can by assessed by 

means of various methods.

4.4. Identi! cation of somatic hybrids

A critical component in successful somatic hybridization is an e# ective selection sys-

tem, capable of allowing the recovery of a few true somatic hybrid colonies from a 

mixed population of regenerating protoplasts (Campbell 1993). Although possible so-

matic hybrids could be identi! ed and separated immediately after fusion (see Chap-

ter Identi! cation of fusion products), an elimination of genetic material from the ini-

tial fusion product may take place and somaclonal variation might occur during the 

protoplast culture and/or whole plant regeneration (Glimelius 1988). Thus, a method 
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is required by which genetic material from both parents can be detected in order to 

prove its hybrid nature. 

Initially, studies on morphology and chromosome numbers have been utilized to se-

lect desired products. However, these methods could be unreliable, since the morphol-

ogy of plants may vary due to the polygenic control of speci� c traits, somaclonal vari-

ation and aneuploidy. Therefore, various biochemical, proteomic and genetic markers 

have been employed to identify a hybrid progeny of obtained products.

For example, Gleba and Ho� mann (1980) used cytological, isozyme and morphologi-

cal methods to identify “Arabidobrassica” (A. thaliana × B. rapa) hybrids. Restriction 

Fragment Length Polymorphism (RFLP) method was employed for the identi� cation 

of intertribal somatic hybrids between B. napus and Barbarea vulgaris by Fahleson et 

al. (1994); Forsberg et al. (1994) utilized cytological, RFLP and morphological meth-

ods to verify the hybridity of regenerants B. napus × A. thaliana. Hansen and Earle 

(1997) used leaf morphology, cytology, and isozyme analyses together with the detec-

tion of resistance to fungal pathogen Alternaria brassicae to select somatic hybrids 

between B. oleracea and Sinapis alba. Two methods, RAPD (Random Ampli� cation 

of Polymorphic DNA) and the analysis of the protein spectrum by SDS-PAGE (So-

dium Dodecyl Sulfate PolyacrylAmide Gel Electrophoresis) were used by Chen et al. 

(2005) to select interspeci� c somatic hybrids between B. juncea and B. oleracea. Du 

et al. (2009) employed the combination of cytological analyses, Genomic In Situ Hy-

bridization (GISH) and Ampli� ed Fragment length Polymorphism (AFLP) methods 

to identify and characterize somatic hybrids between B. napus and Isatis indigotica; 

Scholze et al. (2010) applied the RAPD analysis and the resistance test against the 

fungal pathogen Plasmodiophora brassicae in various B. oleracea somatic hybrids.
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CONCLUSIONS

Somatic hybridization through protoplast fusion and the recovery of hybrid plants from 

protoplast cultures is increasingly being used as a promising component of breeding 

programmes, aimed at the use of biotechnological methods to create speci! c materi-

als. Although numbers of somatic hybrids have been obtained by means of protoplast 

culture technique to date, their adequate utilization in breeding is usually seriously 

impeded by their poor vitality and reduced fertility. Additionally, only a narrow range 

of genotypes has good regeneration ability in protoplast cultures.

For the employment of somatic hybridization on a larger scale it is ! rst necessary 

to optimise the entire procedure of somatic hybridization (protoplast isolation, fusion 

and regeneration of vigour and fertile plants from protoplast cultures) in genotypes, 

which have the potential to become initial components to extend the genetic diversity 

in economically important crops.

Another essential step for e" ective and routine use of the protoplast culture meth-

od in breeding is the identi! cation and selection of fusants with the hybrid progeny. 

Three fundamental processes and their combinations have been used to ful! l such re-

quirement: (i), identi! cation of heterofusants and their subsequent selection by using a 

micromanipulator or # ow-sorting methods, (ii), controlled survival of only hybrid com-

binations during regeneration via di" erent selection methods and (iii), identi! cation of 

somatic hybrids by means of molecular markers. However, none of these procedures is 

capable to ensure the production of fully “functional” hybrids.

Consequently, in spite of considerable progress and great advances that have been 

achieved over the past three decades, the method is not yet a routine part of breeding 

programmes. Therefore, further improvements are necessary for achieving full utiliza-

tion of protoplast technology also in the breeding of a large group of agricultural crops, 

belonging to the important family Brassicaceae.
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4. Discussion and Conclusions

The Thesis deals with the protoplast culture technique and its application in protoplast 

fusion and in vitro selection in some genotypes of the family Brassicaceae. The main 

aims were to establish and optimise the isolation, chemical fusion and electrofusion 

of protoplasts and further regeneration in the protoplast culture. The next step was 

aimed at the use of protoplast culture technique for in vitro selection and identi! ca-

tion of desired genotypes by means of proteomic and analytical methods.

Several members of the genus Brassica belong to the most important economic crops 

worldwide. Therefore, great attention has been paid to continuous improvement of 

these species. As a result of a long-term breeding for agronomically important traits, 

the disappearance of other important characters has taken place in many crops. These 

include resistance to important and/or newly emerging diseases (or pests as well), the 

speci! c composition of fatty acids in the oil, or other characters that can be potentially 

useful in the industry, pharmacy, etc.

Even if some of these traits can be transferred from their close or distant relatives 

by using traditional methods of intra-, interspeci! c or distant (wide) hybridization, 

these methods are often laborious and time consuming. In addition, in some traits it 

is di"  cult or even impossible considerable improvement by means of classical meth-

ods of breeding.

For this reason, plant breeders, in collaboration with scientists have tried to use bi-

otechnological methods which could overcome these barriers and broaden the genetic 

diversity. One of these procedures is somatic hybridization, facilitated by fusion of iso-

lated protoplasts and subsequent regeneration of the desired genotypes in protoplast 

cultures. Although there have been obtained intraspeci! c, interspeci! c and intertribal 

somatic hybrids within the family Brassicaceae, their wider use in breeding usually 

impede both low vitality and fertility. It is therefore necessary to optimise methods 

of protoplast culture and somatic hybridization in particular genotypes, which can be 

used as initial materials for the substantial improvement of cruciferous crops.

In our experiments, e"  cient and reliable protocols for protoplast isolation, electrofusion, 

chemical fusion and protoplast cultivation of mesophyll and hypocotyl protoplasts of 

selected Brassica genotypes have been developed. Regeneration of the cell wall was 

achieved in the majority of examined genotypes; strong e#ect of the genotype on di-

viding of cells, microcallus formation and callus regeneration was con!rmed by means 

of statistical analysis. There were remarkable di# erences between particular genotypes 

not only in the productivity (i.e. in the number of microcalli per cultivated protoplasts) 

but also in the morphological and physiological characteristics of obtained microcalli. 

However, signi! cant di#erences were detected also between biological replicates with-

in some genotypes; this phenomenon might be caused by certain level of the hetero-
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geneity of biological material used for successive replications. Finally, more than 300 

B. oleracea, B. napus and B. carinata regenerants were transferred into soil, and they 

produced normal in! orescences and set seeds.

In the experiments with protoplasts of B. oleracea and B. napus, minimum duration 

of enzyme treatment time and prolonged dark period in the early stages of protoplast 

culture increased the viability of protoplasts and thus the regeneration process. In the 

previous " ndings in Brassica vegetables either the viability was low or the regenera-

tion percentage decreased (Glimelius 1984 , Kirti et al. 2001 ). The isolation time of 

protoplasts in an enzyme solution could a# ect not only the viability of protoplasts but 

also the nature of plasmalemma (Pilet 1985 ), a# ecting the wall biosynthesis and thus 

the division process. 

Culture density has a fundamental e# ect on the plating e$  ciency of protoplasts. In 

concordance with the results of Chuong et al. (1985) , in our experiments was found that 

with higher culture densities higher plating e$  ciency could be achieved. For mesophyll 

protoplasts, Vamling and Glimelius (1990)  also recommended a higher concentration 

of protoplasts. In the initial culture medium an equal amount of 6-Benzylamino pu-

rine (BAP) and 1-Naphthaleneacetic acid (NAA) in the presence of a low amount of 

2,4-Dichlorophenoxyacetic acid (2,4-D) was favourable in our experiments. Dietert et 

al. (1982)  also pointed to the better growth of callus in the presence of a low concen-

tration of 2,4-D. However, according to Glimelius (1984)  and Kohlenbach et al. (1982)  

a high amount of 2,4-D is essential for cell division and callus proliferation. No such 

e# ect was evident in our experiments. It might be linked to the endogenous level of 

auxins in the used plant material. 

A prolonged dark period is essential for the stability of protoplasts and thus for the 

formation of microcalli. In the presence of light H+ ion extrusion takes place, which 

increases the acidity of culture medium (Schubert and Matzke 1985 ). Cleland (1975)  

showed that H+ ion extrusion was enhanced by the action of auxins. Under illumina-

tion the cultures turn brown, which a# ects the division e$  ciency of protoplasts. In our 

experiments not even after one month of culture was there a sign of browning in the 

cultures which were transferred to light after microcalli had been formed. 

Di# erentiation or induction medium is a critical part of the protoplast culture pro-

tocol. Based on the results it can be concluded that cytokinin 2-isopentenyl adenine 

(2iP) is more e$  cient than BAP in the induction of regeneration of calli. After one 

month on the induction medium, further transfer to regeneration medium F and MS 

without growth regulators showed no profound e# ect on regeneration frequency. The 

di# erentiation of organs was found to take place on medium E. Development of frag-

ile calluses is in accordance with the reports by Kirti and Chopra (1990)  in B. juncea 

and Kohlenbach et al. (1982)  in B. napus. 
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The absence of root development in almost 50 % of regenerated shoots in B. napus is 

comparable to the results of Hu et al. (1999)  and is genotype dependent. In our experi-

ments, B. oleracea showed a high division frequency in medium B in comparison with 

medium KM8p (Kao and Michayluk 1975 ), which corresponded to protoplast division 

in some haploid lines generated from a microspore culture of B. carinata. There are 

some variations in growth regulator concentration requirements for di! erent subspecies 

(Robertson et al. 1988 , Jourdan et al. 1990 , Kirti et al. 2001 ). In the present liquid 

culture system it is easy to handle the calli, and the medium described by Pelletier et 

al. (1983)  proved to be quite suitable for B. oleracea protoplast culture. 

Although the formation of cell divisions and microcallus structures were detected al-

most in all genotypes of B. napus and B. carinata and the progress of the development 

was similar to the results, published before (Glimelius 1984 , Hu et al. 1999 , Chen et 

al. 2004) , there were remarkable di! erences between particular genotypes not only in 

the productivity (i.e. in the number of microcalli per cultivated protoplasts) but also in 

the morphological and physiological characteristics of obtained microcalli. While the 

genotype BC-6 proved to be the most productive (31.4 × 10-2 % of regenerated micro-

calli per cultivated protoplasts), genotypes BN-OP-01 and BN-SL-03/04 demonstrat-

ed rather low level of regeneration ability. In addition, above mentioned, low produc-

tive genotypes often formed microcalli that gradually turned brown at early stages of 

development. Such structures may exude various substances, which can negatively af-

fect the development of other, normally dividing microcalli (Chen et al. 2004 ). Strong 

impact of the genotype on the initialization of cell divisions and further development 

of dedi! erentiated tissue in the protoplast culture was presented previously by vari-

ous authors, namely Hu et al. (1999)  in B. napus and B. juncea; Chen et al. (2004)  

in B. oleracea; Narasimhulu et al. (1992)  in B. carinata.

 Successful conversion of microcalli to calli was observed almost in all tested geno-

types; however, outstanding di! erences in regeneration ability were detected not only 

between individual genotypes but also between some biological replicates within par-

ticular genotypes. The relevance of both factors was later con# rmed via statistical 

analyses of measured data. Moreover, in some biological and technical replicates no 

regeneration of calli, characterised by formation of prolonged cells, was detected, al-

though such genotypes produced satisfactory amount of calluses in other replications. 

For example, viable calli were regenerated only from one biological replication of the 

genotype BN-SL-03/04. The di! erences in the e$  ciency of the callus formation be-

tween genotypes have been reported before, for instance Hu et al. (1999)  . 

Signi# cant di! erences between some biological (i.e. successive) replications of the 

same genotype can be explained by the heterogeneity of the biological material used for 

establishing of protoplast cultures and was observed also in the experiments of Chen 

et al. (2004) . Plants with properly developed leaves and stems were derived only from 
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bright green calluses with dark green meristematic structures inside callus tissue. No 

shoots were regenerated from white and yellow calluses without meristematic zones. 

In total, only sixteen calluses of genotypes BC-1, BC-6 and BN-OP-01 regenerated 

shoots; several calli produced more than one shoot. All regenerated plants were char-

acterized by certain level of hyperhydricity; such type of plants was described also by 

Jourdan and Earle (1989)  in the protoplast culture of four Brassica species, Hu et al. 

(1999)  in B. napus and B. juncea. This undesirable physiological state was eliminated 

by repeated subcultivation on MS medium without growth regulators.

Techniques for electrofusion of protoplasts from various genotypes and various plant 

tissues (mesophyll and hypocotyl) were developed. The highest frequency of fused 

cells was achieved in a small fusion chamber with 5 V alternate current (AC) for 8–15 

seconds to chain protoplasts, followed by one 20 V direct current (DC) pulse of 80µs 

length for the perforation of the cytoplasmic membrane. Fusion of membranes took 

place during progressively reduced AC voltage (5 V to 0 V in 5 seconds). Used con-

centrations of enzymes, the yield of protoplasts per gram of fresh mass and the viabil-

ity (determined by " uorescein diacetate) were comparable with those published before 

(Gajdová et al. 2004). After fusion, protoplasts in the fusion solution were mixed with 

the cultivation medium in 1:1 ratio and microscopically analysed. Homofusion and het-

erofusion products and also unfused protoplasts were observed. The hybrid products of 

fusion (mesophyll + hypocotyl) contained rich vacuole system and many chloroplasts, 

i. e. characters of both fusion partners. Protoplast suspensions in the liquid cultivation 

medium B were maintained in the dark in a thermostat at 25 °C. Regeneration of cell 

walls and %rst divisions were recorded within 6–8 days of culture. Liquid medium was 

replaced in 7-day intervals with the one of lower level of osmoticum.

Concerning chemical fusion between B. napus and B. carinata, it is evident, that 

only the proper combination of polyethylene glycol (PEG) 6000 (molecular weight) con-

centrations and time durations can provide satisfactory fusion frequency. From results 

can be concluded that all the 30 % PEG solutions provided good results (about 8 % of 

fusants) together with 25 % PEG solution with the period of 20 minutes. The e'  ciency 

of these combinations is comparable with the results, obtained by Gürel et al. (2002) . 

Both 20 % PEG concentrations and shorter period of 25 % concentration showed rath-

er low e'  ciency. However, both combinations with 30 % PEG solution increased the 

number of multifusants, unfavourable for practical applications. Analogously to the pro-

duction of calli, signi% cant di/ erences between biological replicates in fusion frequency 

were detected as well. These circumstances might be explained by the heterogeneity 

of fused material during experiments even if all measurable environmental conditions 

were maintained. Protoplasts of fused cultures regenerated cell walls and % rst divisions 

were observed after the 4th day of the culture. Small calli, approx. 1–2 mm in diameter 

turned brown-yellow and did not develop desired callus structures. 
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The development of protoplast technology and fusion between B. rapa and B. cari-

nata has enabled the production of somatic hybrids between these cruciferous species 

and the formation of novel cybrids and hybrids (Jaiswal et al. 1990). Previous ! nd-

ings of other researchers con! rmed that the successful and e"  cient utilization of pro-

toplast culture technique depends not only on species but even on variety (Power et 

al. 1984, Moreno-Ferrero and Nuez-Vials 1985, Jain et al. 1988, Li et al. 1999). In our 

experiments, 58 calli were obtained via protoplasts fusion between B. rapa 31/96 and 

B. carinata line 1 with the fusion frequency about 25 %. Consequently, 14 calli pro-

duced shoots on regeneration media. The di# erentiation process and shoot regenera-

tion occurred within 3–4 months; similar results were published before (Fahleson et 

al. 1994, Gerdemann-Knörck et al. 1995). Fusion and regeneration frequencies were 

similar to those obtained in hybridization experiments between more closely related 

species (Fahleson et al. 1993). 

The three parameters (protoplast viability, yield and frequency of cell division) 

were used to determine optimal molecular weight of PEG and time duration. Using 

30 % PEG 6000 for ten minutes was the most e# ective, while combinations with 30 % 

PEG 6000 for 15 min, 30 % PEG 4000 for 15 min and 30 % PEG 4000 for 10 minutes 

reduced viability of protoplasts and cell wall regeneration, cell division and production 

of microcolonies. These results conform to previously published experiments (Kirti et 

al. 1991, Kirti et al. 1992a,b, Narasimhulu et al. 1992). 

One group of obtained plantlets was morphologically identical with B. carinata 

plants (from the aspect of size and form of leaves) while the rest of regenerants was con-

formable neither B. carinata nor B. rapa. The hybridity of plants was con! rmed via 

& ow cytometry. Approximately 40 % analyzed samples were only B. carinata plants, 

established via fusion within this species and 60 % of plantlets obtained via protoplast 

fusion between B. carinata and B. rapa. According to our results, both B. rapa 31/96 

and B. carinata line 1 are suitable genotypes for further experiments in protoplast fu-

sion. We identi! ed several genotypes with good regeneration ability and optimal com-

bination between PEG concentration and exposure time to provide satisfactory fusion 

rate and further regeneration. These ! ndings may help in further experiments, not only 

in closely related species of the genus Brassica.

The assessment of Brassica crops for frost tolerance under ! eld conditions is often com-

plicated by mild winters, not allowing e# ective di# erentiation of resistant and suscep-

tible cultivars and breeding materials. Thus, traditional plant breeding systems have 

met with limited success in improving the frost tolerance (FT) of agronomic plants 

(Thomashow 1990). It is therefore necessary to introduce more accurate methods to 

ensure the rapid selection of resistant genotypes, enabling early application by the use 

of in vitro tissue culture systems.
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In our experiments, dehydrins of molecular weight ~ 47kDa were detected in proto-

plast-derived (PD) calli of two B. napus genotypes, Topas and Californium. In B. na-

pus, Deng et al. (2005) reported one band of dehydrin ERD10 of 31kDa after cold ac-

climation and Yao et al. (2005) BnDHN1 of 19.2kDa. Although we did not observe 

signi! cantly higher accumulation of proline after cold treatment in general, there are 

studies revealing a higher content of proline in cold-acclimated leaves of cabbage (Ati-

ci et al. 2003) or positive correlations between proline levels and improved FT (Mc-

Clinchey and Kott 2008, Dör#  ing et al. 2009, Walker et al. 2010). On the contrary, 

Fuller et al. (2006) detected good resistance to salt and/or frost, but relatively low 

proline concentrations in several lines of cauli$ ower. Additionally, one line had a high 

proline concentration, but no measurable improvement in stress resistance. Moreover, 

Janská et al. (2010) found ambiguous relationships between the proline content of in 

vitro selected hydroxyproline resistant winter oilseed rape and FT and some genotypes 

had a higher content of proline under control conditions, when compared to plants af-

ter 60-day cold acclimation at 4 °C. 

The presence of dehydrins and high levels of proline even in non-acclimated proto-

plast-derived calli could be explained by an interaction with additional stress factors, 

causing dehydration of plant tissues, most probably occurring under in vitro condi-

tions of protoplast and callus cultures. Parmentier-Line et al. (2002) also published 

similar results in cell cultures of blueberry, where 65 and 30kDa dehydrins were de-

tected also in non-treated variants. On the other hand, the level of the 30kDa dehy-

drin increased signi! cantly after only 1 d at 4 °C and then increased gradually during 

the whole period of cold treatment. Bhattarai and Fettig (2005) also claimed that, in 

many plants, dehydrins are produced during various stress situations. Another possible 

reason of this phenomenon could be the somaclonal variation, often reported in con-

nection with the regeneration of dedi' erentiated tissues in vitro. Our ! ndings are in 

accordance with Parmentier-Line et al. (2002), where the results di' ered in too many 

ways from those on whole plants and made cell culture unsuitable for the study of de-

hydrin expression. Our results indicate that the prediction of frost tolerance in B. na-

pus and B. carinata based on dehydrin or proline detection and quanti! cation in the 

protoplast-derived calli is not feasible as there was no relationship with levels of these 

compounds, detected in the leaves. 

The results suggest that the routine usage of protoplast culture and somatic hy-

bridization techniques in the breeding procedures of Brassica crops could be possible, 

though requires deeper screening for suitable genotypes with regard to their regenera-

tion ability in the protoplast culture and further optimization of the entire process, in-

volving whole plant regeneration.



114

References

Atici Ö., Demir Y., Kocaçalişkan I. (2003): E$ ects of low temperature on winter wheat 

and cabbage leaves. Biol. Plant. 46: 603–606.

Barsby T.L., Chuong P.V., Yarrow S.A., Wu S.C., Coumans M., Kemble R.J., Pow-

ell A.D., Beversdorf W.D., Pauls K.P. (1987): The combination of polima CMS 

and cytoplasmic triazine resistance in Brassica napus. Theor. Appl. Genet. 

73: 809–814.

Bhattarai T., Fettig S. (2005): Isolation and characterization of a dehydrin gene from 

Cicer pinnati! dum, a drought-resistant wild relative of chickpea. Physiol. 

Plant. 123: 452–458.

Chen L., Zhang M., Xiao Q., Wu J., Hirata Y. (2004): Plant regeneration from hy-

pocotyl protoplasts of red cabbage (Brassica oleracea) by using nurse cultures. 

Plant Cell Tis. Organ Cult. 77: 133–138.

Chuong P.V., Pauls K.P., Beversdorf W.D. (1985): A simple culture method for Brassica 

hypocotyl protoplast. Plant Cell Rep. 4: 4–6.

Cleland R.E. (1975): Auxin induced hydrogen excretion: correlation with growth, and 

control by external pH and water stress. Planta 127: 233–242.

Deng Z.X., Pang Y.Z., Kong W.W., Chen Z.H., Wang X.L., Liu X.J., Pi Y., Sun X.F.M., 

Tang K.X. (2005): A novel ABA-dependent dehydrin ERD10 gene from Brassica 

napus. DNA sequence 16: 28–35.

Dietert M.F., Barron, S.A., Yoder O.C. (1982): E$ ects of genotype on in vitro culture 

in the genus Brassica. Plant Sci. Letters 26: 233–240.

Dör&  ing K., Dör&  ing H., Luck E. (2009): Improved frost tolerance and winter hardi-

ness in proline overaccumulating winter wheat mutants obtained by in vitro-se-

lection is associated with increased carbohydrate, soluble protein and abscisic 

(ABA) levels. Euphytica 165: 545–556.

Fahleson J., Eriksson I., Glimelius K. (1993): Intertribal somatic hybrids between 

Brassica napus and Barbarea vulgaris. Plant Cell Rep. 13: 411–416

Fahleson J., Eriksson I., Landgren M., Stymmne S., Glimelius K. (1994): Intertribal 

somatic hybrids between Brassica napus and Thlaspi perfoliatum with high 

content of the T. perfoliatum speci' c nervonic acid. Theor. Appl. Genet. 87: 

795–804.

Fuller M.P., Metwali E.M.R., Eed M.H., Jellings A.J. (2006): Evaluation of abiotic 

stress resistance in mutated populations of cauli* ower (Brassica oleracea var. 

botrytis). Plant Cell Tis. Organ Cult. 86: 239–248.

Gajdová J., Lebeda A., Navrátilová B. (2004): Protoplast cultures of Cucumis and 

Cucurbita ssp. In: Lebeda A., Paris H.S. (eds.): Progress in Cucurbit Genetics 

and Breeding Research. Proceedings of Cucurbitaceae 2004, 8th EUCARPIA 

meeting on cucurbit genetics and breeding, Palacký University in Olomouc, Ol-

omouc, Czech Republic, 2004, pp. 441–454.



115

Gengenbach B.G., Connelly J.A., Pring D.R., Conce M.F. (1981): Mitochondrial DNA 

variation in maize plants regenerated during tissue culture selection. Theor. 

Appl. Genet. 59: 161–167.

Gerdemann-Knörck M.S., Nielen C., Tzscheetzsch J., Iglisch O., Schieder O. (1995): 

Transfer of disease resistance within the genus Brassica through asymmetric 

somatic hybridization. Euphytica 85: 247–253.

Glimelius K. (1984): High growth rate and regeneration capacity of hypocotyl protoplasts 

in some Brassicaceae. Physiol. Plant. 61: 38–44.

Gürel S., Gürel E., Kaya Z. (2002): Protoplast fusion in Sugar Beet. Turk J. Biol. 26: 

163–170.

Hu Q., Anderson S.B., Hansen L.N. (1999): Plant regeneration capacity of mesophyll 

protoplasts from Brassica napus and related species. Plant Cell Tis. Organ 

Cult. 59: 189–196.

Jain R.K., Chowdhury J.B., Sharma D.R., Friedt W. (1988): Genotypic and media ef-

fects on plant regeneration from cotyledon explant cultures of some Brassica 

species. Plant Cell Tis. Organ Cult. 14: 197–206.

Jaiswal S.K., Hammatt N., Bhojwani S.S., Cocking E.C., Davey M.R. (1990): Plant 

regeneration from cotyledon protoplasts of Brassica carinata. Plant Cell Tis. 

Organ Cult. 22: 159–165.

Janská A., Zelenková S., Klíma M., Vyvadilová M., Prášil I.T. (2010): Freezing toler-

ance and proline content of in vitro selected hydroxyproline resistant winter 

oilseed rape. Czech J. Genet. Plant Breed. 46: 35–40.

Jourdan P.S., Earle E.D., Mutschler M.A. (1989): Synthesis of male sterile triazine-re-

sistant Brassica napus by somatic hybridization between cytoplasmic B. oler-

acea and atrazine-resistant B. campestris. Theor. Appl. Genet. 78: 445–455.

Jourdan P.S., Earle E.D., Mutschler M.A. (1990): Improved protoplast culture and sta-

bility of cytoplasmic traits in plants regenerated from leaf protoplasts of cauli-

% ower (Brassica oleracea ssp. botrytis). Plant Cell Tis. Organ Cult. 21: 227–236.

Kao K.N., Michayluk M.R. (1975): Nutritional requirements for growth of Vicia hajas-

tana cells and protoplasts at very low population density in liquid media. Plan-

ta 126: 105–110.

Kemble R.J., Shepard J.F. (1984): Cytoplasmic DNA variation in protoclonal popula-

tion. Theor. Appl. Genet. 69: 211–216.

Kirti P.B., Bhat S.R., Kumar V.D., Prakash S., Chopra V.L. (2001): A simple proto-

col for regenerating mesophyll protoplasts of vegetable Brassicas. J. Plant Bio-

chem. Biotech. 10: 49–51.

Kirti P.B., Chopra V.L. (1990): Rapid plant regeneration through organogenesis and 

somatic embryogenesis from cultured protoplasts of Brassica juncea. Plant Cell 

Tis. Organ Cult. 20: 65–67.



116

Kirti P.B., Narasimhulu S.B., Prakash S., Chopra V.L. (1992a): Somatic hybridization 

between Brassica juncea and Moricandia arvensis by protoplast fusion. Plant 

Cell Rep. 11: 318–321.

Kirti P.B., Narasimhulu S.B., Prakash S., Chopra V.L. (1992b): Production and char-

acterization of intergeneric somatic hybrids of Trachystoma ballii and Brassica 

juncea. Plant Cell Rep. 11: 90–92.

Kirti P.B., Prakash S., Chopra, V.L. (1991): Interspeci! c hybridization between Brassica 

juncea and B. spinescens through protoplast fusion. Plant Cell Rep. 9: 639–642.

Kohlenbach H.W., Wenzel G., Ho" mann F. (1982): Regeneration of Brassica napus 

plantlets in cultures from isolated protoplasts of haploid stem embryos as com-

pared with leaf protoplasts. Z. P# anzenphysiol. 105: 131–142.

Kumar A., Cocking E.C. (1987): Protoplasts fusion: a novel approach to organelle ge-

netics in higher plants. Am. J. Bot. 74: 1289–1303.

Li Y.G., Stoutjestijk P.A., Larkin P.J. (1999): Somatic hybridization for plant improve-

ment. In: Soh W.-Y., Bhojwani S.S. (eds.): Morphogenesis in Plant Tissue Cul-

tures. Kluwer Academic Publishers, Dordrecht, pp. 363–418.

McClinchey S.L., Kott L.S. (2008): Production of mutants with high cold tolerance in 

spring canola (Brassica napus). Euphytica 162: 51–67.

Moreno-Ferrero V., Nuez-Viñals F. (1985): Fusión de protoplastos, Universidad Politéc-

nice de Valencia, pp. 20–58.

Narasimhulu S.B., Kirti P.B., Prakash S., Chopra V.I. (1992): Rapid and e'  cient plant 

regeneration from hypocotyl protoplasts of Brassica carinata. Plant Cell Rep. 

11: 159–162.

Parmentier-Line C.M., Panta G.R., Rowland L.J. (2002): Changes in dehydrin expres-

sion associated with cold, ABA and PEG treatments in blueberry cell cultures. 

Plant Sci. 162: 273–282.

Pelletier G., Primard C., Vedel F., Chetrit P., Remy R., Roussele P., Renard M. (1983): 

Intergeneric cytoplasmic hybridization in Cruciferae by protoplast fusion. Mol. 

Gen. Genet. 191: 244–250.

Pilet P.E. (1985): The use of plant protoplasts in physiological research. In: Pilet P.E. 

(ed.): The Physiological Properties of Plant Protoplasts. Springer Verlag, Ber-

lin, Heidelberg, pp. 1–5.

Power J.B., Chapman J.V., Wilson D. (1984): Laboratory manual – plant tissue culture. 

Plant genetic Manipulation Group, University of Nottingham, 125 p.

Robertson D., Earle E.D., Mutschler M.A. (1988): Increased totipotency of protoplasts 

from Brassica oleracea plants previously regenerated in tissue culture. Plant 

Cell Tis. Organ Cult., 14: 15–24.

Schubert S., Matzke H. (1985): In# uence of phytohormones and other e" ectors on proton 

extrusion by isolated protoplasts from rape leaves. Physiol. Plant. 64: 285–289.



117

Thomashow M.F. (1990): Molecular genetics of cold acclimation in higher plants. Adv. 

Genet. 28: 99–131.

Vamling I.C., Glimelius K. (1990): Regeneration of plants from protoplasts of oilseed 

Brassica crops. In: Bajaj Y.P.S. (ed.): Biotechnology in Agriculture and For-

estry. Vol. 10, Legumes and Oilseed Crops I. Springer Verlag, Berlin, Heidel-

berg, pp. 386–417.

Walker D.J., Romero P., Correal P. (2010): Cold tolerance, water relations and accu-

mulation of osmolytes in Bituminaria bituminosa. Biol. Plant. 54: 293–298.

Yao K., Lockhart K.M., Kalanack J.J. (2005): Cloning of dehydrin sequences from 

Brassica juncea and Brassica napus and their low temperature-inducible ex-

pression in germinating seeds. Plant Physiol. Biochem. 43: 83–89.



118

5. Summary (in Czech)

Protoplastové kultury vybraných zástupců čeledi Brassicaceae

Fúze protoplastů a následně protoplastové kultury jsou využívány především pro ma-

nipulaci s cizorodými geny s cílem rozšířit genetickou diverzitu. Protoplasty tak mohou 

být využity ve šlechtitelských programech, zejména pro překonání bariér nekřížitel-

nosti při tvorbě tzv. somatických hybridů. V této práci byl optimalizován a zaveden 

efektivní postup izolace, elektrofúzí, chemických fúzí a kultivace protoplastů u vybra-

ných genotypů rodu Brassica. Byly stanoveny optimální kombinace doby působení a 

koncentrace polyetylén glykolu (PEG) a stanovena frekvence fúzí mezi genotypy. 25 % 

PEG, aplikovaný po dobu 20 minut přinesl nejlepší výsledky s ohledem na životnost 

protoplastů a frekvenci fúzí. Obnova buněčné stěny a tvorba mikrokalusů byla zazna-

menána téměř u všech testovaných genotypů. Byl zjištěn signi7 kantní vliv genotypu 

na další dělení buněk a vývoj nediferencovaného pletiva. Mikrokalusy byly získány 

z chemických fúzí mezi Brassica rapa a B. carinata a mezi B. carinata a B. napus a 

celistvé rostliny, získané z protoplastových kultur genotypů B. oleracea byly převedeny 

do nesterilních podmínek a přemnoženy. Byly získány somatické hybridy s dobře vy-

vinutými pravými listy z chemických fúzí mezi B. carinata a B. rapa. V dalších fázích 

experimentů byla po chladovém ovlivnění sledována akumulace dehydrinů a prolinu 

v kalusech z protoplastových kultur a porovnána se stupněm chladové odolnosti listů 

zvolených genotypů Brassica ssp. I když byly identi7 kovány nové kandidátní dehyd-

riny u dvou kultivarů, předpoklad predikce chladové odolnosti genotypů na základě 

stanovení koncentrace dehydrinů a/nebo prolinu v kalusech z protoplastových kultur 

nebyl potvrzen, protože koncentrace těchto speci7 ckých látek v kalusovém pletivu ne-

korelovala s obsahy, stanovenými v listových pletivech chladově ovlivněných rostlin.
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7. Appendix

Appendix list:

Figure 1 Puri! cation of mesophyll (in the middle) and hypocotyl protoplasts on 

the sucrose gradient

          2 Puri! cation of hypocotyl (N
1
, N

2
) and mesophyll (T, V) protoplasts on 

the sucrose gradient [N
1
, B. napus – winter rapeseed cv. Californium; 

N
2
, B. napus cv. Viking; B. oleracea var. capitata – red cabbage 

cv. Vysocké (V) and white cabbage cv. Torpedo (T)]

          3 The detail of hypocotyl protoplasts on the sucrose gradient (upper layer 

represents protoplasts with anthocyans in vacuoles)

          4 The detail of mesophyll protoplasts on the sucrose gradient

          5 Hypocotyl protoplasts (cabbage cv. Vysocké)

          6 Mesophyll protoplasts (cabbage cv. Torpedo)

          7 Hypocotyl protoplast of cauli# ower (B. oleracea var. botrytis) cv. For-

tuna

          8 Mesophyll protoplast of white cabbage cv. Pourovo

          9 Mesophyll protoplasts of cauli# ower cv. Siria

         10 Mesophyll protoplasts of kale (B. oleracea var. acephala) cv. Kadet

         11 Determination of the protoplast viability via # uorescent diacetate stain-

ing (cauli# ower cv. Fortuna)

         12 Determination of the protoplast viability via # uorescent diacetate stain-

ing – a detail

         13 Regeneration of the cell wall (cabbage cv. Vysocké)

         14 Dividing cells (cabbage cv. Vysocké)

         15 Regeneration of elongated cells (red cabbage cv. Rufus)

         16 Regeneration of elongated cells (cauli# ower cv. Fortuna)

         17 Regeneration of elongated cells (cabbage cv. Vysocké)
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         18 Microcalli of the genotype OP-1/02 (winter rapeseed)

         19 Microcalli of the genotype OP-1/02 – a detail

         20 A microcallus on the liquid medium (cauli! ower cv. Siria)

         21 Microcalli on the liquid medium (cabbage cv. Torpedo)

         22 Calli on the solid medium (cabbage cv. Vysocké)

         23 Calli on the solid medium (red cabbage cv. Kalibos)

         24 Calli on the solid medium (cabbage cv. Vysocké)

         25 Calli on the solid medium (kale cv. Kadet)

         26 Somatic embryogenesis – microcallus culture of cabbage cv. Kalibos  

(liquid medium C)

         27 Regeneration from meristematic zones on the callus of cabbage cv. Vy-

socké

         28 Regeneration of a whole plant from the callus of cabbage cv. Vysocké

         29 Regenerants of red cabbage cv. Vysocké

         30 Regenerants of red cabbage cv. Vysocké in a glasshouse

         31 The whole plant of red cabbage cv. Vysocké in a pot

         32 The hypocotyl protoplast of cabbage cv. Torpedo stained with Rhod-

amine

         33 Mesophyll protoplasts before electrofusion [cabbage cv. Pourovo (left) 

and Rhodamine-stained winter rapeseed cv OP-1/02]

         34 Protoplasts before electrofusion (left, a hypocotyl one of cauli! ower cv. 

Fortuna; right, a mesophyll one of cabbage cv. Pourovo)

         35 Chains of protoplasts during electrofusion in a fusion chamber

         36 A multifusant from electrofusion between red cabbage cv. Vysocké and 

winter rapeseed, genotype OP-1/02

         37 A fusant from electrofusion between red cabbage cv. Vysocké and win-

ter rapeseed, genotype OP-1/02
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         38 Viability check after electrofusion by means of ! uorescein diacetate 

staining 

         39 Regeneration of the cell wall after electrofusion in the protoplast cul-

ture of cabbage cv. Rufus (IAD) and winter rapeseed cv. Cando (UV)

         40 The " rst division after electrofusion in the protoplast culture of cab-

bage cv. Vysocké (IAD) and winter oilseed rape cv. Caracas (UV)

         41 Regeneration after electrofusion: IAD red cabbage cv. Azur × UV win-

ter rapeseed cv. Cando

         42 Microcallus after electrofusion of winter rapeseed DH OP3 and Abys-

sinian mustard (B. carinata) BC11

         43 Calli after electrofusion – IAD red cabbage cv. Vysocké × UV winter 

rapeseed cv. Caracas

         44 A heterofusant after chemical fusion – cauli! ower cv. Fortuna 13 × 

× cabbage cv. Torpedo

         45 Heterofusants after chemical fusion – cabbage DH Vysocké B ×

× cabbage cv. Torpedo

         46 A polyfusant after chemical fusion – cabbage DH Vysocké B ×

× cabbage cv. Torpedo

         47 Dividing of protoplasts after chemical fusion – IAD cabbage 

cv. Torpedo × UV winter rapeseed cv. OPV-21/55

         48 Microcallus regeneration after chemical fusion – IAD cabbage 

cv. Vysocké × UV winter rapeseed cv. OPV-21/55

         49 Microcalli after chemical fusion – cabbage DH Vysocké B × cabbage 

cv. Torpedo (45 days of the culture)

         50 Microcalli after chemical fusion – cabbage DH Vysocké B × cabbage 

cv. Torpedo (65 days of the culture)

         51 Calli after chemical fusion (cabbage cv. Torpedo × cauli! ower 

cv. Siria)

         52 Regeneration after chemical fusion – cabbage DH Vysocké B × 

× cabbage cv. Torpedo
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