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General Introduction

In angiosperms, double fertilization generates the embryo 
and the endosperm simultaneously, the joint development of 
which leads to a viable seed. Somatic embryos, however, are 
formed from plant cells that are not normally involved in the 
development of embryos (fertilization or gamete fusion). The 
term somatic refers to embryos developing asexually from veg-
etative (or somatic) tissue. Somatic plant cells are terminally 
differentiated and can regain totipotency and initiate embryo 
development under appropriate conditions. The development 
of techniques and protocols to produce plant embryos asexu-
ally has had a huge technological and economical impact on 
agricultural systems, and these biotechnologies represent an 
integral part of the breeding programs of important crops.

In this chapter, recent advances in somatic (asexual) pro-
cedures and their applications are reviewed, including somatic 
embryogenesis, haploid technologies, protoplast and somatic 
hybridization, and use of somatic procedures in screening and 
development of stress-resistant plants. This method is now a 
well-established technology that has made significant contri-
butions to plant improvement and mass propagation in horti-
culture, agriculture, and to some extent in forestry, as a means 
of rapidly multiplying elite varieties or clones.

Somatic Embryogenesis

Introduction

Over the past fifty years, somatic embryogenesis has been 
the subject of increasing research in a large number of mono-
cotyledonous and dicotyledonous plant species. Somatic 
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embryogenesis has become one of the most desired pathways 
in the regeneration of plants via tissue culture, because it 
bypasses the necessity of time-consuming and costly manip-
ulation of individual explants, which is a problem with orga-
nogenesis (Folta and Dhingra, 2006; Carneros et al., 2009). 
Somatic embryogenesis might also overcome difficulties with 
micropropagation procedures in species that are difficult to 
root, such as chickpea (reviewed by Anwar et al., 2010) and 
rubber (reviewed by Nayanakantha and Seneviratne, 2007).

Patterns of somatic embryogenesis

Two patterns of somatic embryogenesis are recognized: direct 
embryogenesis, where the embryo develops directly on the 
explant, and indirect embryogenesis, in which the embryo 
arises from a callus. Direct somatic embryogenesis is the 
desirable approach to obtaining genetically stable regenerated 
plants, because callus formation could cause somaclonal varia-
tion (Mizukami et al., 2008).

Direct somatic embryogenesis has been developed for 
numerous species, including alfalfa (Rudus et al., 2009), 
Arabidopsis (Kurczynska et al., 2007), broccoli (Yang et al., 
2010), camphor tree (Du et al., 2007; Shi et al., 2009), carrot 
(Mizukami et al., 2008), chickpea (Kiran et al., 2005; Kiran 
Ghanti et al., 2010), coffee (reviewed by Ducos et al., 2007; 
Santana-Buzzy et al., 2007), cotton (Zhang et al., 2009), euca-
lyptus (Prakash and Gurumurthi, 2010), legumes (reviewed by 
Lakshmanan and Taji, 2000), millet (Ceasar and Ignacimuthu, 
2010), rice (reviewed by Silva, 2010), rubber (Lardet et al., 
2009), saffron (Demeter et al., 2010), and sugarcane (Snyman 
et al., 2006). It has been used to obtain genetically stable 
regenerated plants and has been reported to be useful in the 
regeneration of recombinant plants (Yang et al., 2009). Most 
studies applied direct somatic embryogenesis to the regenera-
tion of valuable plants.

Factors affecting somatic embryo induction

Explant and genotype
The choice of explant is considered to be an important fac-
tor in the induction of somatic embryogenesis. Genotype, 
explant source, and developmental stage (age) of explant all 
affect somatic embryogenesis (Choudhury et al., 2008). In 
guava, most workers have used immature zygotic embryos as 
the primary explants for the induction of somatic embryo-
genesis. Other explants, such as leaf, node, internode, petal, 
and mesocarp, have also been tested. These explants failed 
to induce somatic embryos, with the exception of meso-
carp, where there was some success (reviewed by Rai et al., 
2010). In kodo millet, somatic embryogenesis was obtained 
from explants, such as immature inflorescences, immature 
and mature zygotic embryos, mature caryopses, immature 
inflorescences, leaf segments, root, mesocotyl, and shoot apex 
(reviewed by Ceasar and Ignacimuthu, 2010). Shoot apical 
meristems have been used effectively to develop regeneration 
systems across the other cereals, and apical meristem explants 

have been successfully employed as starting material to 
recover stably transformed maize, wheat, rice, oat, barley, sor-
ghum, and millet (reviewed by Sticklen and Orabya, 2005).

Somatic embryogenesis is highly species- or genotype-
dependent. A recent study by Binott et al. (2008) confirmed 
that callus induction, somatic embryo formation, and plant 
regeneration in maize were found to be genetically linked, 
and hybrids showed better tissue culture response compared 
with their inbred lines counterparts. Somatic embryogenesis 
in conifers is often highly genotype-dependent; consequently, 
an increased number of genotypes capable of somatic embryo-
genesis can be made available through breeding (reviewed by 
Bonga et al., 2010). Fu et al. (2008) found that the highest 
levels of embryogenic callus induction of Dianthus chinen
sis were achieved when the donor buds had been cold pre-
treated and the subsequent anther culture was maintained 
in darkness. Furthermore, there appeared to be a correlation 
between genotype and culture conditions.

Chemical factors
Somatic embryogenesis is controlled by a number of dif-
ferent chemical factors. The agents used to induce in vitro 
somatic embryogenesis are highly variable, ranging from vari-
ous plant hormones to stress treatments (Fehér et al., 2003). 
Involvement of plant hormones and plant growth regulators 
with in vitro somatic embryogenesis has been intensively 
reviewed by Jiménez (2001, 2005), Fehér et al. (2003), and 
Jiménez and Thomas (2005), while molecular and genetic 
studies of hormonal regulation were reviewed by Rose and 
Nolan (2006). Molecular development studies with plant 
hormones and apical meristems might also be expected to 
aid in the interpretation of the role of auxin and cytokinins in 
somatic embryogenesis induction (Ikeda et al., 2006).

In most species studied in which growth regulators are 
needed for induction of somatic embryogenesis, auxins and 
cytokinins are key factors determining the embryogenic 
response. This is probably due to their participation in the 
regulation of cell cycling, division, and differentiation (Fehér 
et al., 2003). Auxin 2,4-dichlorophenoxyacetic acid (2,4-D), 
in isolation or combined with other growth regulators, 
mainly cytokinins, has been used for the induction of somatic 
embryo genesis via tissue culture of seeds and zygotic embryos 
for several species (Fehér et al., 2003; Ikeda et al., 2006; 
Raghavan, 2006; Fehér, 2008). Somatic embryogenesis may 
proceed on a single medium or may require medium altera-
tions specific for a specific developmental stage (reviewed 
by Anwar et al., 2010). Thidiazuron (TDZ), a synthetic phe-
nylurea, has been reported to be the most active cytokinin-
like substance for shoot induction in plant tissue culture 
(reviewed by Lakshmanan and Taji, 2000). TDZ induces high-
frequency somatic embryogenesis in some plant species when 
used alone or in combination with other growth regulators 
(reviewed by Anwar et al., 2010).

In addition, somatic embryogenesis can be induced by vari-
ous stresses, specific hormone treatments, and over-expression 
of specific genes (Rose and Nolan, 2006). Rudus et al. (2009) 
demonstrated that stress-related phytohormones, abscisic acid 
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(ABA), and jasmonic acid (JA) are synthesized in tissues of 
Medicago sativa cultured in vitro during the whole process of 
indirect somatic embryogenesis, but the biosynthetic capacity 
changes substantially in distinct somatic embryogenesis phases.

Other inductive factors
The mineral composition of the media, type, and concentra-
tion of carbon sources, amino acids, heavy metal ions, light-
dark regime, and temperature can play vital roles in somatic 
embryogenesis (Mohamed et al., 2004). The type and concen-
tration of carbon source has been found to affect the induc-
tion of somatic embryos. The superiority of maltose over 
sucrose on somatic embryogenesis was proved in kodo mil-
let, rice, wheat, barley, and rubber (reviewed by Ceasar and 
Ignacimuthu, 2010). An increase in sucrose concentrations 
in the embryogenesis medium enhanced the frequency of 
somatic embryogenesis in sugarcane (Gandonou et al., 2005) 
and melon (Nakagawa et al., 2001). Zhang et al. (2008) sug-
gested that sugars function as both a carbon source and as an 
osmotic regulator in culture media.

There are a number of reports indicating that the three 
main aliphatic polyamines (PAs) — putrescine (put-diamine), 
spermidine (spd-triamine), and spermine (spm-tetraamine) — 
which are organic polycations, particularly in their free form, 
play a crucial role in somatic embryo formation, development, 
and conversion to plant (Nakagawa et al., 2006; De la Peña 
et al., 2008). High concentrations of PAs are often observed 
in tissues undergoing somatic embryogenesis (Monteiro 
et al., 2002). The specific role of PAs during embryogenesis 
has been reviewed by Baron and Stasolla (2008) and Mattoo 
et al. (2010). Genotypic differences in cellular PA con-
centrations or ratios serve as indicators of regeneration — 
embryogenic potential in both angiosperm and gymnosperm 
species and transgenic manipulation of polyamine biosynthe-
sis has proven successful in enhancing somatic embryogenesis 
(reviewed by Baron and Stasolla, 2008).

Somatic embryos are very sensitive to toxic substances and 
volatiles produced during in vitro culturing (da Silva et al., 
2009). Several anti-browning compounds (ascorbic acid, char-
coal, DTE, DTT, PVP, PVPP, and silver nitrate) were tested in 
Eucalyptus globulus by adding them to the expression medium 
(MS), but all decreased somatic embryogenesis potential and 
only DTE, charcoal, and silver nitrate reduced explant browning.  
When added only during the induction period, anti-browning 
agents reduced accumulation of phenolics, but also severely 
reduced somatic embryogenesis potential (Pinto et al., 2008b). 
The number of somatic embryos of Myrciaria aureana was sig-
nificantly reduced in activated charcoal- supplemented medium 
(Motoike et al., 2007). Conversely, Bahgat et al. (2008) reported 
that the addition of ascorbic and citric acids to media enhanced 
the production of somatic embryos of Vicia faba. Positive results 
in induction of somatic embryogenesis by supplementation of 
the culture medium with activated charcoal were reported for 
Bixa orellana (Paiva Neto et al., 2003) and Bactris gasipaes 
(Steinmacher et al., 2007).

The presence of light promoted somatic embryogenesis 
in some species, such as finger millet (Corrêa et al., 2009) 

and camphor tree (Shi et al., 2009). However, induction of 
direct somatic embryogenesis from Phalaenopsis leaf explants 
required a 60 day induction period in darkness (Gow et al., 
2009). In general, red light promotes and blue light inhib-
its the induction of somatic embryogenesis (Bach and Krol, 
2001; Takanori and Cuello, 2005; Hoshino and Cuello, 2006). 
However, blue light stimulated the germination of mature 
somatic embryos of Freesia refracta (Bach et al., 2000). The 
effect of light quality on the growth of embryogenic tissue can 
be genotype-dependent (Latkowska et al., 2000). Until now, 
the literature relating to the relationship between light and 
somatic embryogenesis provided inadequate and/or conflict-
ing information, preventing a clear understanding of the role 
of light in somatic embryogenesis.

Histodifferentiation
Auxins are generally involved in cell division and expansion 
and differentiation of the vascular system. Auxins are also 
associated with regulation of the embryonic patterns of his-
todifferentation (Bassuner et al., 2007). Cangahuala-Inocente 
et al. (2009) studied the accumulation of protein, total sugars, 
starch, amino acids, polyamines, indole-3-acetic acid (IAA), 
and ABA in different stages of Acca sellowiana zygotic embry-
ogenesis. Starch is the predominant storage compound during 
zygotic embryo development. All amino acids are synthesized 
during embryogenesis, with an increased accumulation in the 
heart and cotyledonary stages. Asparagine is the major amino 
acid observed. Free polyamine synthesis during early devel-
opmental stages, as well as the accumulation of polyamine 
conjugates in the cotyledonary stage, may be considered as 
reliable biochemical markers of embryonal development in  
A. sellowiana. IAA and ABA levels were inversely propor-
tional in the heart-shaped and cotyledonary stages, suggesting 
their involvement with histodifferentiation patterns, mainly 
the establishment of embryonal symmetries.

Plant maturation

The morphology of somatic embryogenesis is affected by a 
number of factors, such as plant growth regulators, medium 
composition, subculture time, or frequency. The media of 
somatic embryo development are different from the media 
used for somatic embryo induction. Auxins in any medium 
play a key role during the induction stage, but inhibit plant-
let formation. Hence, somatic embryos should be transferred 
into a medium without plant growth regulator during plantlet 
formation. The use of hormone-free medium was very fruitful 
in maturing somatic embryos and obtaining plantlets in many 
species, such as V. faba (Bahgat et al., 2008), triticale (Atak 
et al., 2008), eucalyptus (Pinto et al., 2008a), and waxflowers 
(Ratanasanobon and Seaton, 2010). However, it is reported 
that the addition of L-proline, maltose, and TDZ to the mat-
uration medium increased the frequency of somatic embryo 
maturation and plantlet formation (Ceasar and Ignacimuthu, 
2010). Several studies report that decreasing sucrose content 
induces maturation of somatic embryos in plant tissue cul-
tures (Lee et al., 2001; Demeter et al., 2010).
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Plant regeneration

Establishment of an efficient somatic embryogenesis and 
regeneration system has become an integral part of plant bio-
technology, as regeneration of transgenic plants in most of the 
important crops is dependent on the formation of somatic 
embryos (reviewed by Vasil, 2008a,b). An efficient, rapid, and 
dependable regeneration system is required for transformation 
and other genetic improvement. Plant regeneration through 
somatic embryogenesis is generally preferred over other in 
vitro developmental processes, such as organogenesis, because 
it offers more target cells (Ogita et al., 2002) to develop into 
whole plants. Furthermore, somatic embryos are believed 
to be of single cell origin, any regenerated transformed cell 
would give rise to a transformed plant without unwanted chi-
meric events often associated with transformed meristems, 
which results in organogenesis (Sakhanokho et al., 2009).

Regeneration efficiency varies among species and often 
among cultivars of the same species, and genotype-specific 
regeneration protocols will need to be established for best 
results (Jauhar, 2006). Bahgat et al. (2008) reported that cul-
tivar differences and explant differences play important roles 
in determining both callus formation and regeneration rate 
in the faba bean (Vicia faba L.). Some of the most impor-
tant factors for successful plant regeneration are the culture 
medium and environmental incubation conditions. Recently, 
Ceasar and Ignacimuthu (2008, 2010) reported a highly effi-
cient somatic embryogenesis and plant regeneration system 
for kodo millet and finger millet by using a two-step culture. 
They suggested that this two-step culture procedure might 
be adopted in the future for efficient somatic embryogenesis 
and regeneration of the rest of the millets. A two-step culture 
process has also been proved successful in carrot (Mizukami 
et al., 2008) and potato (Seabrook and Douglass, 2001) for 
efficient somatic embryogenesis and regeneration. Feng et al. 
(2010) found that 70% of embryos with abnormal cotyledons 
developed into plantlets in Koelreuteria bipinnata. This indi-
cates that somatic embryos with abnormalities during early 
developmental stages do not always affect plantlet formation.

Gene expression during somatic 
embryogenesis

Somatic embryogenesis is the developmental restructuring 
of somatic cells toward the embryogenic pathway that forms 
the basis of cellular totipotency in higher plants. Various mod-
els have been widely investigated to gain an understanding of 
the mechanisms of gene regulation during this developmen-
tal process, and an array of genes activated or differentially 
expressed during somatic embryogenesis has been isolated 
employing various molecular techniques (reviewed by Ikeda 
et al., 2006; Raghavan, 2006; Rose and Nolan, 2006; Jenik  
et al., 2007; Bonga et al., 2010). Somatic embryogenesis 
involves many molecular events encompassing differential gene 
expression, as well as various signal transduction pathways for 
activating/repressing numerous gene sets, many of which are 
yet to be identified and characterized (reviewed by Berleth and 

Chatfield, 2002; Chugh and Khurana, 2002; Quiroz-Figueroa  
et al., 2006; Rose and Nolan, 2006; Namasivayam, 2007; Curtis 
and Grossniklaus, 2008; Fehér, 2008; Karami et al., 2009; 
Aquea et al., 2010). Thus, future trends involve characteriza-
tion of development-specific genes during somatic embryogen-
esis to provide a deeper insight into the mechanisms involved 
during differentiation of somatic cells and phenotypic expres-
sion of cellular totipotency in higher plants.

Mass propagation and somaclonal 
variation

In vitro somatic embryogenesis is an important prerequi-
site for the use of many biotechnological tools for mass 
propagation. Large-scale liquid cultures have been used for 
micropropagation through organogenesis or somatic embryo-
genesis pathways in both agitated vessels and in bioreactors 
(reviewed by Ziv, 2005; Akin-Idowu et al., 2009; Ducos 
et al., 2009). Research directed at improving bioreactors for 
somatic embryogenesis has been reported for several plant 
species (reviewed by Ziv, 2000; Ducos et al., 2008). For 
example, coffee somatic embryogenesis is used in industry 
for large-scale, rapid propagation of selected heterozygous 
varieties, such as Robusta clones or F1 hybrid Arabica (Ducos 
et al., 2007). Pilot bioreactor units producing up to a million 
somatic seedlings per year are currently being implemented 
by various teams (reviewed by Ducos et al., 2008).

Genetic variation is very important in crop improvement, 
because it forms the basis of development of new varie-
ties. Somaclonal variation is a valuable tool in plant breeding, 
wherein variation in tissue culture regenerated plants from 
somatic cells can be used in the development of crops with 
novel traits. The molecular basis of somaclonal variation is not 
precisely known; however, both genetic and epigenetic mecha-
nisms are thought to play a role (Gao et al., 2009). Somaclonal 
variation has been associated with changes in chromosome 
number and structure, point mutations, and DNA methylation 
(reviewed by Cardoza and Steward, 2004; Baenziger et al., 
2006; Bartoszewski et al., 2007; Santana-Buzzy et al., 2007).

Haploid Technology

Introduction

Haploid technology is of significant interest for developmen-
tal and genetic research, as well as for plant breeding and bio-
technology. Haploid plants are useful in understanding cellular 
totipotency because they develop from single male or female 
gametes without fertilization (Powell, 1990). Haploid individ-
uals also provide an excellent example when studying induced 
mutagenesis, where recessive traits can be easily detected 
(Seguí-Simarro and Nuez, 2008b). Tolerance to unfavorable 
conditions, such as drought, cold, heavy metals, or low nutri-
ents, are among recessive traits that can be detected promptly 
in haploid plants. Homozygous lines can be generated more 
rapidly via haploid development compared to conventional 
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means (Tomasi et al., 1999). Taji et al. (2002) claimed that 
such lines could be generated in only one generation, while 
conventional methods need at least five generations.

Since it was first demonstrated by Guha and Maheshwari 
(1964) on Datura inoxia and Nitsch and Nitsch (1969) on 
tobacco, haploids have been used to produce homozygous 
genotypes in a number of economically important species: 
tobacco (Nicotiana tabacum), wheat (Triticum aestivum), bar-
ley (Hordeum vulgare), canola (Brassica napus), rice (Oryza 
sativa), and maize (Zea mays; Aryan, 2002; Maluszynsky 
et al., 2003; Maraschin et al., 2005b). Success has also been 
reported on legumes: pigeon pea (Cajanus cajan), soybean 
(Glycine max), cowpea (Vigna unguiculata), winged bean 
(Psophocarpus tetragonolobus), East Indian Walnut (Albizia 
lebbeck) and Yellow Flame Tree (Peltophorum pterocarpum; 
Crosser et al., 2006).

However, haploid individuals tend to be smaller in size, less 
vigorous, more sensitive to disease and environmental stress 
and, most important, they are sterile (Seguí-Simarro and 
Nuez, 2008b). Therefore, for practical purposes it is usually 
desirable to obtain doubled haploids. Regardless of the mode 
of development, doubling of haploid plants either spontane-
ously via endoreduplication (DNA duplication without mito-
sis), nuclear fusion (merging of coalescing nuclei into a larger 
nuclei, mixing both DNA contents), endomitosis (mitosis in 
the absence of mitotic spindle and nuclear envelope break-
down), or by chemical means such as colchicine or oryzalin, 
leads to a homozygous doubled haploid individual with two 
identical copies of each chromosome (Crosser et al., 2006). 
For many families of angiosperms, doubled haploidy has 
been used as a routine tool in breeding programs because this 
technique provides pure lines in a single generation, which 
may save considerable time in the breeding of new cultivars 
(Tuvesson et al., 2000; Maluszynsky et al., 2003).

Cytological basis underlying haploid plant 
induction

The term androgenesis refers to plant regeneration directly 
from microspore culture under in vitro conditions. The 
underlying principle of androgenesis is to stop the develop-
ment of pollen cells, which normally become sexual cells, 
and to force their development directly into a complete plant 
(Nitsch, 1981). This process inhibits typical gametophytic dif-
ferentiation and instead allows cell division and regeneration 
to occur (Dunwell, 1986).

As gametogenesis (microspore development) takes place, 
mature pollen grains are formed via mitosis. Since the 
developmental route is not yet determined during micro-
gametogenesis, there is a chance to interrupt the normal 
gametophytic pathway and to induce sporophytic develop-
ment. As the result of sporophytic divisions, multicellular 
microspores develop within the anthers. Differentiation of 
these multicellular units may result in pollen embryos, which 
then develop into haploid plants.

In certain conditions, microspores may undergo sporo-
phytic development instead of entering the gamete-producing 

pathway. Touraev et al. (2001) suggested that there are a 
variety of microspore developmental fates upon exposure to 
inductive conditions. Many of the microspores arrest and/
or die, some develop pollen-like structures prior to death or 
arrest, and others develop a multinucleate, haploid callus-like 
structure. Meanwhile, other microspores are directly commit-
ted to embryogenesis and undergo numerous changes at dif-
ferent levels to become microspore-derived embryos. From 
this, the microspores enlarge significantly, the nucleus repo-
sitions to the cell center, the cytoplasm clears, and the large 
vacuole breaks apart into smaller fragments. Maraschin et al. 
(2005a) suggested that these cytological rearrangements pro-
vide a transient early morphological marker of embryogenic 
commitment, a star-like microspore. In addition to morpho-
logical alterations, the microspore also undergoes numerous 
biochemical changes (Seguí-Simarro and Nuez, 2008a). Pauls 
et al. (2006) proposed that these changes include cytoplasmic 
pH alteration, wherein alkalinization occurs upon embryogen-
esis induction, as opposed to acidification during pollen-like 
development.

Changes in the microspore development pathway are also 
shown by the alteration of cytokinesis pattern. Gervais et al. 
(2000) suggested that during the induction of microspore 
embryogenesis, phragmoplast microtubules take a more par-
allel orientation and a preprophase band that is normally 
absent during pollen mitosis is now developed. Additionally, 
there is a shift in the division plane from asymmetrical and 
lens-shaped (typical of first pollen division) to asymmetrical 
and equatorial, similar to that of somatic cell development 
(Seguí-Simarro and Nuez, 2008a). All of these coincide with 
upregulation of a number of cytoskeleton and vesicle traffick-
ing related genes, as proposed by Pauls et al. (2006) and Hosp 
et al. (2007b).

Other cytological markers of microspore embryogenic 
development are shown by the nucleus. Typically, the game-
tophytic pathway leads to the differentiation of generative 
and vegetative nuclei, which are significantly different in size, 
shape, status of chromatin condensation, and transcriptional 
activity. Meanwhile, sporophytic development of micro-
spores is similar to that found in vacuolated microspores and 
significantly different from that found in generative and veg-
etative nuclei. Testillano et al. (2000) found that in canola 
(B. napus), pepper (Capsicum annuum), and tobacco (N. tab
acum) nuclei, two- to four-celled embryogenic microspores all 
exhibited features of cycling. Further, the chromatin was also 
similar to that of cycling cells, and the immunogold labeling of 
embryogenic nuclei revealed a clustered pattern of the prolif-
erating cell nuclear antigen (PCNA), a typical pattern of rep-
licative status (Testillano et al., 2000). In addition to this, the 
nucleolus was highly active in ribosome biogenesis, the typi-
cal architecture of proliferating cells (Testillano et al., 2005). 
Other ultrastructural characteristics of microspore embryo-
genic development include the presence of high levels of peri-
chromatin fibrils in the interchromatin region and condensed 
chromatin borders, as well as an increase in number per cell 
and the percentage of cells containing Cajal bodies, together 
with a decrease in Cajal body size (Seguí-Simarro et al., 2006; 
Seguí-Simarro and Nuez, 2008a).
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Factors affecting the induction of 
microspore embryos

Microspore embryogenesis has considerable potential in plant 
breeding due to its potential to produce haploid plants from 
immature microspores, which can be doubled to obtain fer-
tile and true-to-type doubled-haploid individuals (Tuvesson 
et al., 2000; Zamani et al., 2000; Crosser et al., 2006; Guzy-
Wróbelska et al., 2007). For it to be successfully applied in 
plant breeding, a high yield of plants must be obtained con-
sistently from anther or microspore culture. There are a 
number of factors that influence the embryogenic response of 
cultured microspores (Smykal and Pechan, 2000; Wang et al., 
2000; Datta, 2005; Seguí-Simarro et al., 2006; Seguí-Simarro 
and Nuez, 2008b), as reviewed below.

Plant genotype
It is obvious that the response of anthers during in vitro cul-
ture is dependent upon the genotype of the donor plants. 
It is not only different species, but also different cultivars 
within species and, even individuals of the same cultivar 
that may show differences in embryogenic responses (Seguí-
Simarro and Nuez, 2008a). The genotype of the donor plant 
affects the frequency of embryogenesis, as well as the qual-
ity of the embryo produced (Palmer and Keller, 1997). The 
significant genotype dependence in androgenic response 
is reported by Mitykó et al. (1996) on pepper anther cul-
ture. They found that large-fruited genotypes produced the 
highest number of plantlets per cultured anther compared 
to small- and medium-fruited genotypes, which proved 
to be poor or non-responsive. Genotypic-dependence is  
also reported in Raphanus sativus (Takahata et al., 1996), 
T. aestivum (Bitsch et al., 1998), Linum usitatissimum (Chen 
et al., 1998), Scabiosa columbaria (Romeijn and Lammeren, 
1999), and Phleum pratense (Guo et al., 1999). Although the 
basis of genetic control remains unexplained, it is clear that 
genetic factors interact with other factors to control pollen 
embryogenesis (Palmer and Keller, 1997; Rudolf et al., 1999; 
Smykal and Pechan, 2000).

Developmental stage of the microspore
The particular stage of microspore development at the time of 
culture initiation plays an important role in achieving success 
with microspore embryogenesis. This is because only micro-
spores at certain developmental stages can be redirected to 
undergo embryogenesis. Once maturation gene products begin 
to accumulate after the first mitosis, the gametophytic devel-
opment of the microspore has been determined and embryo-
genesis cannot take place (Pechan and Smykal, 2001).

The exact stage of microspore development, which is more 
readily diverted to a sporophytic pathway, seems to vary with 
species. For most species, the optimal developmental stage for 
induction of embryogenesis is around the first mitosis, from 
vacuolate microspore to early bicellular pollen (Pechan and 
Smykal, 2001; Touraev et al., 2001). However, in some species, 
narrower time frames, including vacuolate stage or early bicel-
lular, are usually reported (Crosser et al., 2006; Seguí-Simarro 

and Nuez, 2008a). Although many workers proposed that the 
optimum period for pollen response lies in between the first 
pollen mitosis and early bicellular, an exact determination of 
microspore stage before being introduced to culture requires 
a cytological analysis. As such, for practical programs many 
workers rely on morphological parameters such as the length 
of floral buds and petals (Mitykó et al., 1996; Takahata et al., 
1996; Tomasi et al., 1999; Laura et al., 2006; Bal et al., 2009). 
Furthermore, da Silva Lauxen et al. (2003) demonstrated that 
microspores within the anther of the same flower were at dif-
ferent developmental stages; and also, different bud sizes were 
found to contain microspores at different stages depending on 
plant genotype (Crosser et al., 2006). Although the optimum 
bud size varies among genotypes, the microspore populations 
represented in these buds are mostly in the range of uninucle-
ate and binucleate stages.

In conjunction with the best response in culture, Dodds 
and Roberts (1985) proposed three categories of microspore 
developmental stages: premitotic, mitotic, and postmitotic. 
Plants in the premitotic category show best embryoid for-
mation when microspores have completed meiosis but have 
not yet started the first pollen division (e.g., Hyoscyamus 
niger and H. vulgare). Plants belonging to the mitotic group 
respond best about the time of the first pollen division (e.g., 
N. tabacum, Datura innoxia, and Paeonia spp.). Meanwhile, 
plants in the postmitotic category show the best response 
when microspores are in the early binucleate stage (e.g., 
Atropa belladonna).

Stress pre-treatment
Culture conditions, particularly stress pre-treatment applied to 
microspores prior to culture initiation, play an important role in 
the success of embryogenesis induction. It is well known that 
cultures must be subjected to a stress pre-treatment to be com-
mitted to embryogenesis. Various types of stress pre-treatment 
have been found to improve microspore embryogenesis in a 
wide range of species. These stresses include low temperature 
(Bishnoi et al., 2000; Pauk et al., 2000; Tuvesson et al., 2000), 
high temperature (Kiviharju and Pehu, 1998; Pechan and 
Smykal, 2001), carbon starvation (Caredda et al., 2000; Kasha 
et al., 2001; Cistué et al., 2006; Labbani et al., 2007), colchicine 
(Smykal and Pechan, 2000; Seguí-Simarro et al., 2003; Obert 
and Barnabas, 2004), and combinations of these (reviewed by 
Shariatpanahi et al., 2006).

These stress pre-treatments of anthers are critically impor-
tant for blocking gametophytic development and for triggering 
pollen embryogenesis in competent microspores. Under stress 
conditions, microspores enlarge and cytoplasm undergoes 
structural reorganization (Touraev et al., 1997). Scant amylo-
plasts and liposomes and abundant vacuoles are found (Hofer 
et al., 1999; Wojciechowicz and Kikowska, 2009). In addi-
tion, Hosp et al. (2007a) claimed that microspores exposed to 
stressful conditions often exhibit signs of cellular component 
degradation, such as a decrease in the number of amyloplasts, 
lipid bodies, and ribosomes. These microspores are capable 
of switching from their gametophytic to sporophytic devel-
opmental pathways, giving rise to embryos or embryogenic 
callus.
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Culture medium
Successful embryoid production of different species is 
achieved on media of different compositions. The common 
medium employed in most tissue culture systems includ-
ing anther culture is MS medium (Murashige and Skoog, 
1962). However, other media, such as WH (White, 1962), 
LS (Linsmaier and Skoog, 1965), B5 (Gamborg et al., 1968), 
Nitsch’s (Nitsch, 1969), SH (Schenk and Hildebrandt, 1972), 
and Woody Plant Medium (Lloyd and McCown, 1980), are 
also used. The nutritional requirements of isolated micro-
spores are more complex than those of excised anthers. In 
isolated microspores, certain factors responsible for the induc-
tion of androgenesis, which might have been provided by the 
anther, are missing, and these have to be provided through 
the culture medium (Reinert and Bajaj, 1977). For example, 
tobacco-excised anthers can be successfully cultured on a sim-
ple basal medium, whereas the isolated microspores require a 
higher amount of nitrogen in the form of amino acids (Reinert 
et al., 1975).

In addition to the nutrient composition, the physical prop-
erties of the medium have to be considered before starting 
the culture. Agar-solidified media have been extensively used 
in many anther culture systems, but the use of liquid medium 
is also becoming popular, particularly in microspore culture. 
Androgenesis in T. aestivum (Trottier et al., 1993) and H. vul
gare (Trottier et al., 1993; Cistué et al., 1998) involved the 
use of liquid media. Meanwhile, microspore embryogenesis in 
anther culture of O. sativa (Bishnoi et al., 2000; Aryan, 2002) 
was successfully induced on a solid medium. A new approach 
in anther culture is the use of a double-phase medium. The 
anther is grown in a thin layer of liquid medium, which is on 
top of solid agar in the agar plate. This method has proven to 
be useful in the anther culture of triticale ( Triticosecale; 
Immonen and Robinson, 2000). Another way of improving 
the yield of microspore-derived plants has included culture in 
a liquid medium supplemented with Ficoll 400™, a non-ionic 
copolymer of sucrose and epichlorohydrin, which functions as 
a buoyancy-increasing component to allow anthers and calli 
to float. The detrimental anaerobic conditions of the liquid 
media are believed to cause the reduction in plant regenera-
tion because anthers and calli develop under the medium sur-
face. However, the results have not been consistent among 
studies or with different species or cultivars.

Growth regulators
The application of plant growth regulators to the culture 
medium is necessary for the successful induction of micro-
spore embryogenesis. Auxin and cytokinin are the two most 
extensively used growth regulators in the anther culture 
of a wide range of plant species. In the anther culture of 
Poaceae and Brassicaceae, 2,4-D is usually applied (Bishnoi 
et al., 2000). Mitykó et al. (1996) used 2,4-D and kinetin 
to induce haploid embryo formation in the anther culture of  
C. annuum, and the same growth regulators were also used 
by Metwally et al. (1998b) to produce haploid plantlets from 
the anther culture of Cucurbita pepo. Vigorous green plantlets 
are regenerated from the microspore culture of H. vulgare 
in the presence of auxins such as IAA or naphthaleneacetic 

acid (NAA; Castillo et al., 2000). Although the application 
of growth regulators is found to enhance microspore embryo-
genesis in most species, their removal from the culture 
medium, coupled with simultaneous lowering of the sucrose 
concentration, resulted in the initiation of embryogenesis or 
shoot organogenesis in the anther culture of Speciosa colum
baria (Romeijn and Lammeren, 1999). These observations 
support the assumption that the requirement of exogenous 
auxin and cytokinin depends on their endogenous level within 
the anther (Reinert and Bajaj, 1977). An adequate auxin bal-
ance is important for microspore embryogenesis to take place, 
particularly during the transition period from the radial sym-
metry of globular embryos to the bilateral symmetry of later 
stages (Ramesar-Fortner and Yeung, 2006). Although it is 
crucial for the transition, a high level of auxin may inhibit 
embryos from further elongation (Seguí-Simarro and Nuez, 
2008a).

Many plants and microspores exposed to environmental  
stress are known to produce abscisic acid (ABA). Seguí-
Simarro and Nuez (2008a) suggested that ABA signaling 
caused activation in some genes. They suggested that the 
internalization of stress signals by ABA signaling pathways 
would be an intermediate step in the activation of gene 
expression programs leading, directly or indirectly, to micro-
spore embryogenesis (Maraschin et al., 2005b; Tsuwamoto 
et al., 2007). Besides its previously mentioned role, ABA has 
a morphogenetic importance in maintaining morphological 
integrity during early embryo growth, especially in the devel-
opment of shoot apical meristem (Seguí-Simarro and Nuez, 
2008a).

Haploid induction via ovary and ovule 
cultures

Ovaries and unfertilized ovules are also possible alternative 
sources for haploid or doubled-haploid production (Miyoshi 
and Asakura, 1996; Metwally et al., 1998a; Sato et al., 2000; 
Thomas, 2004; Shalaby, 2007). Thus far, the success of ovary 
and ovule culture in the production of haploid and doubled-
haploids has been reported on a laboratory scale for a number 
of taxa (Miyoshi and Asakura, 1996; Alan et al., 2003, 2004 
Tang et al., 2006; Bhat and Murthy, 2008). No commercial 
application of ovary or ovule cultures has been found thus 
far, therefore research on the use of ovary and ovule culture 
in induction of haploids should be encouraged in the future. 
A number of papers have revealed factors associated with the 
response of ovaries or ovules cultured in vitro. Plant genotype 
was found to be important in ovule culture of Cucumis sati
vus (Suprunova and Shmykova, 2008), while in the Morus 
alba ovule culture, Thomas (2004) found that the stage at 
which the explants were cultured was critical for the gyno-
genic response. In addition, the type of basal medium and 
plant growth regulators used also play important roles, as 
reported by Kouassi et al. (2008) in ovule culture of Hevea 
brasiliensis. Despite progress, this approach is faced with 
many constraints impeding its widespread application; con-
sequently the gynogenic response of ovaries and ovules under 
various in vitro conditions needs further exploration.
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Protoplast and Somatic Hybridization

Introduction

Somatic hybridization and cybridization have great potential 
in plant improvement. Somatic hybridization through proto-
plast fusion provides the ability to combine parent genes in 
higher plants to overcome sexual incompatibility among plant 
species or genera. Protoplast fusion enables transfer of desir-
able qualities, for example, resistance to diseases (bacterial, 
fungal, viral), pests, herbicides, and other stress factors.

Hundreds of reports on somatic hybridization have been 
published during the past four decades. A recent review 
of somatic hybrids was provided by Liu et al. (2005a). 
Grosser and Gmitter (2005) and Singh and Rajam (2009) 
reviewed applications of somatic hybridization and cybridi-
zation in citrus improvement. Wang et al. (2009) reviewed 
progress in somatic hybridization in banana (Musa spp.). 
Application to genetics and breeding in somatic hybrids of 
potato (Solanum tuberosum) was reviewed by Orczyk et al. 
(2003). Somatic hybridization in the family Brassicaceae 
was reviewed by Navratilova (2004). Reddy et al. (2008) 
reviewed developments in seaweed protoplast research and 
their potential in genetic improvement. This section prima-
rily focuses on literature published in the past decade, with 
particular emphasis on types of somatic hybrids, protoplast 
fusion methods, selection and identification of somatic 
hybrids, and the recent efforts in somatic hybridization are 
reviewed.

Types of somatic hybrids

Somatic hybrids can be classified into three types: symmet-
ric somatic hybrids, asymmetric somatic hybrids, and cybrids 
(cytoplasmic hybrids). Symmetric somatic hybridization is 
defined as the combination of nuclear and cytoplasmic genetic 
information from both parental species. Asymmetric somatic 
hybridization is incomplete, with the loss of some cytoplas-
mic or nuclear DNA, and this type of hybridization has been 
used to introduce fragments of the nuclear genome from one 
donor species into the intact genome of another recipient spe-
cies. Cybrids harbor only one parental nuclear genome and 
either the cytoplasmic genome of the other (non-nuclear) par-
ent or that of a combination of both parental species (see Guo 
et al., 2004 for a review). Asymmetric hybrids and cybrids are 
widely used for crop improvement because one or more traits 
can be added while maintaining cultivar integrity (Wang et al., 
2008).

Protoplast fusion methods

Protoplast surfaces bear strong negative charges, and intact 
protoplasts in suspension repel each other, hence fusion is 
accomplished by the addition of calcium ions or polyethyl-
ene glycol (PEG), or by using electric fields. Electrofusion is 

preferred over chemical fusion, as fusion conditions are much 
easier to control (Duquenne et al., 2007). According to work 
by Trigiano and Gray (2000), the yield of fusion products 
increases 20-fold when electrofusion is used. Even though 
binary chemical fusion is more efficient in some plants, it 
allows more efficient cell division and plant regeneration 
afterwards (Assani et al., 2005).

In recent years, somatic hybridization has been accom-
plished by electrofusion of protoplast, and characterizing the 
regenerated plantlets by flow cytometry and isozyme or DNA 
marker analysis. Electrochemical protoplast fusion is a process 
that combines the merits of both somatic hybridization and 
chemical methods (Olivares-Fuster et al., 2005). Olivares-
Fuster et al. (2005) reported production of citrus somatic 
hybrids and cybrids via electrochemical protoplast fusion, 
where protoplasts of sweet orange and Mexican lime were 
induced to undergo fusion in the presence of PEG and elec-
tric impulses of direct current. High rates of embryogenesis 
were exhibited.

Since most of the hybrids obtained via symmetric pro-
toplast fusion may contain numerous undesirable genes, 
repeated backcrossing and selection are required for elimina-
tion of undesirable traits. The obtained somatic hybrids often 
show chromosome loss, weakness, or sterility, probably due to 
somatic incompatibility (Fu et al., 2009). Chromosome elimi-
nation is an important issue and a complicated process influ-
enced by many factors, such as genotype, type of irradiation 
rays, irradiation dose, and phylogenetic relatedness (Liu et al., 
2005a; Yang et al., 2007).

In asymmetric fusion, metabolism inhibitors inactivate 
recipient protoplasts and simplify the selection of the regen-
erants. Iodoacetate (IOA) has been used to inactivate proto-
plasts of parents for fusion and has been found to be efficient 
in selectively producing somatic hybrids (Shimonaka et al., 
2002). For transferring a part of the genome or cytoplasm, 
the donor protoplasts are usually irradiated with X- or γ-rays 
prior to fusion (Fu et al., 2009), but these two kinds of irra-
diating rays are dangerous and inconvenient to use. Therefore, 
UV has been increasingly used to break and fragment chromo-
somes of donors for production of asymmetric hybrids (Yang 
et al., 2007; Wang et al., 2008).

Effects of UV on donor chromosome elimination and frag-
mentation are dose dependent (Xiang et al., 2003). Using 
the viability, division percentage, and plating efficiency of 
UV-irradiated protoplasts as indicators, Fu et al. (2009) were 
able to enhance chromosome elimination by increasing the 
irradiation dose. Xiao et al. (2009) found that when UV dos-
age increased, the differentiation ability of colony formation 
and the frequency of plant regeneration decreased in proto-
plast fusion in banana. In addition, the UV treatment given to 
the donor protoplast influenced the growth and development 
of fused products, suggesting that optimal UV irradiation is a 
key factor for asymmetric protoplast fusion.

Many plant species have been used in intergeneric somatic 
hybridization, as shown in Table 10.1. Some important eco-
nomic characteristics transferred through protoplast fusion, 
such as tolerance to disease, herbicides, and salt are shown in 
Table 10.2.
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Table 10.1 Intergeneric symmetric and asymmetric fusions

Parents Fusions

A B Symmetric fusions Asymmetric fusions 
or microfusions

Atropa Nicotiana Yemets et al. (2000) Yemets et al. (2000)

Brassica Arabidopsis Yamagishi et al. (2002)

Camelina Jiang et al. (2009)

Crambe Wang et al. (2003)

Orychophragmus Hu et al. (2002b) Hu et al. (2002b)

Zhao et al. (2008)

Isatis Du et al. (2009) Du et al. (2009)

Tu et al. (2008)

Sinapis Hu et al. (2002a)

Citrus Fortunella Takami et al. (2004)

Poncirus Guo et al. (2002) Liu and Deng (2000)

Clausena Fu et al. (2003)

Microcitrus Liu and Deng (2002)

Xu et al. (2004)

Severinia Grosser and Chandler 
(2000)

Dendranthema Artemisia Furuta et al. (2004)

Daucus Panax Han et al. (2009)

Helianthus Cichorium Varotto et al. (2001)

Hyoscyamus Nicotiana Zubko et al. (2002)

Lathyrus Pisum Durieu and Ochatt (2000)

Raphanus Isatis Tu et al. (2008)

Triticum Avena Xiang et al. (2003)

Xiang et al. (2010)

Aeleuropus Yue et al. (2001)

Agropyron Cui et al. (2009) Xia et al. (2003)

Gao et al. (2010) Liu et al. (2009)

Bupleurum Zhou et al. (2006)

Lolium Cheng and Xia (2004)

Psathyrostachys Xing et al. (2001)

Setaria Xiang et al. (2004)

Haynaldia Zhou et al. (2001) Zhou et al. (2001)

Zea Szarka et al. (2002) Xu et al. (2003)
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Selection of somatic hybrids

It is necessary to select the hybrid products from the unfused 
and homo-fused protoplast populations. Without a strategy 
for identification and selection of hybrid cells, a very time-
consuming and tedious identification of somatic hybrids 
among large numbers of regenerated calli or plants must occur. 
Several techniques have been used for selecting hybrid cell 
lines, including manual selection, selective media, metabolic 
inhibitors, and complementation systems, such as chlorophyll 
deficiency complementation, auxotroph complementation, 
resistance markers and double mutants, and culture and appli-
cation of the green fluorescent protein (GFP) marker gene 
(reviewed by Guo et al., 2004; Navratilova, 2004).

Identification of somatic hybrids

Hybrid plants developed from post-fused protoplast cultures 
can be identified based on morphological, cytological (chro-
mosome counting, flow cytometry analysis, and isozyme 
analysis), and molecular analysis (DNA markers). Genetic 
analysis can be undertaken only if the hybrid plants are fer-
tile. Many hybrid plants of distant related species are sterile. 
Thus there has been a constant effort to exploit molecular 
markers, especially to characterize the organellar genomes of 
somatic hybrids and cybrids. Modern molecular technologies 
used to characterize the nature of somatic hybrids include 
random amplified polymorphic DNA (RAPD), restriction 
fragment length polymorphism (RFLP), amplified fragment 

Table 10.2 Important economic characteristics transferred through protoplast fusion

Somatic hybrids Characters References

Musa acuminata cv. Mas    M. silk cv. Guoshanxiang Disease resistance (Fusarium) Xiao et al. (2009)

Brassica napus    Isatis indigotica Disease resistance Du et al. (2009)

Helianthus annuus L.    H. maximiliani Disease resistance Taski-Ajdukovic et al. (2006)

Triticum aestivum    Aeleuropus littorulis T. aestivum    Agropyron 
elongatum

Salt tolerance Yue et al. (2001)

Xia et al. (2003)

B. napus    Crambe abyssinica Higher erucic acid content Wang et al. (2003)

Oryza meyeriana    O. sativa ssp. Japonica Bacterial blight resistance Yan et al. (2004)

Dendranthema    grandiflorum    Artemisia sieversiana Rust resistance Furuta et al. (2004)

Sinapsis arvensis    Arabidopsis thaliana Stem canker resistance Hu et al. (2002a)

Nicotiana plumbaginifolia    Atropa belladonna Amiprophos methyl resistance Yemets et al. (2000)

Citrus reticulata cv. Red Tangerine    Poncirus trifoliata Tolerant to CTV (citrus tristeza virus) and CEV 
(citrus exocortis virus)

Guo et al. (2002)

T. aestivum    A. elongatum Higher protein content Gao et al. (2010)

Cui et al. (2009)

B. napus    Camelina sativa Higher level of linolenic and eicosanoic acids Jiang et al. (2009)

Citrus reticulata    C. limon Carotenoid compounds Bassene et al. (2009)

R. sativus    B. rapa Medicinal components Tu et al. (2008)

Daucus carota    Panax quinquefolius Ginsenoside Han et al. (2009)

Ipomoea batatas    I. triloba Storage root-bearing Yang et al. (2009)

Murcott tangor (Citrus reticulata Blanco    C. sinensis (L.) Osbeck)    
Hirado Buntan Pink pummelo (HBP) (C. grandis (L.) Osbeck)

Seedless Cai et al. (2010)

Citrus sinensis Osbeck cv. Yoshida navel orange    Citrus unshiu Marc cv. 
Okitsu satsuma mandarin

Seedless An et al. (2008)

Bingtang orange (Citrus sinensis (L.) Osbeck)    Calamondin (C. microcarpa 
Bunge)

Asiatic citrus canker-tolerant and ornamental 
citrus breeding

Cai et al. (2010)
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length polymorphism (AFLP), simple sequence repeat (SSR), 
inter-simple sequence repeat (ISSR), genomic in situ hybridi-
zation (GISH), chloroplast simple sequence repeat (cpSSR), 
and cleaved amplified polymorphism sequence (CAPS) analy-
ses. A number of excellent comprehensive reviews are avail-
able (Guo et al., 2004; Navratilova, 2004; Liu et al., 2005a). 
Multiple techniques are often used because results from one 
method are not sufficient to draw unequivocal conclusions 
about hybridity. For example, RAPD and ISSR analysis were 
used to identify somatic hybrids of disease-resistant banana 
(Xiao et al., 2009). Two new citrus somatic hybrids identified 
by flow cytometry analysis showed that all plants from pre-
selected lines of the two combinations were tetraploid. Using 
SSR analysis confirmed their hybrid nature, with nuclear 
DNA from both fusion parents and an absence of parental-
specific bands. Furthermore, cytoplasmic genomes of the 
recovered plants were further revealed by CAPS and cpSSR 
analysis (Cai et al., 2010).

Factors affecting regeneration of hybrid 
plants

Successful gene transfer via protoplast fusion depends on the 
ability to regenerate a mature plant from the fusion prod-
uct. Many factors affecting regeneration of plants, such as 
the nature of protoplast (Nassour and Dorion, 2002), cul-
ture method (Thomas, 2009), culture medium (Sonntag 
et al., 2009), protoplast density (Khentry et al., 2006), and 
external conditions (Qin et al., 2005) have been reported. 
Selection of parents is very important in using hybridization to 
create new variation. Despite the obvious importance of this 
issue, more research has been done on methods of selection 
in breeding populations than on selection of parents to cre-
ate these populations (Baenziger et al., 2006). The somatic 
hybrids between remotely related species were, in general, 
more difficult to root and culture to mature plants outside  
in vitro conditions (Tu et al., 2008). Du et al. (2009) reported 
that most of the hybrids between B. napus and Isatis indigo
tica developed shoots and roots very slowly, and even some 
rooted plants failed to survive after being transferred to soil or 
stopped growing and died during the flowering stage, although 
care was taken with soil and humidity conditions. The poor 
performance of these hybrids may be related to the incorpo-
ration of excessive genomes of the two very distantly related 
species and strong genetic incompatibilities. Somatic hybrids 
from parents of a widely divergent genetic background may 
have low fertility and viability (Navratilova, 2004).

Efficient protoplast isolation, fusion, and regeneration of 
fusion products are all indispensable steps toward the crea-
tion of a somatic hybrid and therefore demand an integrated 
approach of techniques (Duquenne et al., 2007; Pati et al., 
2008). To date, no standardized method has been proposed 
that is suitable for a wide range of species. Using a specific 
crop as a testing model will have wider implications. Citrus 
is one of a few plants where somatic hybridization via proto-
plast fusion is reaching its predicted potential. Citrus somatic 
hybrid plants have been produced from more than 250 paren-
tal combinations, covering a wide range of germplasm, and an 

extensive review of the subject has recently been published 
(Grosser and Gmitter, 2005; Peña et al., 2008; Singh and 
Rajam, 2009; Castle, 2010). Somatic hybridization has been 
successful within the Brassicaceae family, which is very ame-
nable to protoplast fusion. A wide range of interspecific, inter-
generic, and intertribal hybrids have been synthesized with  
B. napus as one fusion parent (Du et al., 2009).

Screening and Development of 
Stress-Resistant Plants Using in vitro 
Selection Techniques

Introduction

Screening of plant germplasms to obtain desired characteris-
tics and to create novel plants has been undertaken for millen-
nia. Since in vitro selection techniques became available, they 
have played important roles in plant screening and breed-
ing programs. Compared to traditional methods, handling of 
larger plant populations, increased mutation induction effi-
ciency, more precisely controlled environmental conditions, 
and higher frequency of mutant recovery are possible by using 
in vitro selection techniques (Predieri and Di Virgilio, 2007). 
These techniques have been intensively used especially for 
obtaining stress-resistant plants (Suprasanna et al., 2009). In 
this section, biotic and abiotic stress-resistant plants screened 
and developed using in vitro selection techniques in the last 
decade are discussed.

General methods of screening and 
breeding using in vitro selection techniques

Screening and breeding methods using in vitro selection tech-
niques are described here. These methods include induction 
of variants or mutants, in vitro selection of plants with desired 
traits, and assessment of the plants. Tissue culture gener-
ates a wide range of somaclonal variation, which can express 
useful traits for breeders (Larkin and Scowcroft, 1981). 
Although the frequency of genetic variation is reasonably high 
(Hammerschlag et al., 2006), it can be increased by using 
physical and chemical mutagens, such as γ-ray and ethylmeth-
ane sulfonate. To screen for plants with target traits from a 
large number of variants, mutants or germplasm under in vitro 
conditions, efficient selection agents need to be employed 
(Kumar et al., 2008a,b). The agents differ depending on the 
target traits. If the target trait is resistance to a certain envi-
ronmental stress, the stress must be added to the in vitro 
conditions at the time of selection. For example, to select salt-
tolerant plants, media containing salt can be used. Generally, 
a sublethal dose of the particular selective agent is used, 
and plants that survive under these conditions are selected 
as resistant plants. If calli, cells, or protoplasts are used for 
selection, they need to be regenerated through organogenesis 
or somatic embryogenesis after the selection. Finally, in vivo 
assessment of selected plants, as well as their progenies, is 
required to examine the stability of the obtained traits.
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Biotic stress resistance

Table 10.3 shows disease-resistant plants recently obtained 
using in vitro selection systems. Although physical or chemi-
cal mutagens may be used, it was revealed that mutation 
depends mainly on somaclonal variations to select and develop 
disease-resistant plants (Table 10.3). As a selective agent, 
culture filtrates of pathogens are often used (Table 10.3). 
Culture filtrates contain the metabolites secreted from patho-
gen to medium, including toxins. The kind of toxins may vary 
depending on the type of diseases and plant pathogens. For 
many plant diseases well-characterized toxins may be unavaila-
ble, hence culture filtrates can be used effectively (Suprasanna 
et al., 2009). If a specific toxin is known to be involved in 
the cause of disease, the toxin can be employed as a selective 
agent. Several fungi of the genus Fusarium produce fusaric 
acid (5-n-butylpicolinic acid), causing wilt of some plant spe-
cies. This toxin has been successfully used for the develop-
ment of disease-resistant plants (Table 10.3). Oxalic acid was 
also employed for the development of Sclerotinia sclerotiorum 
resistant plant in B. napus (Table 10.3).

Selection is popularly carried out with callus, with great 
success in development of disease-resistant plants (Table 
10.3). In general, callus surviving on the selection media will 
develop into resistant plants. This is because for many host-
specific toxins, a good correlation has been demonstrated 
between resistance to the pathogen at the plant level and 
insensitivity to the toxin at the cellular level (van den Bulk, 
1991). However, Gonzalez et al. (2006) reported that a 
resistant bean cultivar of halo-blight pathogen showed a signif-
icantly smaller percentage of callus formation than a suscep-
tible cultivar on a medium with the pathogen culture filtrates 
including a certain toxin. The authors assumed that the 

resistant bean cultivars triggered a hypersensitivity reaction 
including cell death. When the in vitro grown bud shoots of 
the same bean cultivars were subjected to the selection agent, 
the resistant cultivar showed higher growth than the suscepti-
ble cultivars (Gonzalez et al., 2006).

Resistance is a quantitative characteristic and, conse-
quently, through selection, more resistant varieties can 
be obtained (Schiva et al., 1985; Thakur et al., 2002). 
Hammerschlag et al. (2006) confirmed this by assessing the 
degree of anthracnose resistance in in vitro grown strawberry 
plants that were regenerated from the explants of various cul-
tivars with different degrees of resistance. It was concluded 
that increased levels of resistance can be generated from a 
susceptible cultivar, but to obtain the highest levels of resist-
ance, it is best to start with germplasm already exhibiting 
some degree of resistance (Hammerschlag et al., 2006).

Abiotic stress tolerance

In vitro screening and development of salt-tolerant plants 
recently obtained is shown in Table 10.4. Various mutagens, as 
well as somaclonal variations, have been employed to obtain 
salt-tolerant plants. Sodium chloride with the concentrations 
of 100–200 mM is often used as a selective agent. The selec-
tion is usually applied to callus, although in some cases it is 
applied to in vitro shoots.

It is difficult to assess whether the salt-tolerant plants 
obtained from in vitro selection techniques have adapted 
to high salt concentration (i.e., a temporary or epigenetic 
change vs. a permanent or heritable change). Hasegawa et al. 
(1994) suggested that virtually all plant species could adapt 
to salt stress if the stress is imposed gradually. The salt-stress 
adapted plants are of great use if the plants are propagated 

Table 10.3 Recently obtained disease-resistant plants using in vitro selection systems

Plant species Aim Mutagens Type of culture and 
selective agents

Assessment References

B. napus Development of 
Sclerotinia sclerotiorum 
resistant plant.

Somaclonal variation 
or haploid calli treated 
with ethylmethane 
sulfonate.

Calli were grown on media 
containing 3–8 mM of oxalic 
acid.

Plants regenerated 
from selected calli 
showed resistance to the 
pathogen in both field and 
greenhouse.

Liu et al. (2005b)

Cauliflower (B. 
oleracea)

Development of black 
rot disease resistant 
plant.

Calli treated with ethyl 
methane sulfonate or 
gamma ray.

Calli were grown on media 
containing culture filtrate of 
Xanthomonas campestris pv. 
campestris.

In vivo plants regenerated 
from selected calli showed 
resistance to the pathogen.

Mangal and 
Sharma (2002)

Safflower 
(Carthamus 
tinctorius)

Development of 
Alternaria carthami 
resistant plant.

Somaclonal variation. Embryogenic calli were grown 
on medium containing culture 
filtrate of Alternaria carthami.

Regenerated plants and 
their progenies showed 
resistance to the pathogen 
in the field.

Kumar et al. 
(2008a)

Turmeric 
(Curcuma longa )

Development of root rot 
disease resistant.

Somaclonal variation. Calli were treated with 
culture filtrate of Pythium 
graminicolum.

Plants regenerated from 
selected calli showed 
resistance to the pathogen 
under in vivo conditions.

Gayatri et al. 
(2005)

(Continued )
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Chrysanthemum 
(Dendranthema 
grandiflorum)

Development of leaf 
spot disease resistant 
plant.

Somaclonal variation. Callus was grown on medium 
containing culture filtrate of 
Septoria obesa.

Plants regenerated from 
selected cell lines and 
cuttings of the generated 
plants acquired disease 
resistance in the field.

Kumar et al. 
(2008b)

Carnation 
(Dianthus 
caryophyllus)

Development of 
Fusarium resistant 
plant.

Somaclonal variation. Calli were grown on media 
containing culture filtrate of 
Fusarium oxysporum f. sp. 
dianthi.

Plants regenerated from 
the resistant calli had 
acquired considerable 
resistance against the 
pathogen in the field.

Thakur et al. 
(2002)

Gladiolus Development of 
Fusarium yellows 
resistant plant.

In vitro grown shoot 
clumps irradiated by 
gamma ray.

Shoots were cultured on 
media containing fusaric acid 
(1–1.5 mM).

In vitro selected mutants 
acquired resistance to the 
pathogen under in vivo 
conditions.

Pathania and 
Misra (2003)

Gladiolus Development of 
Fusarium yellows 
resistant plant.

In vitro grown shoot 
clumps irradiated by 
gamma ray.

Shoots were cultured on media 
containing culture filtrate of 
Fusarium oxysporum f. sp. 
gladioli

In vitro selected mutants 
acquired resistance to the 
pathogen under in vivo 
conditions.

Pathania and 
Misra (2003)

Sugarcane 
(Saccharum sp.)

Development of red rot 
disease resistant plant.

Somaclonal variation. Callus was grown on medium 
containing culture filtrate of 
Colletotrichum falcatum Went.

Somaclones regenerated 
from selected calli 
exhibited resistance to the 
pathogen in the field.

Sengar et al. 
(2009)

Grapevine (Vitis 
vinifera)

Development of 
anthracnose disease 
resistant plant.

Somaclonal variation. Proembryogenic masses were 
grown in media containing 
culture filtrate of Elsinoe 
ampelina (deBary) Shear.

Plants regenerated from 
selected lines exhibited 
resistance to the pathogen 
in a greenhouse.

Jayasankar  
et al. (2000)

Pineapple (Ananas 
comosus)

Screening of fusariosis 
resistant plant.

— Leaf segments of in vitro 
plantlets were spotted with 
culture filtrate of Fusarium 
subglutinas.

Plants exhibiting various 
levels of pathogen 
resistance were obtained.

Borras et al. 
(2001)

Pineapple (Ananas 
comosus)

Screening of fusariosis 
resistant plant.

— Leaf segments of in vitro 
plantlets were spotted with 
0.75 g/L of fusaric acid.

Plants exhibiting various 
levels of pathogen 
resistance were obtained.

Borras et al. 
(2001)

Yam (Dioscorea 
spp.)

Screening of resistant 
clones of anthracnose 
diseases.

— Excised leaves were spotted 
with extracted metabolites of 
culture filtrate of Colletotrichum 
gloeosporioides.

Plants exhibiting various 
levels of pathogen 
resistance were obtained.

Amusa (2000)

Strawberry 
(Fragaria    
ananassa)

Screening of 
anthracnose disease 
resistant plant.

— In vitro leaves were incubated 
in a spore suspension of 
Colletotrichum acutatum isolate 
Goff.

Plants exhibiting various 
levels of pathogen 
resistance were obtained.

Hammerschlag 
et al. (2006)

Cassava (Manihot 
spp.)

Screening of resistant 
clones of anthracnose 
diseases.

— Stem cuttings and excised 
leaves were spotted with 
extracted metabolites of 
culture filtrate of Colletotrichum 
gloeosporioides f. sp. Manihotis.

Plants exhibiting various 
levels of pathogen 
resistance were obtained.

Amusa (2000)

Table 10.3 (Continued)

Plant species Aim Mutagens Type of culture and 
selective agents

Assessment References

(Continued )
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Table 10.4 Recently obtained NaCl tolerant plants using in vitro selection systems

Plant species Mutagens Type of culture and selective agents Assessment

Sugar beet (Beta vulgaris) In vitro grown bud clumps 
irradiated by gamma ray.

Bud clumps were grown on media 
supplemented with 171, 257, 342, or 
428 mM of NaCl.

Progenies obtained from self-pollination 
of regenerated selected lines showed 
resistance to NaCl in the field.

Cauliflower (B. oleracea) Microshoots treated with 
N-nitroso-N-ethylurea and N-
nitroso-N-methyl-urea.

Microshoots were grown with media 
containing 3 mM of hydroxyproline.

Regenerated in vitro and in vivo plants 
obtained resistance to NaCl, however, the 
resistance was not heritable.

Greater yam (Dioscorea alata) Adaptation or somaclonal 
variation.

Nodal segments from in vitro plantlets 
were placed on media containing 
100 mM of NaCl.

Selected in vitro plantlets showed enzyme 
activity profiles reflecting the biochemical 
adjustments of the plantlets to cope with 
the saline conditions.

Strawberry (Fragaria    
ananassa Duch.)

Somaclonal variation. Medium containing 200 mM of NaCl was 
used at the seed germination and early 
growth phase of seedlings.

Progenies of regenerated selected lines 
showed resistance to NaCl under in vitro 
conditions.

Sweet potato (Ipomoea 
batatas)

Calli treated with ethyl 
methanesulfonate.

Calli were cultured on medium 
supplemented with 200 mM of NaCl.

Plants regenerated from selected calli 
showed resistance to NaCl under in vitro 
conditions.

Sweet potato (I. batatas) Cell aggregates from 
embryogenic suspension cultures 
were irradiated with gamma ray.

Cell aggregates were cultured in a 
medium containing 342 mM of NaCl.

Plants regenerated from selected cell lines 
showed resistance to NaCl under in vitro 
and in vivo conditions.

Rice (Oryza sativa) Somaclonal variation. Calli were cultured on medium 
supplemented with 300 mM of NaCl.

Progenies of regenerated selected lines 
showed resistance to NaCl under in vivo 
conditions.

Robinia pseudoacacia Somaclonal variation. Calli were grown on media including 
0.15 or 0.2 M of NaCl.

Plants regenerated from selected calli 
showed resistance to NaCl under in vitro 
conditions.

Sugarcane (Saccharum sp.) Calli irradiated with gamma ray. Calli were grown on media with 85.6 or 
171.1 mM NaCl.

Radiated calli were more tolerant to NaCl 
than non-radiated calli.

Sugarcane (Saccharum sp.) Calli irradiated with gamma ray 
or somaclonal variants.

Calli were grown on media containing 
42.8, 85.6, 128.3, and 171.1 mM of 
NaCl.

The RAPD profiles of putatively salt-tolerant 
regenerants differed from those of others 
under in vitro conditions.

Sweet potato (I. batatas) — Shoot apexes were inoculated in test 
tubes containing media supplemented 
with 0.5 or 1.0% (w/v) of NaCl.

Based on the levels of tolerance to NaCl 
under in vitro conditions, 15 genotypes 
were separated into 3 different categories.

Mulberry (Morus spp.) — Axillary buds were cultured on medium 
supplemented with 0.25–1.00% of NaCl.

A wide variation in the response to NaCl 
was observed among 63 genotypes under 
in vitro conditions. Correlations were found 
in the NaCl tolerance levels between the  
in vitro test and ex vitro test.

Mulberry (Morus spp.) — Seeds were germinated on medium 
containing 0.25, 0.5, 0.75, 1.0, and 
1.25% of NaCl.

Seeds from 43 different genotypes showed 
wide variability of tolerance to salinity 
under in vitro conditions, some of which 
showed considerable tolerance to salinity.

Mulberry (Morus spp.) — Seeds were germinated on medium 
containing 1.25% of NaCl.

Selected plants showed resistance to NaCl 
in the field.

Sugarcane (Saccharum sp.) — Calli were grown on media including 17, 
34, 68, and 102 mM of NaCl.

Two genotypes of GT54-9 and NCo310 
were found to be more tolerant to NaCl 
than a genotype of Co413 under in vitro 
conditions.
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asexually (Wheatley et al., 2003). However, if the plants go 
through sexual propagation, assessment of the traits in their 
progenies is necessary. Table 10.4 summarizes both herit-
able traits of salt tolerance and salt tolerance developed as a 
result of adaptation. Biswas et al. (2002) simulated drought 
conditions in vitro by using PEG, which induces water stress 
in the medium by acting as a non-penetrating osmotic agent 
that lowers the water potential of the medium. Rice selected 
with this chemical proved to have drought tolerance in the 
field, and the traits showed a monogenic inheritance pat-
tern (Biswas et al., 2002). Drought-tolerant plants of Tagetes 
minuta were obtained when 60 mM mannitol was used as a 
selective agent (Mohamed et al., 2000).

McClinchey and Kott (2008) successfully selected cold-
tolerant spring canola plants by using salicylic acid, jasmonic 
acid, 3,4-dehydro-D,L-proline, azetidine-2-carboxylate, and  
hydroxyproline. In winter barley, embryogenic calli derived  
from anther cultures were placed on media includ-
ing 10–20 mM of hydroxyproline (Tantau et al., 2004). 
Regenerated plants from the selected calli proved to have 
frost resistance, and the resistance was confirmed to be herit-
able (Tantau et al., 2004). A heritable frost resistance was also 
obtained in cauliflowers by selecting microshoots with media 
containing hydroxyproline before the shoots were stored at 
5°C for 2 years (Fuller et al., 2006). High temperature toler-
ant potato plants were obtained when microtubers were pro-
duced at a high temperature of 28°C from γ-irradiated shoots 
(Das et al., 2000).

In vitro selection techniques are also used to produce her-
bicide-tolerant plants with a combination of gene transforma-
tion techniques. Herbicides have also been used as selective 
agents (Guosheng et al., 2002; Venkataiah et al., 2005; 
Shizukawa and Mii, 2008).

Future perspective of screening and 
breeding using in vitro selection techniques

In vitro selection techniques are now taking the place of tra-
ditional methods in plant screening and breeding programs 
because of their convenience. However, the lack of well-
established in vitro techniques often prevents it from practical 
use. A complete operation of in vitro screening and breeding 
involves variant or mutant induction, in vitro selection, in 
vitro plant regeneration, acclimatization of in vitro plants, and 
assessment of in vivo plants. In chili pepper, cell and tissue 
cultures have been applied successfully to the selection of var-
iant cells exhibiting increased resistance to abiotic stress, but 
no plants exhibiting the selected traits have been regenerated 
(Ochoa-Alejo and Ramirez-Malagon, 2001). Ben-Hayyim and 

Moore (2007) also reported that attempts to regenerate salt-
tolerant citrus plants via in vitro production of salt-tolerant 
callus or mutagenesis have been rather limited and are not in 
use. Extensive research in the establishment of each in vitro 
technique is required in the future.

Conclusions and Future Directions

Much has been achieved using the technologies described in 
this section for the selection of useful traits in plants. While 
some problems remain, techniques such as somatic embryo-
genesis, haploid techniques, protoplast, and cell and cal-
lus culture are now routinely used in the selection of traits 
important in agriculture. For example, somatic hybridiza-
tion is applied to increase the capacity of plants to cope bet-
ter with biotic and abiotic stresses, which may become a 
key focus in the future for sustainable agriculture. These 
techniques can be applied to improving plants for ornamen-
tal purposes and nutritional quality, creating unique and 
highly desirable plants that can meet market demand. Future 
research needs to focus on development of somatic hybridi-
zation techniques to improve plant capabilities for use in 
biofuel and bioremediation. In vitro selection techniques 
are now complementing traditional methods in plant screen-
ing and breeding programs because of their convenience and 
because of the potential they have for reducing the duration 
of the breeding cycle. However, the lack of well-established  
in vitro techniques often prevents its practical use. A com-
plete operation of in vitro screening and breeding involves 
variant or mutant induction, selection, plant regeneration, 
acclimatization, and assessment of in vivo plants. Extensive 
research into the establishment of each in vitro technique 
protocol for the success of plant screening and breeding pro-
grams is required. Recently, climate change has been affect-
ing the growth and yield of plants all over the world. Growers 
may be forced to change to a new crop that is suitable for 
new environmental conditions such as extreme tempera-
tures, drought, or chemical accumulated/contaminated soil. 
The endless possibilities for developing improvements in 
plants through technologies described in this chapter have the 
potential to help solve world hunger and problems faced in 
agriculture as a result of climate change.
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