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v

 The incidence of somatic embryogenesis (SE) was described over fi fty years 
back, and since then the knowledge on in vitro embryogenesis has been accu-
mulated in a wide range of plants including monocot, dicot, and other groups 
of plants. This is a unique process by which vegetative or somatic plant cell 
transforms into an embryo, reconfi rming cells’ totipotency in culture. This 
in vitro embryogeny has immense fundamental and practical potential such 
as in understanding cellular differentiation of plants and in producing trans-
genic en masse. The entire process of SE has been, however, complex and is 
seemingly controlled by a variety of external and internal triggers. In this 
book, an attempt will be made to collect and compile the current development 
of embryogenic research particularly in ornamentals. Ornamentals are impor-
tant groups of plants and constitute a good component in fl oriculture industry. 
These include bulbous, tuberous, and foliage plants, used mostly as indoor 
decorative, landscape, and potted plants. The plants are often propagated veg-
etatively, which is a slow process. Besides propagating raw materials at fast 
pace, SE may offer advantages in generating new traits/cultivars in ornamen-
tals more quickly. The embryo precursor/mother cells in embryogenic cells 
are considered to be a good source in raising transgenic in several investi-
gated plants. This book will therefore highlight the importance of embryo-
genic cultures/tissues in genetic transformation studies especially in 
ornamentals. The role of genotype, plant growth regulator, environment, and 
other controlling factors will be described in establishing embryogenic cul-
tures and in developing protocol for obtaining plantlets. The morphology, 
maturation, and germination ability will also be discussed by investigating 
somatic embryos by scanning electron microscopy (SEM) and histological 
preparations. A few chapters will focus on comparative biochemical and 
physiological differences during the acquisition and development stages of 
SE. In recent times, several genes are found to be associated with specifi c 
embryogenic development; therefore, a few chapters will discuss molecular 
characterization, expression analysis of gene like somatic embryogenesis 
receptor kinase ( SERK ) during SE. Currently, proteomic study has been con-
ducted widely at various stages of plant growth and development; here in this 
book, the importance of plant proteome as a source of somatic embryogenesis 
marker will also described very briefl y. Recently, there has been a drastic 
decline in the number of cultivars and loss of genetic diversity of plant germ-
plasm due to various socioeconomic reasons. The erosion of genetic diversity 
can be prevented by mass multiplication and simultaneous conservation of 
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germplasm by utilizing in situ and in vitro methods. Preservation, i.e., storage 
of living tissues at low temperatures in laboratory conditions, has long been 
used to conserve plant germplasm for short-, medium-, or long-term basis. In 
this book, cryopreservation in the protection of genetic resources of ornamen-
tals will be discussed using somatic embryo/embryogenic culture as the tis-
sue of choice. The role of various cryoprotectants during preculture, 
pretreatment, and freezing will be discussed by monitoring cellular regrowth. 
The survival of cryopreserved SE tissues and plant regeneration will also be 
described in detail especially in ornamentals. 

 Although some of the information are available in websites, the need to 
accumulate fractured past years’ knowledge and to organize embryogenesis 
research in ornamentals in structured book format is always necessary. This 
updated information on embryogenesis in ornamentals will be a very useful 
resource material to a wide range of people especially to researchers, gradu-
ate students, teachers, and many others professionals in various disciplines 
like biotechnology, botany, horticulture, pomology, agriculture, and other 
related fi elds.  

  New Delhi, India      A.     Mujib     
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      Application of Cryogenic 
Technologies and Somatic 
Embryogenesis in the Storage 
and Protection of Valuable Genetic 
Resources of Ornamental Plants                     

     Dariusz     Kulus    

    Abstract  

  Cryopreservation is the most safe long-term conservation method of non- 
orthodox seed species. Somatic embryogenesis, on the other hand, is con-
sidered to be the most effi cient (micro)propagation technique. By 
combining in vitro tissue culture techniques with cryoconservation, it is 
possible to develop highly diverse gene banks on a small surface at reduced 
costs from cutting down on labor and laboratory consumables. The appli-
cation of embryonic tissue for storage in liquid nitrogen is very benefi cial, 
especially with endangered species, since it does not require injuring the 
mother plant. The seeds are very often stored at sub-zero temperatures. 
Over time also zygotic embryos or their axes of about 100 species and 
somatic embryos of approximately 40 plant species have been cryopre-
served with variable success. The share of ornamental plants, however, is 
low. The cryopreservation procedures are developed best for somatic 
embryos. For several species, an attempt to freeze embryogenic callus has 
been also made. There are even some reports referring to embryogenic 
potential or metabolic activity growth of proembryogenic masses in some 
ornamental species observed after freezing. Over time various cryopreser-
vation techniques have been applied. As for seeds, direct immersion in 
liquid nitrogen or simple air drying is possible. With some species these 
techniques can be used with embryos. There are also reports on employing 
slow freezing for embryogenic tissues. Still, the so-called modern meth-
ods (e.g., vitrifi cation, droplet vitrifi cation, encapsulation–dehydration) 
are usually more effi cient. The protocols, however, need to be adjusted not 
only to the individual species but also to single cultivars.  

        D.   Kulus      (*) 
  Department of Ornamental Plants and Vegetable 
Crops – Laboratory of Biotechnology , 
 UTP University of Technology and Life Sciences 
in Bydgoszcz ,   Bernardyńska 6 ,  PL-85-029  
 Bydgoszcz ,  Poland   
 e-mail: dkulus@gmail.com  
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1.1         Introduction of the Meaning 
of Ornamentals, 
Micropropagation, 
and Long-Term Storage 
Methods of Plant Genetic 
Resources 

 With the societies getting richer and richer, the 
importance of and demand for higher-order 
goods are increasing, e.g., plants. Due to their 
aesthetic value, ornamental plant species have 
been important for both human life and the 
economy since the ancient times (Ozudogru 
et al.  2010 ). They are around us on every stage 
of our life, from birth until death (Sengar et al. 
 2010 ). In 2007 only 1.67 % of the residents sur-
veyed in Warsaw (Poland) did not buy even a 
single cut fl ower (Jabłońska and Perzyńska 
 2009 ). Not surprisingly the demand for orna-
mentals is constantly growing. The value of the 
world fl ower market is estimated at €70–90 bil-
lion and it is still increasing (Sharma and 
Agrawal  2012 ). Traditional reproduction meth-
ods, however, no longer meet the growing 
demands of the market. Nowadays in vitro tis-
sue culture-based micropropagation is consid-
ered to be the most effi cient plant reproduction 
method. The discovery of the possibility of 
stimulating the development of somatic cells 
into embryoid structures turned out to be 
groundbreaking for the propagation and protec-
tion of plants. Today somatic embryogenesis is 
believed to be the most effi cient propagation 
technique allowing for the mass reproduction 
of plants in a relatively short time at a competi-
tive price (Kulus  2014 ). Due to the possible 
occurrence of somaclonal variation during indi-
rect regeneration via callus or multicellular ori-
gin of the somatic embryos, the technology 
may also facilitate increasing the gene pool 
with healthy plants, which is important with 
endangered species (Lema-Rumińska and 
Kulus  2012 ). The use of somatic embryogene-

sis for the reproduction of superior ornamental 
plant species generates a need for a long-term 
embryogenic culture storage. 

 Besides the improvement in quantity, the 
development of modern horticulture is also asso-
ciated with the introduction of new cultivars. Due 
to the development of such in vitro-based bio-
technological tools as mutation breeding, haploid 
production, protoplast fusion, embryo rescue, 
somaclonal variation, and genetic transforma-
tion, the number of the cultivars available is con-
stantly increasing (Teixeira da Silva and Kulus 
 2014 ). For example, there are about 35,000 rose, 
30,000 chrysanthemum, and 15,000 tulip culti-
vars available, which are only the world’s top 
three ornamental plants (Chen et al.  2009 ; 
Bendahmane et al.  2013 ), while work is being 
performed with another 160 genera of which 87 
% are ornamentals (Rout et al.  2006 ). As market 
trends keep on changing, the development of new 
cultivars is required. Diverse fl ower types, petal 
colors, and plant architecture/habit are important 
to the horticultural industry (Zalewska et al. 
 2007 ). New cultivars are replacing the current 
assortment. However, due to the change in con-
sumer preferences, the cultivars not fashionable 
today may once again be attractive for potential 
buyers. Furthermore, very often they constitute a 
great breeding material source, especially wild 
varieties, when it comes to stress-resistance 
genes. Very often ornamental plants are also an 
important source of medicinal-valuable second-
ary metabolites useful in cancer and AIDS treat-
ment, e.g., cacti and chrysanthemums. However, 
considerable effort and time are often required to 
produce high-quality embryogenic tissues, and 
when produced, the elite cell lines must be main-
tained by frequent subcultures, with the risk of 
loss of regeneration potential and somaclonal 
variation occurrence (Dixit et al.  2003 ). Similarly, 
often mature somatic embryos differentiate into 
seedling without any lag phase (Tessereau et al. 
 1994 ), which might be the main limiting factor 
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for commercial application (including storage 
and delivery) of somatic embryogenesis and one 
of its main applications, engineered/synthetic 
seeds technology; hence, the protection and stor-
age of valuable genetic resources are gaining 
importance. Nevertheless it is diffi cult for breed-
ers and horticulturalists to provide enough space 
and fi nance for the traditional cultivation of such 
numerous cultivars (associated with the expan-
sion of glasshouses/arable land, introducing new 
equipment and care treatments), which is labori-
ous and threatened with biotic and abiotic stresses 
(Sekizawa et al.  2011 ). Traditional genetic con-
servation in the fi eld or greenhouse requires 
intensive care of pot cultures or carefully sepa-
rated fi eld plots (Reed  2006 ). Haploids (impor-
tant in breeding) and transgenic cultivars, gaining 
popularity among ornamental plants ( Rosa , 
 Dianthus ,  Gladiolus ), require isolation to be pro-
tected from crossbreeding (Rajasekharan et al. 
 1994 ; Joung et al.  2006 ). Additionally many 
ornamental species (e.g., representing families 
Orchidaceae, Cactaceae, and Gentianaceae) due 
to being over-collected (for horticultural pur-
poses, or illegal contraband), development of 
urbanization, and habitat destruction are on the 
brink of extinction (Lema-Rumińska and Kulus 
 2014 ). The progress of agriculture; the use of her-
bicides, pesticides, and the allocation of new 
areas to tillage, urbanization, and infrastructure 
progress; the construction of roads, dams, and 
mines; as well as introducing new exotic expan-
sive species and excessive use in folk medicine 
pose a serious threat to many ornamental plant 
species (Lema-Rumińska and Kulus  2014 ). 
Another serious issue is the developing genetic 
erosion, a decrease in biodiversity. Some orna-
mentals (e.g.,  Mammillaria gaumeri ) are espe-
cially susceptible to environmental variation and 
land-use changes due to a narrow geographic 
range, high habitat specifi city, and low popula-
tion numbers (Ferrer-Cervantes et al.  2012 ). For 
example,  Rhipsalis pentaptera , although com-
monly cultivated, is probably extinct in the wild 
due to human activity (Lema-Rumińska and 
Kulus  2014 ). There are also only few populations 
of magnifi cent  Astrophytum asterias  left (Lema- 
Rumińska and Kulus  2012 ). 

 A fast and easy access to high-quality gene 
banks of a great material variety is the key for 
ornamental plant producers, and so an effi cient 
method for long-time conservation of the plant 
material may be extremely valuable for breeding 
and horticultural production. Today cryopreser-
vation, developing rapidly for the last 25 years, 
is believed to be the most promising and valu-
able long-term storage method. The identifi ca-
tion of species which need in vitro propagation 
and/or liquid nitrogen (LN) storage for long-
term ex situ preservation of their biodiversity is 
shown in Fig.  1.1 .

1.2        Cryopreservation 
of Embryo(ge)nic Tissue 

 Cryobiology (Greek  kryos , cold;  bios , life;  logos , 
science) is a branch of biotechnology which 
examines the effect of low temperatures (hypo-
thermic, below physiological temperature, and 
cryogenic, −150 °C below) on the functioning of 
living organisms. Cryopreservation techniques 

  Fig. 1.1    Identifi cation of species which need in vitro 
propagation and/or liquid nitrogen (LN) storage for long- 
term ex situ preservation of their biodiversity (Mikuła 
et al.  2013 )       
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are based on biological material storage (usually 
with high cell division rates including meristems, 
shoot tips, seeds, zygotic, and somatic embryos 
but also callus cultures and cell suspensions) at 
ultralow temperature of liquid nitrogen (LN, 
−196 °C) or seldom its vapor phase (−150 °C). 
Rarely somatic embryos isolated or clustered (of 
3–4; 2–11 mg) are frozen (−70 °C)/thawed (20 
°C) in N 2  with cooling/warming rates of ±10 °C 
min −1  (Álvarez et al.  2007 ). At the temperature 
below −150 °C, the biochemical metabolic and 
cell division activities get arrested, allowing for 
long-term storage. By these means the technique 
circumvents the loss of totipotency in plant sys-
tems (Quainoo  2009 ). The main advantage of this 
method is the reduction of in vitro culture costs, 
required space, contamination, and somaclonal 
variation risk. Freezing can also improve the 
fl owering effi ciency of some species (e.g., 
 Chrysanthemum hypargyrum  and  C. oreastrum ) 
which normally require vernalization to enter the 
generative growth phase, and therefore so far 
their role was minor on the ornamental plant mar-
ket (Zhao et al.  2009 ). By combining in vitro tis-
sue culture techniques with cryoconservation, it 
is possible to develop highly diverse gene banks 
of both vegetatively and generatively propagated 
species on a small surface at reduced costs. At the 
beginning of the twentieth century, there was no 
or little attention paid by both scientifi c and com-
mercial laboratories to the possibility of applying 
tissue cultures for long-term plant genetic 
resources storage (Ríordáin  1992 ). Today cryo-
preservation is a very popular issue raised by 
plant biotechnologists, being a potentially useful 
tool for conserving endemic indigenous plant 
species. 

 A properly protected embryo(ge)nic explant 
can be stored in liquid nitrogen for virtually 
indefi nite time without affecting its properties 
(provided continuous replenishment of the rap-
idly evaporating liquid nitrogen). Therefore, 
cryopreservation can be utilized in storage, con-
servation, and, fi nally, ornamental species 
breeding. As a result, more and more laborato-
ries have been interested in that technology and 
incorporate it successfully (Reed  2008 ). The 

wide interest in cryopreservation has resulted in 
the establishment of multi-annual international 
research programs (such as CRYOPLANET, 
CRYMCEPT – Cryopreservation Methods for 
Conserving European Plant Germplasm 
Collection), which aim at fi nding scientifi c 
grounds for the plant cell behavior under stress 
conditions, implementation of cryopreservation 
techniques, evaluation of technical problems, 
and sharing experience (Mikuła and Rybczyński 
 2006 ). Even though the fi rst concepts about the 
impact of low temperatures on the functioning 
of living organisms emerged already in the sev-
enteenth century, proposed by a British physi-
cist and chemist Robert Boyle, the true 
development of plant cryobiology began in the 
fi rst half of the twentieth century (Fuller  2003 ). 
The origins of cryopreservation date back to the 
1930s when the fi rst reports on successful cryo-
preservation of moss tissues were published 
(Luyet and Gehenio  1938 ). Next, in the 1950s, 
attention was drawn to the possibility of woody 
plant tissue storage in liquid nitrogen (Sakai 
 1956 ). The fi rst evidence of the cryopreserva-
tion of ornamental species came from Fukai 
( 1989 ) and considered  Dianthus hybrida . Next 
there were some experiments conducted with 
 Chrysanthemum  ×  grandifl orum  by Fukai ( 1990 ) 
and other ornamentals (Kulus and Zalewska 
 2014a ). The following decades brought a prom-
ising progress in terms of plant cryobiology. At 
the beginning of the twenty-fi rst century, about 
some 200 species could be mentioned which, 
due to the development of cryopreservation 
techniques, storage costs were reduced (Gamez-
Pastrana et al.  2011 ). Cryopreservation has been 
successfully used for many agricultural/horti-
cultural (Forsline et al.  1998 ; Zhao et al.  2005 ; 
Xue et al.  2007 ), medicinal (Ai et al.  2012 ; 
Sharaf et al.  2012 ; Rabba’a et al.  2012 ), and 
threatened (Ashmore et al.  2011 ; Johnson et al. 
 2012 ; Ma et al.  2012 ) species. With its short his-
tory, the signifi cance of ornamental plants 
(unlike micropropagation) is smaller, although 
growing every year. In the past few years, con-
siderable progress has been made in terms of 
freezing of somatic embryos.  
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1.3     Basic Conditions 
and Material Selection 
for Cryopreservation or Why 
Is It Benefi cial to Freeze 
Embryonic Tissue? 

 Cryopreservation involves a number of succes-
sive steps, promoting effective protection against 
the adverse effects of dehydration stress, low 
temperature, and rehydration. The changes 
observed in nature during the acquisition of toler-
ance to stress occur also under in vitro condi-
tions. The factors, which stimulate stress 
tolerance, can be applied to reduce cryo-injuries 
and thus to minimize the risk of unwanted 
changes (Mikula  2008 ). 

 The fi nal effect of cryopreservation depends 
on a number of factors, such as the type and size 
of the explant (embryo or cell aggregate); the age 
of the embryogenic strain from which the 
embryos have originated (indicated also by the 
number of subcultures); the cell suspension den-
sity; the condition of the donor plant and its cli-
matic origin, pretreatment, and rate of cooling 
and thawing; and the regeneration conditions 
(Rout et al.  2006 ). Also seasons may infl uence 
the fi nal cryopreservation effi ciency. It has been 
observed by Seo et al. ( 2007 ) with  Paeonia lacti-
fl ora  that a higher survival is observed after freez-
ing the material in late autumn/winter 
(November–February) when the plants are natu-
rally preparing themselves for winter dormancy 
by accumulating abscisic acid (ABA), amino 
acids, sugars, etc. Thawing and recovery, on the 
other hand, should be carried out in the spring or 
summer, when the regeneration potential of the 
plant is the greatest (Zalewska et al.  2011 ). 

 The selection of the explant for cryostorage 
depends on the species and its tolerance to stress, 
as well as its regeneration potential and stability 
under in vitro conditions. Over the years it has 
been demonstrated that the usefulness of the 
plant material to cryopreservation is determined 
not only by its tolerance to low temperatures but 
mostly to dehydration (Sarasan et al.  2006 ). It is 
freezable water removal (to the level of 20–35 
%), which is the most basic requirement that has 
to be fulfi lled to achieve embryo survival and 

embryogenic tissue induction when applying 
LN. That way the formation of lethal ice crystals, 
which, by increasing their volume (in compari-
son with the liquid phase), results in cell bursting, 
is avoided. A small amount of water in the tissue 
is acceptable since it forms nonlethal ice crystals 
or the so-called nonfreezable/vitrifi ed water. 
Therefore, it is essential to establish the moisture 
threshold below which all freezable water is 
removed and explants can survive storage in 
LN. This is a complex process which can be 
affected by multiple factors such as temperature, 
relative humidity, airfl ow rate, and tissue quantity 
(Kong and Aderkas  2011 ). The optimal water 
content (WC) is species dependent and can be 
defi ned as the value that allows freezing with the 
least injury to cellular components as measured 
by survival after cryopreservation (Fernandez 
et al.  2008 ). As for  Gentiana cruciata  and  G. 
tibetica  PEMs, it accounted for 28 % (85 and 50 
% viability, respectively) (Mikuła and Rybczyński 
 2007 ). Water removal can be possible through 
direct dehydration which has been mentioned to 
be suitable for zygotic embryos or, by using 
chemical dehydration, recommended for soft tis-
sues like PEMs and somatic embryos (Suranthran 
et al.  2011 ). Still variation in moisture between 
individual embryos should be considered. 
Sometimes various parts of the same plant have 
different cold resistance (Pearce  2009 ). For 
example, there is different sensitivity to the des-
iccation of root and shoot tips of embryos, which 
is a serious problem for developing effective 
cryopreservation procedures (Chmielarz et al. 
 2011 ). On the other hand, Fang et al. ( 2004 ) sug-
gest that cryopreservation competence of 
embryos relies only partially on the acquisition 
of dehydration tolerance as in their experiment, 
and only a small share of desiccation-tolerant 
embryos was recovered after LN storage. This 
suggests that factors other than ice crystals may 
have been responsible for embryo damage during 
cryopreservation. 

 Over time, different parts of plants were used 
for cryopreservation, e.g., apical or axillary shoot 
tips, seeds, somatic and zygotic embryos or their 
axes, spores, pollen, gametophytes, rhizomes, or 
even protoplasts (Kulus and Zalewska  2014a ). 
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Among them, shoot tips are most frequently used 
(Kulus et al.  2013 ; Zalewska and Kulus  2013 ). 
However, their acquisition is low effi cient and 
time consuming; a microshoot produces only one 
apical bud (the species of elongative growth: 
chrysanthemum, crocus, rose), while the use of 
axillary buds is often less effi cient when it comes 
to cryopreservation, as shown with 
 Chrysanthemum  ×  grandifl orum  (Fukai  1990 ), 
 Colocasia esculenta  (Takagi et al.  1997 ), and 
 Rosa  ×  hybrida  (Pawłowska and Bach  2011 ). 
Furthermore, high-precision and technical skills 
are necessary to isolate shoot tips or meristems, 
since these structures are tightly covered with 
leaves. Any injury of the tissue at that point may 
be fatal. Moreover, isolation must be performed 
rapidly, in order to protect the explants from 
excessive desiccation. Also shoot tips of some 
species (e.g., chrysanthemum) are covered with 
hairs, which impede the penetration of cryopro-
tectants or covering with alginate. Therefore, it is 
recommended to fi nd a source of easier-to-obtain 
explants. The production of somatic embryos, on 
the other hand, is a much more effi cient method. 
As for  Cyclamen persicum  Mill., it was possible 
to produce 40,000 progeny plants over 10 weeks 
just from 1 liter of the medium (Hvoslef-Eide 
et al.  2005 ), while with  Catharanthus roseus , 
Mujib et al. ( 2014 ) produced nearly 100 somatic 
embryos from just 50 mg of callus mass. Due to 
a bipolar structure and no physical connection 
with the mother tissue, somatic embryos are also 
easier to isolate. Another advantage of applying 
somatic embryos is the fact that very often they 
have a single-cell origin, and, as such, they can be 
used for separating chimera components (espe-
cially sectorial and mericlinal types) and saving 
new genotypes/cultivars occurring as a result of 
spontaneous or induced mutations, which other-
wise would be lost. Furthermore, as shown by 
Lema-Rumińska ( 2011 ), somatic embryos are 
the most stable structures (in terms of ploidy 
variation) under in vitro culture. 

 The storage in liquid nitrogen of cells from 
embryogenic callus lines (PEMs) is an applica-
tion of relevant scientifi c interest. Embryogenic 
suspension is the best source of getting an unlim-
ited number of totipotent cells/protoplasts ready 

to be used for any somatic cell hybridization or 
genetic manipulation (Tomiczak et al.  2009 ). The 
great variability of cell lines is a common feature 
of embryogenic cultures (Vágner et al.  2007 ). 
These morphogenetically active cells could play 
an important role in the studies of numerous 
chemical and physical stresses connected with 
low-temperature treatment (Mikuła and 
Rybczyński  2007 ). The primary advantages of 
using callus are tiny and synchronized materials 
compared with larger and differentiated explants 
(Shin et al.  2012 ). Proliferating embryogenic cal-
lus clumps are known to regenerate easily under 
in vitro conditions and to have the potential for 
genetic transformation and can be used in cell 
manipulation techniques (Ming-Hua and Sen- 
Rong  2010 ). Cryopreservation avoids the loss of 
embryogenic potential, which is frequently 
observed when cultures are aging after prolonged 
maintenance under in vitro conditions (Shin et al. 
 2012 ). The establishment of cryobanks of 
embryogenic cultures would allow for a safe and 
long-term storage of transgenic lines, during the 
time required for the verifi cation of transgenic 
plant characteristics, as well as for the preserva-
tion of stock cell cultures used for secondary 
metabolite production, in order to avoid their 
decline due to repeated subculturing (Lambardi 
et al.  2005 ). On the other hand, even though the 
use of suspension cultures has the advantage of 
storing larger numbers of vials, however, it 
requires long periods to grow suspension culture 
and high labor for weekly culture maintenance 
(Ma et al.  2012 ). 

 The material selected for cryostorage should 
be young, demonstrating a high regeneration 
potential. The PEMs should be at the linear 
growth phase: 5–10 days after subculture. Under 
such conditions, the cells demonstrate character-
istics optimal for freezing, including a high 
nucleolus–cytoplasmic ratio, dense cytoplasm, 
small vacuoles, large amounts of storage prod-
ucts, and the synchronization of cell growth and 
development. However, the length of lag phase 
strongly depends on the genotype (Salaj et al. 
 2007 ). The size of cryoprotected tissue depends 
on the type of suspension; some are very friable 
with small cell clusters, and others with 
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 embryogenic competence often have embryo-
genic structures at various levels of development 
(Mikuła  2006 ). The aggregate size should be 
>500 μm, especially if longer pretreatment with 
DMSO is applied. As for  Gentiana tibetica , 
smaller aggregates (<300 μm) do not survive 
freezing (Mikuła  2006 ). With  G. cruciata , on the 
other hand, smaller aggregates are better (Mikula 
et al.  2008 ). Also the origin of cell suspension 
may be important, although Mikuła et al. ( 2005 ) 
did not observe any signifi cant differences in cell 
suspension viability derived from cotyledon and 
hypocotyl callus of  G. cruciata  subjected to cryo-
preservation applying two techniques (preculture 
and vitrifi cation). 

 Somatic embryos acquire a higher desiccation 
tolerance late in their development (Wu et al. 
 2007 ). Generally, water content decreases as the 
embryo develops (Ma et al.  2012 ). If a tissue is 
properly protected during the pre-freezing step, 
even large embryos can survive freezing 
(Tessereau et al.  1994 ). Therefore, embryos at 
early cotyledonary stage are the best for cryostor-
age as they are less sensitive to water loss than 
premature embryos (Fang et al.  2004 ). Smaller 
and more immature embryos may not have suffi -
cient vigor to survive and recover from the liquid 
nitrogen treatment, although they can grow well 
in the absence of freezing (Hor et al.  1993 ). Still 
successful cryopreservation of globular embryos 
is also possible. It was even observed that small 
embryos (0.25–0.5 mm in length) can rapidly 
repair any damage, unlike the large ones. This 
may be due to the increased cellular differentia-
tion in larger embryos leading to different cell 
types with various water contents making the 
controlled osmotic dehydration for all these tis-
sues much more diffi cult to achieve (Tessereau 
et al.  1994 ). Somatic embryos before the cotyle-
donary stage are also characterized with higher 
embryogenicity (Kong and Aderkas  2011 ). The 
cryopreservation of somatic embryos has become 
an important tool in reforestation, reintroduction, 
and breeding programs, especially when conifers 
are concerned, many of which are important 
ornamental park and garden species (Marum 
et al.  2007 ). Also transgene stability has been 
proven in cryopreserved somatic embryos 

(Álvarez et al.  2007 ). Signifi cant  cryopreservation 
clone banks have been established for somatic 
embryogenesis clonal propagation programs in 
Canada, France, New Zealand, Sweden, and the 
USA (Sharma  2005 ). 

 As for species producing “non-orthodox” 
seeds, zygotic embryos (entire when cotyledons 
are not fl ashy) or their axes are suggested to be 
the primary choice for ex situ conservation 
(Mikuła et al.  2013 ). After partial desiccation, 
they can be successfully cryopreserved, over-
coming the problem of long-term storage. These 
means they facilitate reducing the costs associ-
ated with tissue culture initiation and mainte-
nance and the introduction of the plant material 
to LN banks. Many plant species (especially 
recalcitrant) produce large seeds (e.g., palms), 
impractical to conserve and likely to be killed 
during freezing. Excised embryos survive better 
and can be conserved in small (2.0 ml) cryovials 
(Hor et al.  1993 ). Embryo oxidation observed 
sometimes at this point may be overcome by 
imbibing seeds in water or on agar before exci-
sion and the addition of 2 % active charcoal to 
in vitro germination medium (Davies et al.  2009 ). 
Excision of zygotic embryos prior to desiccation 
is important. This is due to the fact that dehydra-
tion of the embryo is slow within the confi ned, 
moist environment of the perisperm, which can 
additionally encourage microbial infection and 
inhibit aerobic respiration. Further, the isolation 
of embryos after drying seeds is diffi cult, and 
many can get injured during this process (Hor 
et al.  1993 ). 

 As for species with fl eshy cotyledons, it is 
more benefi cial to isolate axes only. Leaving the 
segments of cotyledon attached to the axis 
increases the mass of the tissue and so decreases 
both drying and cooling rates, contrary to the 
requirements for successful cryopreservation 
(Perán et al.  2006 ). The isolation of axes could 
avoid the problems of cotyledon damage and 
subsequent contamination of whole seeds during 
germination; however, it may be complicated due 
to decreased shoot production (Normah et al. 
 1994 ). Also axis isolation leads to an immediate 
burst of O 2  −  production (Roach et al.  2009 ). 
Furthermore, the acquisition of embryonic axes 
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may be sometimes diffi cult. Generally in 
 recalcitrant seeds, embryonic axes account for 
0.25 % of the dry weight of the whole seed, as 
compared to an average of 1.4 % for orthodox 
seeds (Chin 1989; cited after Normah et al.  1994 ). 

 Often meristematic heads are the only part of 
the embryos which remain alive after freezing. 
Suspensor cells are damaged by cryostorage, yet 
they recover after thawing (Vágner et al.  2007 ). 
Therefore, in order to reduce the amount of 
excessive tissue, which does not survive freezing, 
only a meristematic part of the embryo can be 
isolated. That way the risk of polyphenol secre-
tion by the necrotic tissue, which can kill the 
viable cells, is avoided. This also allows for a 
faster and more effi cient dehydration. In the 
experiments reported by Chmielarz et al. ( 2011 ), 
the small size of  Quercus robur  plumules (shoot 
apical meristems of embryos) facilitated achiev-
ing a higher drying rate during desiccation over 
silica gel and in nitrogen gas, in comparison with 
the whole embryonic axes, and ensured a better 
survival. 

 Based on those reports, it can be assumed that 
embryogenic tissue (especially PEMs and 
somatic embryos) is a suitable material for cryo-
preservation provided that effective conversion 
systems are developed, which is not always easy. 
Somatic embryos of  Paeonia lactifl ora  showed 
similar survival and regrowth rates after cryo-
preservation as zygotic embryos and dormant 
buds (Kim et al.  2004 ,  2006 ; Seo et al.  2007 ). 
Over time zygotic embryos or their axes of about 
100 species and somatic embryos of approxi-
mately 40 species of plants from different cli-
mates have been cryopreserved with variable 
survival and/or regrowth rates. The cryopreserva-
tion procedures are developed best for the latter 
ones (Engelmann  2011 ).  

1.4     Importance of Preculture 

 Some explant types (e.g., orthodox seeds or pol-
len) are characterized by a naturally low water 
content (which is associated with their biological 
function). These explants do not require any pre-
treatment prior to freezing and can be directly 

plunged into LN (Popov et al.  2004 ; Jitsopakul 
et al.  2012 ). However, embryonic axes of 
 Camellia sinensis  and  Melia azedarach  did not 
survive such treatment (Kaviani  2010 ). Most of 
the plant tissues (including cell suspensions, cal-
lus, embryos) contain high levels of intracellular 
water, especially under in vitro conditions, since 
the air humidity in the culture vessel reaches even 
100 %, and, therefore, these explants must be 
artifi cially dried. Some species (e.g., of the 
 Kalanchoe  and other succulent genera) are 
(highly) desiccation tolerant; they are the easiest 
ones for cryopreservation. As for these species, 
water loss leads to saturation of the fatty acids in 
the cell membranes, which results in stiffening 
and decreased permeability (Walters et al. 2002; 
cited after Mikula  2008 ). Others, dehydration- 
vulnerable species, do not undergo the plasma-
lemma restructuration during drying; instead, the 
membranes agglutinate and, next, break during 
rehydration (after thawing). Therefore, the 
explants of these species require preparation for 
both dehydration and cold stress, which can be 
achieved by applying a proper preculture. 

 In natural conditions, in the summer, resis-
tance to cold is similar in various species. During 
autumn, however, various species acquire differ-
ent resistance to cold by thermal and photoperi-
odic factor. Tropical species do not develop 
cold-tolerance mechanism and are thus highly 
sensitive to low temperatures. Temperate species 
undergo a number of physiological and biochem-
ical changes, caused by the activity of AFP (anti-
freeze proteins), LEA (late-embryogenesis 
abundant), ABA, proline, etc. These compounds 
alter the dynamics of water crystallization, inhibit 
the growth of ice crystals, and thus increase the 
resistance of plants to frost (Mikuła and 
Rybczyński  2006 ). Under in vitro conditions, 
stress resistance in developing embryos must be 
artifi cially induced by exogenous signals by 
applying adequate culture conditions (medium 
composition, temperature, and light intensity) 
(Zalewska and Kulus  2013 ). 

 Preculture (hardening) is one of the most 
important factors affecting the effi ciency of a 
cryopreservation protocol (Mikula et al.  2005 ; 
Antony et al.  2011a ,  b ; Zalewska and Kulus 
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 2014 ). As for somatic embryos of some species, 
it is the most essential step (Dumet et al.  1993 ). 
The precise mechanism of tolerance induction is 
not yet clear (Popova et al.  2010 ); however, it 
stimulates the accumulation of endogenous sug-
ars (starch), polypeptides, ABA, proline, and 
bounded water, which increase the cell tolerance 
to osmotic excursion and dehydration as well as 
the glass-forming tendency within the cytoplasm 
(Suzuki et al.  2006 ). The most common precul-
ture for cryopreservation of embryogenic cells 
includes the use of sugars (sucrose, maltose, glu-
cose) or sugar alcohols (mannitol, sorbitol) (Salaj 
et al.  2011 ). According to many authors, a 2-week 
preculture in/on a medium with an increased 
level of sucrose provides the best survival (Kulus 
and Zalewska  2014a ). High sugar concentration 
and prolonged treatment in the cytoplasm help to 
establish a vitrifi ed state during cryopreservation 
and to stabilize membranes by the interaction of 
sucrose OH groups with membrane phospholip-
ids and enable cells to tolerate dehydration that 
can cause freezing damage. The higher the 
sucrose concentration in the preculture medium, 
the greater the extent of sucrose accumulation in 
the embryos (Fang et al.  2009 ). The sucrose con-
centration increase from 0.09 to 0.27 M suc-
ceeded in the survival growth of  Gentiana 
cruciata  PEMs (from 12 to 61 %, the results 
recorded right after thawing) (Mikuła et al.  2005 ). 
Similar results were observed in PEMs of certain 
chrysanthemum cultivars after the addition of 
0.5–0.7 M sucrose (for 1–2 days) to the culture 
medium (Halmagyi et al.  2004 ). Also Winkelmann 
et al. ( 2004 ) demonstrated a positive effect of 
higher sucrose concentrations (0.6 M for 48 h) in 
preculture medium on  Cyclamen persicum  PEM 
regeneration capacity. Partial dehydration lowers 
the freezing temperature, elevates the glass tran-
sition temperature, and increases the intracellular 
viscosity. Furthermore, preculture allows for 
reducing the heterogeneity of cells (different in 
size, vacuolization, and cytoplasm content) facil-
itating a more balanced dehydration (Mikuła 
 2006 ). The ultrastructural changes of  Gentiana  
embryogenic aggregates resulting from increas-
ing the sucrose concentration in the medium 
showed the replacement of large vacuoles by the 

numerous small ones, condensation of  cytoplasm, 
accumulation of starch, and the fragmentation of 
the endoplasmic reticulum (Mikuła et al.  2005 ; 
Mikuła and Rybczyński  2007 ). Most of those 
changes, however, are reversible 2 days after 
thawing. Pregrown embryos display a lower 
enthalpy variation during freezing and rewarm-
ing than the non-pregrown ones (Dumet et al. 
 1993 ). Various authors showed that many excel-
lent cryoprotectants such as glycerol, proline, or 
glucose had no stabilizing effect during extreme 
dehydration of embryos (Dumet et al.  1993 ). The 
only solutes that did have such properties were 
disaccharides (trehalose, sucrose, maltose). 
However, despite its well-known cryoprotective 
action, sucrose can have deleterious effects on 
delicate embryo viability if applied inappropri-
ately (>0.5 M) as a result of progressing plasmol-
ysis or osmotic shock as observed with some 
species (Chmielarz et al.  2011 ). As for these 
plants, the application of nonreducing sugars 
may facilitate tolerance to desiccation by protect-
ing membranes and proteins. Also stepwise pre-
culture and recovery plating, as well as the use of 
semisolid instead of liquid medium, may be 
essential for preserving embryo viability (Fang 
et al.  2004 ). 

 The addition of ABA (10–50 μM, especially 
in combination with cytokinins), polyethylene 
glycol (PEG), or/and proline (0.25 M) may also 
be essential (especially for tropical species). 
Abscisic acid suppresses embryo multiplication 
and precocious germination, promoting its matu-
ration instead (Kong and Aderkas  2011 ). ABA- 
treated embryos have small and densely 
cytoplasmic cells, whereas ABA-untreated 
embryos have vacuolated and expanded cells 
(Srinivas et al.  2006 ). The addition of ABA is 
especially benefi cial since, besides conferring 
desiccation tolerance and promoting accumula-
tion of storage lipids and proteins (including 
dehydrins), it induces a synchronized maturation 
that results in uniform high frequency germina-
tion of somatic embryos (Srinivas et al.  2006 ). 
ABA makes somatic embryos lose their chloro-
phyll, suspend growth, exhibit low rates of respi-
ration, and maintain elevated sucrose content 
(Hoekstra et al.  2001 ). The presence of ABA also 

1 Application of Cryogenic Technologies and Somatic Embryogenesis in the Storage…



10

results in a lower desiccation rate of the embryos 
(Lu et al.  2009 ). Cryopreserved somatic embryos 
not precultured with ABA show signs of denatur-
ation, which might be related to low sugar con-
tents (Hoekstra et al.  2001 ). 

 The problem of excessive hydration can be 
also solved by lowering the amount of PGRs, or 
increasing the gelling agent concentration (e.g., 
agar 10 g · dm −3 ) which reduces the amount of 
available water (Garcia-Osuna et al.  2011 ). 
Since calcium ions may inhibit the meristematic 
and embryogenic activity of the explant, 
whereas medium with little or no calcium 
increases the proportion of active cells with a 
high nucleocytoplasmic ratio and high soluble 
protein content, the reduction of CaCl 2  content 
in the preculture medium may also be benefi cial 
(Lardet et al.  2007 ). 

 Beside medium manipulation, during precul-
ture one can lower the temperature (down to 0–5 
°C) and reduce the light intensity in the growth 
room for at least 7 days (Uemura et al.  2009 ). 

Usually cryopreservation is successfully induced 
when embryos are matured under 5 °C for ade-
quate time, typically 4–8 weeks (Ming-Hua and 
Sen-Rong  2010 ; Kong and Aderkas  2011 ). Shibli 
( 2000 ) achieved a better survival and regrowth 
(60 and 54 %, respectively) of  Iris nigricans  
somatic embryos cryopreserved by encapsula-
tion–dehydration after 3-day preculture at 22 °C, 
then at 30 °C for 1 day.  

1.5     Cryoprotectants 

 Over time a few cryopreservation techniques 
have been developed (Kulus and Zalewska 
 2014a , Fig.  1.2 , Table  1.1 ). Nearly all of them 
require the use of protective chemical sub-
stances, cryoprotectants. Cryoprotectants are 
interacting and altering water distribution inside/
outside cells and dehydrating them (Uemura 
et al.  2009 ). The substances are increasing stabil-
ity or intactness of the plasmalemma, lowering 

  Fig. 1.2    Review of cryopreservation techniques: [ A ] tra-
ditional/program freezing, [ B ] vitrifi cation-based –  LS  
loading solution,  PVS  plant vitrifi cation solution,  Al  alu-

minum foil strips,  Na-Alg . Sodium alginate,  CaCl   2   cal-
cium chloride,  ABA  abscisic acid,  LN  liquid nitrogen 
(Kulus and Zalewska  2014a )       
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   Table 1.1    Cryopreservation of embryogenic tissue of different ornamental plant species by various techniques   

 Plant species  Material  Technique/pretreatment/treatment 
 Recovery 
(%)  Reference 

 Slow cooling 

  Amaryllis 
belladonna  

 Zygotic 
embryos 

 Desiccation under air stream to water content <0.4 g 
H 2 O · g −1  dry mass 

 70  Sershen 
et al. ( 2011 ) 

 Preculture in 5 % glycerol (1 h), then in 10 % glycerol 
(1 h) 

 Direct immersion in LN 

  Chrysanthemum 
cinerariaefolium  

 Callus  Preculture with 0.55 M sucrose (30 days)  92  Hitmi et al. 
( 1997 )  Incubation in 5 % DMSO at 0 °C (1 h) 

 Cooling rate 1 °C·min −1  from 0 to −20 °C 

  Cyclamen 
persicum  

 PEMs  Preculture with 0.6 M sucrose  75  Winkelmann 
et al. ( 2004 )  Incubation in 0.6 M sucrose + 10 % DMSO (1 h) 

 Incubation at −20 °C (2 h) 

  Gentiana 
cruciata  

 PEMs  Preculture with 0.18 M sucrose (4 weeks)  2.5–2.7  Mikuła et al. 
( 2005 )  Incubation in 0.2 M sorbitol (24 h) + 0.4 M sorbitol 

(24 h) 

 Incubation in 0.1 M DMSO at 0 °C (1 h) 

 Cooling rate 1 °C·min −1  from 0 to −40 °C, then to 
−150 °C at 10 °C/min 

 Vitrifi cation 

  Crocus  sp.  Calli  Preculture with 0.1 M sucrose (72 h)  50-67  Baghdadi 
et al. ( 2011 )  Loading with 2.0 M glycerol + 0.4 M sucrose at 25 °C 

(20 min) 

 Dehydration with 20–40–60–100 % PVS2 at 25 °C 
for 20 min (5 min for each concentration) 

  Gentiana 
cruciata  

 PEMs  Preculture with 0.18 M sucrose (4 weeks)  86–91  Mikuła et al. 
( 2005 )  Loading with 2.0 M glycerol + 0.4 M sucrose at 25 °C 

(20 min) 

 Dehydration with PVS2 at 0 °C (2 h) 

 Encapsulation dehydration 

  Catharanthus 
roseus  

 Suspension 
cells 

 Encapsulation in 1.5 % Ca alginate  48  Bachiri et al. 
( 1995 )  Dehydration with a stepwise increased sucrose 

concentration over 2 days to fi nal concentration 
of 0.3, 0.5, 0.7, and 1 M 

 Dehydration with 1.0 M sucrose (7 days) 

 Desiccation over silica gel for 4 h 

  Camellia 
sinensis  

 Embryonic 
axes 

 Encapsulation in 3 % Ca alginate + 0.75 M sucrose (2 h)  100  Kaviani 
( 2010 )  Desiccation with sterile airfl ow (1 h) 

  Cosmos 
atrosanguineus  

 Suspension 
cultures 

 Encapsulation in Ca alginate  35  Wilkinson 
et al. ( 2003 )  Dehydration with liquid medium + 0.3 M 

(72 h) + 0.75 M (96 h) sucrose 

 Desiccation in sterile airfl ow (7 h) 

  Galanthus 
elwesii  

 Somatic 
embryos 

 Encapsulation in 3 % Ca alginate  0  Pawłowska 
( 2008 )  Gradual dehydration with 0.3, 0.5, 0.75, and 1.0 M 

sucrose (2 days each concentration) 

 Desiccation in sterile airfl ow (5 h) 

(continued)
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the freezing point and increasing the viscosity of 
the cytosol, and, at the same time, protecting the 
cells from injuries throughout freezing. 
Cryoprotectants are divided into two groups: 
non-penetrating (sucrose and other carbohy-
drates or sugar alcohols) and penetrating the 
cells that have a rapid entrance rate and so 
require short incubation periods (e.g., DMSO, 
dimethyl sulfoxide used often in the range of 
5–10 %; EG, ethylene glycol and glycerol used 
usually in the range of 10–20 %). A better effi -
ciency of the latter one was proven with recalci-
trant zygotic embryos of  Amaryllis belladonna  
(Sershen et al.  2011 ). This is probably due to the 
fact that embryos are complex structures with a 
heterogeneous cellular composition and require 
penetration of the cryoprotectants to the deepest 
tissues to ensure conservation of their structural 
integrity. Also a combination of these two groups 
is applied in the so-called modern techniques. 
These are known as PVS (plant vitrifi cation 
solutions). Effective cryopreservation requires 
the control of the procedure used for dehydration 

and cryoprotectant permeation and prevention of 
injury due to chemical toxicity or excessive 
osmotic stress during dehydration (Kaviani et al. 
 2012 ). Therefore, with every species and method 
used, it is crucial to establish an optimal concen-
tration and the exposition time of the cryoprotec-
tants applied since they determine the extent of 
cell dehydration and the amount of cryoprotec-
tants permeated into the cells. Delaying perme-
ation of cryoprotectants yet allowing them for 
adequate dehydration is critical. Therefore, the 
temperature in which plant germplasms imbibe 
into PVS is also important (Kaviani et al.  2012 ). 
Incubation on ice (0 °C) during pretreatment is 
usually benefi cial, especially if longer dehydra-
tion is required. Such a treatment produced high 
recovery, even in tropical plants (Kulus and 
Zalewska  2014a ). A direct exposure of germ-
plasm to PVS2 reduces viability. The stepwise 
increase in PVS concentration reduces this toxic 
effect, as observed with embryogenic callus of 
wild crocus,  Crocus hyemalis  and  C. moabiticus  
(Baghdadi et al.  2011 ).

Table 1.1 (continued)

 Plant species  Material  Technique/pretreatment/treatment 
 Recovery 
(%)  Reference 

  Galanthus 
nivalis  

 Somatic 
embryos 

 Encapsulation in 3 % Ca alginate  0  Pawłowska 
( 2008 )  Gradual dehydration with 0.3, 0.5, 0.75, and 1.0 M 

sucrose (2 days each concentration) 

 Desiccation in sterile airfl ow (5 h) 

  Gentiana 
cruciata  

 PEMs  Encapsulation in 3 % Ca alginate  82  Mikuła et al. 
( 2005 , 
 2011a ) 

 Gradual dehydration with 0.3, 0.5, 0.75 (48 h), and 
1.0 M (24 h) sucrose 

 Desiccation in sterile airfl ow for 5 h 

  Gentiana 
tibetica  

 PEMs  Preculture MS + 0.18 M sucrose  63  Mikula et al. 
( 2008 )  Encapsulation 3 % Ca alginate 

 Gradual dehydration with 0.3, 0.5, 0.75 (48 h), and 
1.0 M (24 h) sucrose 

 Desiccation in sterile airfl ow for 4 h 

  Melia 
azedarach  

 Embryonic 
axes 

 3 % Ca alginate + 0.75 M sucrose + 200 μM SA (1 h)  71  Kaviani 
( 2007 ,  2010 )  Desiccation in sterile airfl ow (1 h) 

  Paeonia 
lactifl ora  

 Zygotic 
embryos 

 Preculture with 0.3 mg·dm −3  GA 3  (1 day)  85  Kim et al. 
( 2004 )  Encapsulation in 3 % Ca alginate 

 Loading with 2.0 M glycerol + 0.5 M sucrose (1 h) 

 Desiccation in sterile airfl ow (5 h) 
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1.6         Slow-Cooling Techniques 

 The fi rst cryopreservation techniques developed 
(traditional or equilibrium freezing) in the 1940s 
were based on preliminary water removal by 
incubation in cryoprotectants followed by con-
trolled slow-freezing (<0.3 °C·min −1 ) of the 
material to a certain terminal temperature (usu-
ally −40 °C), stimulating freeze dehydration 
(cryo-desiccation, which removes most of the 
water), and later on rapid freezing (10 °C·min −1 ) 
or direct immersion in LN. The essence of this 
technique is based on the fact that the water crys-
tallization temperature depends on its purity. The 
higher the concentration of salt (dissolved phase), 
the lower the freezing point of the solvent. The 
cytoplasm is an aqueous solution of sugars, pro-
teins, organic acids, etc. Thus it is characterized 
by a lower freezing point than the cleaner inter-
cellular water. During slow cooling, at a tempera-
ture of approx. −9 °C, the intercellular water 
freezes fi rst lowering at the same time the osmotic 
potential of the cytosol. The cell wall protects the 
cell membrane from a destructive infl uence of the 
extracellular ice. During further cooling, the den-
sity of the cytoplasm is increasing since the water 
is removed from the cell by osmosis and partici-
pates in a further development of extracellular 
ice. The cell content is not freezing, protected by 
cryoprotectants (the so-called unfreezable water). 
Slow cooling is considered appropriate for plant 
cells with high water content (Zeliang et al. 
 2010 ). Experiments performed by Heine- 
Dobbernack et al. ( 2007 ) with more than 700 
undifferentiated cell lines from about 600 differ-
ent plant species proved that this technique is 
most successful with undifferentiated materials 
(including PEMs). With  Gentiana cruciata  
PEMs, however, the slow-cooling method turned 
out to be ineffective (Mikuła et al.  2005 ). Also 
with  G. tibetica  after controlled-rate cooling, the 
majority of embryogenic cells were lethally dam-
aged, with only 3 % viability observed (Mikuła 
and Rybczyński  2007 ). Moreover, callus is more 
prone to somaclonal variation. As for more dif-
ferentiated explants (zygotic and somatic 
embryos or their axes), only plants tolerant to low 
temperatures (e.g., members of the  Aster , 

 Campanula ,  Chrysanthemum ,  Delphinium , 
 Dianthus  genera) can be cryoconserved with this 
technique. 

 Despite some advantages, such as relatively 
high effi ciency, two-step freezing shows several 
substantial disadvantages. First of all, it cannot 
be used with differentiated embryos of cold- 
susceptible (tropical) species, which are popular 
ornamental plants. Second of all, it is expensive 
for it requires a special freezing apparatus, 
although alternatives, which can replace the pro-
grammable freezer, have been developed. A sim-
plifi ed two-step freezing procedure of whole 
hydrated embryos has been elaborated by 
Lecouteux et al. (1991; cited after Tessereau 
et al.  1994 ). In that approach embryos in a cryo-
protective solution are prefrozen in a domestic 
freezer before immersion in LN.  

1.7     Rapid Cooling Techniques 

 Nowadays, the vitrifi cation-based techniques 
(also known as one-step freezing) are much more 
popular. Those techniques involve most of the 
water being removed during osmotic/chemical 
dehydration. This approach, unlike the traditional 
one, is based on rapid cooling by direct transfer 
of the material from room temperature (option-
ally 0 °C) to liquid nitrogen. The sudden change 
in temperature together with a very high cellular 
viscosity causes a great slowdown of molecule 
motion and transformation of a liquid (remaining 
water and cryoprotectants) into an amorphous 
glass state (a few degrees below 0 °C when 
plunged into LN, the so-called glass transition 
temperature – Tg) without the development of 
crystalline which does not have time to form. 
Sugars are mainly involved in the formation of 
biological glass. Water in the glass state retains 
the physical properties of both liquid and solid. 
The concentration of cryoprotective solutions 
used in modern techniques is higher than in the 
traditional procedures. Vitrifi cation techniques 
are more preferable than two-step freezing since 
they allow for the storage of more differentiated 
materials of both cold- and desiccation- 
susceptible/tolerant plants, guarantee higher 
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freezing rates, and are less expensive than the tra-
ditional ones. For example, the highest  post -thaw 
viabilities (roots and shoots produced) across 
amaryllid species were recorded for embryonic 
axes subjected to rapid rather than slow cooling 
(Sershen et al.  2007 ). Vitrifi cation-based meth-
ods were also more effi cient with  Gentiana tibet-
ica  suspension culture (Mikuła  2006 ). There are 
several modern techniques. 

 Sometimes simple drying of the material 
under a stream of sterile air or over silica gel in an 
exsiccator for 1–5 h (possibly preceded by 
osmotic dehydration), before rapid immersion in 
LN, is the only requirement for developing a suit-
able cryopreservation protocol. The temperature 
of ice crystallization decreases progressively in 
line with the desiccation period of embryos 
(Dumet et al.  1993 ). This technique is mostly 
used with seeds but can also be applied for 
embryos as proven with  Paeonia lactifl ora  
somatic embryos (regrowth over 66 % after 1-h 
desiccation, Kim et al.  2006 ). Very often (espe-
cially with tropical species) the moisture contents 
of isolated embryos or their axes are higher than 
of seeds (Hor et al.  1993 ). Therefore, different 
desiccation periods may be required for these 
structures. Freezing of somatic embryos in liquid 
nitrogen is often optimal for the water content of 
0.7 g H 2 O·g −1  dry weight (dw). One should keep 
in mind though that somatic embryos survive 
dehydration upon slow drying. Fast drying, on 
the other hand, leads to poor survival of the 
embryos due to greater denaturation, no clearly 
defi ned glassy matrix, and much weaker strength 
of its hydrogen bonding (Wolkers et al.  1999 ). 
Slow drying leads to a partial conversion of 
sucrose into oligosaccharides and the expression 
of dehydrin transcripts. Slow-dried somatic 
embryos have stable membranes, retain their 
native protein secondary structure, and have a 
densely packed cytoplasmic glassy matrix. On 
the other hand, rapidly dried embryos experience 
some loss of phospholipids and an increase in 
free fatty acids (Hoekstra et al.  2001 ). The desic-
cation technique was effective for the storage of 
lily (a total duration of two hours) and 
 Encholirium pedicellatum  seeds (drying over sil-
ica gel for 4–6 weeks) (Tarre et al.  2007 ; Kaviani 

et al.  2009 ). With many species, it was even 
observed that desiccation had a positive effect on 
the conversion of somatic embryos to plantlets 
(Srinivas et al.  2006 ). However, cryopreservation 
of  Camellia sinensis  and  Melia azedarach  by 
applying a 1-h dehydration with liquid MS 
medium + 0.75 M sucrose, followed by 1-h air 
desiccation, was unsuccessful (Kaviani  2010 ). 
Hazubska-Przybył et al. ( 2010 ) made an attempt 
of improving the effi ciency of this method by 
increasing the pace of freezing an embryogenic 
tissue of  Picea omorika , by combining the 7-day 
preculture (in sucrose gradient) with a 2-h air 
desiccation and placing the material in vials fi lled 
with LN. This, however, resulted in higher losses 
due to contamination, as compared with the 
explants frozen in cryotubes without 
LN. Following desiccation in a laminar fl ow cab-
inet to the WC of 20–24 % (fresh weight basis), 
90–100 % of zygotic embryo axes of several 
woody species survived cryostorage and over 60 
% subsequently developed into whole plants 
(Chmielarz et al.  2011 ). Excised embryos desic-
cated in the laminar fl ow cabinet lost their mois-
ture very rapidly from 40 to 10 % within 1.5 h. 
This may be a strong stress for some plants. As 
for more vulnerable species, to protect the 
explants from too rapid drying, seeds and 
embryos can be desiccated for a week in an air- 
conditioned room, which allows to reduce their 
moisture from 50 to 10–15 % (Hor et al.  1993 ). 
The most important advantage of the desiccation 
method is its short duration. However, due to its 
simplicity, the use of desiccation technique is 
strongly limited to orthodox seeds and the 
embryos of few desiccation-tolerant species. A 
typical vitrifi cation-based protocol is a much 
more complex process involving several steps. 

 The fi rst step of a typical vitrifi cation proce-
dure (after optional preculture) is loading the 
explants with a diluted/milder mixture of colliga-
tive cryoprotectants (usually 0.4 M 
sucrose + 2.0 M glycerol for 20 min at room tem-
perature), in order to dehydrate and increase the 
material resistance to more concentrated and 
toxic compounds. Next, the material can be dehy-
drated with more effi cient cryoprotectants, PVS 
at room temperature or at 0 °C – on ice. The most 
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popular plant vitrifi cation solution, PVS2, con-
sists of 30 % (w/v) glycerol, 15 % (w/v) ethylene 
glycol (EG), 15 % (w/v), DMSO, and 0.4 M 
sucrose, although others, e.g., PVS3, 50 % glyc-
erol (w/v) + 1.46 M sucrose, or PVS4, 35 % glyc-
erol (w/v) + 20 % (w/v) EG + 0.6 M sucrose, with 
no toxic DMSO, are also known (Kulus and 
Zalewska  2014a ). The PVS treatment time varies 
from 5 to 15 min or longer, depending on the spe-
cies. Vitrifi cation solution, by which cells are 
osmotically dehydrated at a nonfreezing temper-
ature, provides a transition of intracellular water 
to an amorphous glass state without ice crystalli-
zation. Profi ling of crystallization and recrystal-
lization events using differential scanning 
calorimetry (DSC) confi rmed that freezing injury 
is minimized in embryogenic callus samples after 
loading and cryoprotection with PVS (Shin et al. 
 2012 ). This technique secured 76 % embryogenic 
cell aggregates of  Camelia sinensis  (YaJun et al. 
 2009 ). Vitrifi cation guaranteed the highest sur-
vival rate (over 80 %) of  Gentiana cruciata  and 
 G. tibetica  PEMs (Mikuła et al.  2005 ; Mikuła 
 2006 ), although the survival was nil with 
 Camellia japonica  somatic embryos (Janeiro 
et al.  1996 ), while for embryonic axes of  Lilium 
ledebourii , it reached only 10 % (Kaviani et al. 
 2008 ). The main diffi culty of vitrifi cation is the 
high cytotoxicity of the concentrated cryoprotec-
tant solutions employed. This problem may be 
overcome by utilizing alternative vitrifi cation 
solutions, derived from original PVS2, PVS3, 
and PVS4, with modifi ed cryoprotectant concen-
trations or by applying a PVS gradient. 

 The typical vitrifi cation approach is provided 
with several modifi cations, e.g., the so-called 
droplet-vitrifi cation technique. In this procedure, 
explants (incubated previously in LS and PVS) 
are placed in a drop of PVS on aluminum foil 
strips prior to direct immersion in LN. The tech-
nique is based on high thermal conductivity of 
aluminum, which increases the freezing and 
thawing pace. These two parameters are crucial 
for effective cryopreservation since the fastest the 
freezing/thawing pace, the lower the risk of ice 
crystallization. The droplet-vitrifi cation tech-
nique is more complex, as compared with the vit-
rifi cation procedure; however, it allows to 

minimize the necessity of manipulating the 
explants and usually produces higher post- 
cryopreservation regrowth of embryogenic tissue 
(Shin et al.  2012 ). Still this approach is least pop-
ular with somatic embryos and PEMs of orna-
mental plant species. 

 Another possibility is closing the explants in a 
protective alginate-based bead. Alginate is a 
copolymer refi ned from Atlantic seaweeds 
( Laminaria hyperborea ,  Ascophyllum nodosum , 
and  Macrocystis pyrifera ) thrown on the shore. It 
is an unbranched polysaccharide built of 
(1–4)-linked β-D-mannuronate and its C-5 epi-
mer α-L-guluronate residues, distributed widely 
in the cell walls of brown algae, where through 
binding with water it forms a viscous gum 
(Beneke et al.  2009 ). Its parameters depend on its 
viscosity and the ratio of D-mannuronic to 
L-guluronic acid (Kakita and Kamishima  2009 ), 
the compound gels in the presence of calcium 
cations. Alginate is nontoxic (it is used as a food 
additive) and cheaper in comparison to cryopro-
tectants. Therefore, it can be used to protect 
explants effi ciently. In addition the provision of 
an artifi cial endosperm to the encapsulated 
somatic embryo has been shown to increase vigor 
(Srinivas et al.  2006 ). Also the addition of sali-
cylic acid (200 μm) in complement with sucrose 
may play a role in the process of resistance to 
desiccation as well as stimulate the growth of 
cryopreserved embryonic axes/embryos as 
observed with  Melia azedarach  (Kaviani  2007 ). 
Encapsulation dehydration is a vitrifi cation- 
based procedure and comprises the gradual 
osmotic (0.3–1.0 M sucrose) and evaporative/
physical dehydration (3–9 h) under sterile condi-
tions (silica gel or laminar fl ow chamber) of 
encapsulated (in 3 % sodium alginate) plant cells 
prior to LN exposure. Dehydration must be long 
enough to ensure suffi cient cell dehydration, 
without cytotoxic effects. Studies show that algi-
nate beads dried to 20 % moisture vitrify on 
exposure to LN and form stable glasses that do 
not form ice crystals on rewarming (Kaviani et al. 
 2012 ). Embryos in closer contact with the under-
lying silica gel lose more water and faster than 
those dried in a laminar air fl ow chamber, which 
are further away from the drying agent (Fang and 
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Wetten  2011 ). This approach accompanied by 
high desiccation tolerance achieved in somatic 
embryos may facilitate the commercial produc-
tion of synthetic seeds available directly after 
cryostorage, which can be sown under in vitro or 
ex vitro conditions, provided the bead is supple-
mented with MS salts (Murashige and Skoog 
 1962 ) and fungicides (Kulus and Zalewska 
 2014b ). However, since intensive desiccation can 
be harmful for some explants, other less-typical 
procedures are developed, however, with a vari-
ous degree of success. The desiccation of plu-
mules (i.e., shoot apical meristems of embryos) 
of  Quercus robur  over silica gel resulted in sig-
nifi cantly higher survival after cryopreservation 
(58 %) in comparison with desiccation in nitro-
gen gas (29 %), with regrowth (shoots with 
leaves) 5–18 % (Chmielarz et al.  2011 ). The 
encapsulation–dehydration technique is the most 
popular among ornamental plants and has been 
utilized for the cryopreservation of somatic 
embryos of a range of tropical species (Fang 
et al.  2004 ). The use of somatic embryos is espe-
cially benefi cial since, as observed by Kulus and 
Zalewska ( 2014b ), encapsulation greatly inhibits 
the formation of roots when shoot tips are 
applied. Embryos are bipolar structures with a 
well-formed root pole, and so this phenomenon 
should not be observed. Encapsulation and desic-
cation often induce a better survival of embryos 
than vitrifi cation (Fernandez et al.  2008 ). As for 
 Iris nigricans , this technique secured 69 % of 
somatic embryos and a 54 % conversion rate was 
obtained (Shibli  2000 ). Also with zygotic 
embryos of  Paeonia lactifl ora , the technique 
ensured 85 % survival (Kim et al.  2004 ). The 
encapsulation procedure gave faster recovery of 
the  Gentiana tibetica  culture suspension (4 
weeks) than did vitrifi cation or slow cooling (4 
months) and ensured culture homogeneity and 
embryogenic competence (Mikuła  2006 ; Mikuła 
and Rybczyński  2007 ). This was also observed 
by Mikuła et al. ( 2005 ) with  Gentiana cruciata  
PEMs, which is an important advantage of the 
technology. 

 An interesting alteration, considering the 
usage of electrostatic droplet generator (electro-
static extrusion directly from a plastic syringe or 

a needle of various diameter), allowing for the 
automation of the procedure, was introduced by 
Al-Hajry et al. ( 1999 ) for  Saintpaulia ionantha  
callus. Applying this approach, the positive elec-
trode wire is connected to the needle, and the 
ground wire is attached to the 0.1 M CaCl 2  col-
lecting solution. As the alginate solution is forced 
out of the end of the needle by the syringe pump 
or the air pressure from the air tank, the droplets 
are pulled off by the action of electrostatic forces 
(Al-Hajry et al.  1999 ; Demirci and Montesano 
 2007 ). 

 There is also a possibility of combing the pro-
cedures. In the encapsulation–vitrifi cation 
method, the most popular combined technique, 
encapsulated explants are incubated in LS and/or 
PVS and then immersed in LN. This technique 
combines the advantages of a fast vitrifi cation 
procedure, both chemical and physical protec-
tion, and the facility of manipulating small 
explants, hence, its growing popularity with 
usable plant species. However, as for embryonic 
axes of  Lilium ledebourii , this approach was 
unsuccessful, while with seeds a 10 % survival 
was observed (Kaviani et al.  2010 ).  

1.8     Thawing and Regeneration 

 The thawing procedure is as important as the 
freezing stage. In the literature, little attention 
has been paid to this step. In the publications 
from the 1980s and 1990s, slow thawing at room 
temperature was relatively often used. Such pro-
cedure was mostly correlated with the slow- 
cooling technique. Nowadays it is known that 
thawing should proceed rapidly at a high tem-
perature as proven with  Freesia refracta  vitrifi ed 
callus (Wen et al.  1999 ). That way the recrystal-
lization of ice and devitrifi cation are prevented. 
Usually, regardless of the method used, cryovials 
or straws are placed for 2–3 min in a water bath 
at 35–42 °C (usually 38 °C, although this also 
should be optimized). Only the encapsulation–
dehydration technique offers a possibility of 
thawing the beads at room temperature (Sharma 
 2005 ). After thawing, cryoprotectants should be 
removed (unloaded) properly to minimize the 
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toxic effect of DMSO by washing in liquid MS 
medium (possibly with 1.2 M sucrose for 20 
min). It is also important to remember that the 
bigger the amount of biological material in the 
cryovial, the slower the thawing pace, which is 
not recommended (Mazur and Seki  2011 ). A 
higher level of survival, additional 15 %, was 
achieved when the smaller than 500 μm of 
 Gentiana cruciata  embryogenic cell aggregates 
were taken (Mikuła and Rybczyński  2007 ). 
Therefore, it is recommended to insert a smaller 
number of embryos (10–15) in the vial. 

 After thawing and washing off the cryoprotec-
tants and/or possible bead removal, samples are 
inoculated on recovery media. Long-term storage 
of plant germplasm requires an effi cient and reli-
able plant regeneration system following cryo-
preservation. Regeneration medium has to be 
supplemented with plant growth regulators 
(PGRs; usually auxins and cytokinins and/or gib-
berellins) necessary to stimulate germination (in 
the case of seeds), to produce embryos (as for 
cryopreserved PEMs), or to stimulate the conver-
sion of frozen embryos to plantlets. However, 
even though cytokinins are recorded as essential 
components of in vitro media for shoot tips after 
cryopreservation by a number of authors (Kulus 
et al.  2013 ; Zalewska and Kulus  2013 ,  2014 ), 
there is little information about the concentration 
optimization of those, or other, PGRs for embry-
onic tissues retrieved from LN (Perán et al.  2006 ). 
The level of sucrose may be important since con-
trolled rehydration is also required. The presence 
of sucrose may serve as a signal for the synthesis 
of storage proteins, resulting in improved quality 
and germinability of the somatic embryos, in 
addition to serving as a source of carbon, energy, 
and osmoticum (Singh and Chand  2010 ). On the 
other hand, with some species, mature somatic 
embryos may require a progressive decrease of 
sucrose content in the (liquid) medium for further 
development into a plantlet (Tessereau et al. 
 1994 ). As shown by Berjak et al. ( 1999 ), retriev-
ing embryo axes from cryostorage in a solution 
containing Ca 2+  and Mg 2+  resulted in a fast rehy-
dration, and a 70 % initiated organized shoot 
development on the 6th day after thawing. The 
composition of these media should be developed 

prior to storing the biological material in LN. It is 
also necessary that these protocols of embryo 
regeneration and conversion are highly effi cient. 

 As for embryogenic cell suspension, it is nec-
essary to transfer them after thawing to an agar- 
solidifi ed medium for at least 3 weeks. A 
premature transfer of tissue from agar to liquid 
medium resulted in the total loss of viability in 
 Gentiana tibetica , especially of smaller aggre-
gates unless they were encapsulated (Mikuła 
 2006 ). This was confi rmed by Mikuła and 
Rybczyński ( 2007 ) who studied the regrowth of 
cryopreserved  Gentiana  spp. cell aggregates by 
culturing on agar, liquid, and agar/liquid culture. 
The combined type of culture signifi cantly 
affected the biomass increase and stimulated the 
recovery of suspension culture. Cryopreservation 
did not infl uence the dynamics of regrowth and 
morphological appearance of  Gentiana  PEMs 
during the fi rst 3 weeks of culture. On average 
4–5 somatic embryos per capsule were regener-
ated after 3 weeks of culture. Many of them 
reached maturity, converted, and developed into 
normal green plantlets (Mikula et al.  2008 ). 

 When developing a new cryopreservation pro-
tocol, it is necessary to consider several criteria: 
the survival and regeneration rates, the duration 
of the protocol, its economy, and the diffi culties 
encountered with the manipulation. It is assumed 
that a cryopreservation protocol is successful if 
the survival (and regeneration) rate reaches at 
least 50 %. However, this is not always possible 
with dehydration-susceptible species. Therefore, 
if the thawed material can be rapidly, clonally 
multiplicated, then a lower survival rate is 
acceptable. 

 A lack of germination after cryostorage is a 
common problem. The low survival and/or con-
version of the somatic embryos following cryo-
preservation may be attributed to the desiccation 
process, sublethal injuries, and stress associated 
with LN exposure (Quainoo  2009 ). Each step of 
the cryopreservation procedure (except encapsu-
lation) may contribute to the loss of embryo 
integrity. The damage occurring at the outer por-
tion of the embryo initiates due to excessive 
dehydration, whereas those at the inner portion 
are results of ice crystal damage in insuffi ciently 
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dehydrated cells (Fang and Wetten  2011 ). A lack 
of germination after cryoexposure of zygotic 
embryos is often due to the damage to the cotyle-
dons, depriving the embryonic axes of the nutri-
ents necessary to develop into plants and resulting 
in axis death. As for somatic embryos, the apical 
meristem of the embryonic axes is poorly devel-
oped, it lacks any protective covering layer, and 
during the partial drying treatment, it may dry to 
a lower water concentration than other parts of 
the axis and, consequently, suffer more desicca-
tion damage allowing only root growth (Perán 
et al.  2006 ).  Post -thaw regrowth of injured 
embryos is possible through the proliferation of 
surviving cells; however, such embryos often fail 
to convert into plantlets (Fang and Wetten  2011 ). 
Cryostorage may also induce explant dormancy 
(Normah et al.  1994 ). As for  Iris nigricans , only 
10 % of the cryopreserved embryos showed sec-
ondary embryogenesis (Shibli  2000 ). The 
regrowth of the cryopreserved suspension cul-
tures is infl uenced by the culture period before 
cryopreservation (Lardet et al.  2007 ). With cell 
suspension, some of the unsuccessful cultures 
may have become non-embryonic over the longer 
time they were maintained prior to cryopreserva-
tion (Ma et al.  2012 ). Still, Mikuła ( 2006 ) suc-
cessfully cryopreserved 10-year-old PEMs of 
 Gentiana tibetica . 

 It is sometimes observed that cryopreservation 
may slow the growth rate of the frozen embryos 
(especially the mature ones) due to the denatur-
ation of chromosomal proteins and a change in 
the number of “housekeeping” genes. This phe-
nomenon, however, is usually no longer observed 
after acclimatization and longer cultivation in the 
fi eld (Tessereau et al.  1994 ; Sisunandar et al. 
 2010 ). Reversible changes after freezing were 
also observed in the embryogenic tissue of 
 Gentiana tibetica  pretreated with vitrifi cation 
solution: dilation of cell membranes, mitochon-
dria with electron-lucent vessels, aggregation of 
numerous vesicles, and degradation of starch in 
amyloplasts, and anomalies were no longer visi-
ble after 48 h of  post -thawing culture (Mikuła 
and Rybczyński  2007 ). Zeliang et al. ( 2010 ) have 
reported that initial phenotypic changes observed 
after the recovery from cryopreservation were 

not detected after longer growth ex vitro or 
 culturing, although there are reports of atypical 
morphology, e.g., fasciated cotyledons, stunted 
hypocotyls, blackened radicles, etc. 

 On the other hand, sometimes conversion of 
frozen embryos is better than that of the untreated 
ones (Tessereau et al.  1994 ). This can be due to 
the fact that freezing selects the embryos with a 
better capability for normal development. There 
are also some reports referring to embryogenic 
potential growth of encapsulated PEMs of 
 Cyclamen persicum  (Winkelmann et al.  2004 ), 
 Gentiana cruciata , and  G. kurroo  Royle (Mikuła 
et al.  2011a ,  b ) and a greater pyrethrum produc-
tion capacity in  Chrysanthemum cinerariaefo-
lium  cell lines (Hitmi et al.  1997 ), after 
cryostorage. This can be explained by the fact 
that cryopreservation represents a strong selec-
tion pressure which can eventually change the 
embryogenic capacity of the culture by 
 eliminating nonembryogenic cells from the cul-
tures (Vágner et al.  2007 ). Another possible 
explanation might be higher synchronization of 
embryo development after cryopreservation 
(Popova et al.  2010 ). The regeneration potential 
and metabolic activity of the explants can be con-
trolled in the future, by manipulating the protocol 
parameters, since Mikuła et al. ( 2011b ) observed 
that osmotic dehydration alone increased the 
somatic embryogenesis effi ciency of  Gentiana 
kurroo  about 9–20 times (depending on the mate-
rial source, even though cryotreatment did not 
change the genome size or DNA sequence). 
Further steps of cryprocedure, air desiccation, 
and LN submersion did not affect it 
signifi cantly. 

 Genetic stability of the regenerated material is 
another issue. There are fi ve types of factors that 
cause abnormal development of plants. These 
include unusual climatic conditions, hereditary 
load, parasites, and chemical and physical agents. 
Accessions should be kept genetically unchanged 
for a long time until the clones are evaluated in 
fi eld test. The arrest of metabolic functions at 
ultralow temperature theoretically decreases the 
possibility of genetic changes of the material 
stored (Vágner et al.  2007 ). In practice, however, 
the effect of cryo-injury is often unknown 
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(Zeliang et al.  2010 ). Every step of a cryopreser-
vation procedure including preculture, cryopro-
tection (pretreatment), freezing, thawing, and 
recovery may be a source of somaclonal varia-
tion. The true-to-type status of the plant material 
regenerated after cryopreservation can be 
assessed in morphological, biochemical, ultra-
structural/cytological, and chromosomal and 
molecular levels (Popova et al.  2010 ). Among 
these, PCR-based markers (e.g., RAPD, ISSR, 
AFLP fi ngerprinting) have been routinely used 
for monitoring genetic stability of germplasm 
after cryopreservation. There is increasing docu-
mentation on the stability analysis of the plants 
recovered from cryopreserved embryogenic tis-
sues (Dixit et al.  2003 ). Usually the time of stor-
age in liquid nitrogen does not infl uence the 
stability of the properly protected explants. 
 Gentiana cruciata  PEMs maintained constant 
viability and regeneration potential during the 
2-year storage (Mikuła et al.  2011a ). Flow cytom-
etry analyses showed that the cryopreservation 
did not induce alteration in nuclear DNA content 
of  Gentiana  spp. proembryogenic cells and plant-
lets regenerated from them (Mikuła and 
Rybczyński  2007 ). Ultrastructural irregularities 
were minimal in rapidly cooled glycerol cryopro-
tected embryos of  Amaryllis belladonna  (Sershen 
et al.  2011 ). However, sometimes some perturba-
tions occur. DMSO, the most popular cryoprotec-
tant, has been described in the literature as a 
potential mutagenic compound (Marum et al. 
 2007 ). The mutagenic nature of DMSO is due to 
its effect on the metabolic activity of the cells, 
causing the change in permeability and fl uidity of 
the cell membrane, enzyme activity, and oxygen 
consumption. Furthermore, it interacts directly 
with the nucleic acid by interfering with the metal 
cations which are components of eukaryotic 
chromatin, leading to a dispersion of chromo-
some structure and reduction of thermal stability 
(Aronen et al.  1999 ). The data presented by 
Zeliang et al. ( 2010 ) suggest that cryopreserva-
tion can induce heritable genetic changes in the 
plant material. 

 Attention should also be paid to problem of 
epigenetic stability (mainly cytosine methylation 
level) and its heredity as it is the most common 

alternation observed after cryopreservation, 
 however, not always. Such changes may infl u-
ence the phenotype and growth of the frozen 
plants. The variation is theoretically nonher-
itable; nevertheless, heritable changes in DNA 
methylation have been increasingly referred to in 
recent years (Vázquez  2007 ).  

1.9     Conclusion 

 The past 30 years have witnessed a series of sys-
tematic biotechnological advances made in horti-
cultural production. These encompass 
optimization and establishment of in vitro culture 
techniques including somatic embryogenesis, 
synthetic seed production, and cryopreservation. 
These techniques are now considered to be the 
future of horticulture. At the same time many 
plant genotypes are threatened with loss. 
Developing conservation practices for species 
producing recalcitrant seeds is important for sci-
entifi c and practical reasons. Most plant species 
need to be stored at three levels: ecosystem level 
(in situ), genotype level (ex situ), and gene level 
(molecular/DNA libraries) (Kaviani  2011 ). The 
great potential of somatic embryogenesis and 
cryopreservation offers an attractive possibility 
of creating large-scale gene banks of important 
ornamental plant species. The methods prolong 
storage life and minimize storage space require-
ments. Cryopreservation of organized structures 
(i.e., somatic and zygotic embryos) has pro-
gressed signifi cantly. In the last decade, desicca-
tion-, vitrifi cation-, and encapsulation-based 
techniques have proved effective for cryopreserv-
ing a broad range of embryogenic materials of 
plant species of both temperate and tropical ori-
gin. However, a general protocol for cryopreser-
vation of embryogenic cultures has not yet been 
developed since the steps involved in the process 
require standardization for individual species or 
even cell lines. Still all cryopreservation tech-
niques have a dehydration step in common. Water 
removal is necessary to reduce or avoid lethal 
intracellular ice formation during the freeze–
thaw cycle. Major problems associated with 
somatic embryo cryopreservation include the 
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following: (1) the establishment and maintenance 
of embryogenic cell suspensions in some species 
(especially woody) are diffi cult, or possible only 
from juvenile material with unknown genetic 
properties; (2) the different cell lines show differ-
ent cryotolerance; (3) the regeneration of plants 
from non-cryopreserved somatic embryos of 
some species is generally low or asynchronous; 
(4) the lack of starch and protein reserves as well 
as dormancy and lower stress tolerance, as com-
pared with zygotic embryos (Fang et al.  2004 ); 
and (5) the problems with conversion since the 
shoot apical meristem of somatic embryo is 
poorly developed (Bandyopadhyay and Hamill 
 2000 ). Progress in the large-scale production of 
somatic embryos relies on improvement at 
diverse phases of the process, resulting also in 
their stress tolerance (Tessereau et al.  1994 ). 
More study is needed to increase viability of 
embryogenic tissue of ornamentals, before and 
after exposure to LN. Cell integrity is currently 
being assessed at different stages of cryopreser-
vation as a basis for improvement in the conver-
sion process (Fang et al.  2004 ). A better 
understanding of cryoprotectant actions, embryo 
development, and recovery pathway may further 
contribute to the development of the cryopreser-
vation of numerous ornamental plant species 
with both orthodox and recalcitrant seeds. Also 
more attention should be paid to the possibility of 
utilizing the droplet-vitrifi cation and encapsula-
tion–vitrifi cation techniques as they have not 
been yet applied with embryonic structures of 
ornamental plants even though they are very suc-
cessful with other plant groups. Still, cryopreser-
vation is a reliable procedure for conserving the 
viability, recovery, and embryogenic competency 
of embryogenic tissue, and it can be routinely 
applied for long-term storage of ornamental 
plants.     
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    Abstract  

  Somatic embryogenesis in Japanese black pine ( Pinus thunbergii  Parl.) 
was initiated from megagametophytes containing immature zygotic 
embryos. Embryogenic cultures were maintained and proliferated in a 
medium supplemented with 3 μ M  2,4-dichlorophenoxyacetic acid, 1 μ M  
6-benzylaminopurine, 30 g l −1  sucrose, and 1.5 g l −1   l -glutamine. The 
somatic embryo maturation experiments were performed in darkness at 25 
°C. Embryogenic tissues were cultured on maturation media containing 50 
g l −1  maltose, 2 g l −1  activated charcoal, 100 μ M  abscisic acid, and 100 g l −1  
polyethylene glycol. Desiccation of somatic embryos at high relative 
humidity resulted not only in a marked increment in germination fre-
quency but also subsequently improved plant conversion rate. In addition, 
this treatment resulted in a considerable improvement of synchronization 
of the germination period, compared to those of untreated control. Somatic 
plants were acclimatized and their growth has been monitored in the fi eld.  

  Keywords  

  Conifers   •   Embryogenic cultures   •   Plant regeneration   •   Post-maturation 
treatments   •   Somatic embryos   •   Somatic plants  

2.1         Introduction 

 Japanese black pine ( Pinus thunbergii  Parl.), 
locally named “kuromatsu,” is one of the most 
important native forest tree species in Japan. This 

pine native to Honshu, Kyushu, and Shikoku 
Islands is widely used for reforestation, as wind-
breaks against sand and salt in coastal areas, as 
ornamental tree in parks and house gardens, and 
as one of the classic “bonsai” subjects. However, 
nowadays, Japanese black pine populations have 
further declined as a result of pine wilt disease, 
caused by the pinewood nematode, 
 Bursaphelenchus xylophilus  (Steiner et Buhrer) 
Nickle (Kiyohara and Tokushige  1971 ), which is 
transmitted in Japan by two cerambycid beetles, 
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 Monochamus alternatus  Hope (Mamiya and 
Enda  1972 ) and  M. saltuarius  (Gebler) (Sato 
et al.  1987 ). The pine wilt disease is one of the 
most serious epidemic tree diseases in Japan and 
has been a critical factor in the mass mortality not 
only in  P. thunbergii , but also in other Japanese 
pine forests such as  P. densifl ora  Sieb. et Zucc. 
(akamatsu),  P. luchuensis  Mayr (ryukyumatsu), 
and  P. armandii  Franch. var.  amamiana  (Koidz.) 
Hatusima (yakutanegoyou) (Mamiya  1983 ; Kishi 
 1995 ; Kanetani et al.  2001 ; Maruyama and Hosoi 
 2012 ). Therefore, the development of resistant 
clones to pine wilt disease is expected. 

 Genetic engineering offers a signifi cant tool 
for improving forest trees in a relatively short 
time, with the advantage over traditional breed-
ing that genes which are foreign to a population 
can be added to superior genotypes without the 
loss of any qualities of the parental lines. 
Although genetic transformation of conifers has 
been reported (Ellis et al.  1993 ; Shin et al.  1994 ; 
Charest et al.  1996 ; Klimaszewska et al.  1997 ; 
Walter et al.  1998 ), currently there are still many 
limitations in the genetic engineering of forest 
trees. One of the major limitations to forest tree 
transformation is the diffi culty of regenerating 
whole plants from target cells. Thus, the develop-
ment of an effi cient and stable plant regeneration 
system is essential for genetic engineering of this 
species. 

 Somatic embryogenesis is one of the most 
promising techniques for mass propagation of 
selected trees. It allows, the ex situ conservation 
of genetic resources by cryopreservation tech-
niques, and for the purposes of genetic transfor-
mation. However, for many species, the 
maturation of large numbers of somatic embryos 
and their plant conversion effi ciency has been 
one of the limiting factors for widespread com-
mercial use. 

 Since plant regeneration via somatic embryo-
genesis in  P. thunbergii  was fi rst reported by Ishii 
and Maruyama ( 1999 ), subsequent other studies 
(Ishii et al.  2001 ; Hosoi and Ishii  2001 ; Taniguchi 
 2001 ; Maruyama et al.  2005a ) were reported, but 
the achieved plant conversion frequencies of 
somatic embryos were limited by the low fre-
quencies of root emergence. Later, an improved 
somatic embryo germination protocol for 

Japanese pines based on the desiccation of 
somatic embryos after the maturation step was 
reported (Maruyama and Hosoi  2012 ). In that 
study, post-maturation treatment markedly 
increased germination frequencies and consider-
ably improved synchronization of the germina-
tion period. Similarly, in order to improve the 
somatic embryo germination protocols, post- 
maturation treatments based on the desiccation of 
somatic embryos have also been reported to suc-
cessfully improve germination frequencies in 
conifers (Hay and Charest  1999 ; Klimaszewska 
and Cyr  2002 ; Stasolla et al.  2001 ). 

 This chapter describes a plant regeneration 
system for propagation of Japanese black pine 
through somatic embryogenesis, focusing on the 
results reported by Maruyama et al. ( 2005a ) and 
Maruyama and Hosoi ( 2012 ).  

2.2     Embryogenic Culture 
Initiation 

 Collected immature cones were disinfected by 
3–5 min immersion in 99.5 % ethanol and then 
were dried in a laminar fl ow cabinet before dis-
section. Excised seeds were disinfected with 2–3 
% (w/v available chlorine) sodium hypochlorite 
solution for 15–30 min and then rinsed fi ve times 
with sterile distilled water. After the seed coats 
had been removed, the megagametophytes con-
taining immature zygotic embryos were used as 
explants for the initiation of embryogenic cul-
tures. Excised megagametophytes were cultured 
in 4 compartment plates (90 × 15 mm) (Kord- 
Valmark Labware, Ontario, Canada) containing 
somatic embryogenesis initiation medium. The 
initiation medium was EM medium (Maruyama 
et al.  2000 ), modifi ed as follows: basal salts, vita-
mins, and myoinositol were reduced to half the 
standard concentrations; the concentrations of 
KCl was reduced to 40 mg l −1 ; and 500 mg l −1  
casein hydrolysate, 1 g l −1   l -glutamine, 10 g l −1  
sucrose, 10 μ M  2,4-dichlorophenoxyacetic acid 
(2,4-D), and 5 μ M  6-benzylaminopurine (BA) 
were added. The medium was solidifi ed with 3 g 
l −1  gellan gum (Gelrite ® ; Wako Pure Chemical, 
Osaka, Japan). The pH of the medium was 
adjusted to 5.8 before sterilization, and the cul-
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tures were kept in darkness at 25 °C. Medium 
without plant growth regulators (PGR) but con-
taining 2 g l −1  activated charcoal (AC) was also 
tested for the induction of embryogenic cells. 
The presence of somatic embryos at distinct early 
stages characterized by an embryo part (smaller 
and denser cells) with a suspensor (long vacuo-
lated cells) was determined weekly under an 
inverted microscope up to 12 weeks. 

 As shown in Fig.  2.1 , the somatic embryogen-
esis initiation frequency from eight open- 
pollinated seed explants of Japanese black pine 
collected in July (Ibaraki Prefecture) varied from 
0 to 6.3 %. Although the initiation of somatic 
embryogenesis was possible in the absence of 
exogenous PGR, the number of families with 
embryogenic response was higher when the 
medium was supplemented with 2,4-D and BA 
(Fig.  2.1 ). The extrusion of embryogenic tissue 
from the micropylar end of explants occurred 
mostly after about 3–6 weeks of culture, and the 
proliferation of embryonal masses was evident 
after about 6–8 weeks of culture (Fig.  2.2a ). 
Achieved low initiation rate was consistent to the 
results reported for other pine species such as 
 Pinus banksiana  (0.37 %) (Park et al.  1999 ), 
 Pinus patula  (0.04 %) (Jones and van Staden 
 1999 ), and  Pinus rigida  ×  P. taeda  (0.44 %) (Kim 
and Moon  2007 ). In contrast, Taniguchi ( 2001 ) 
reported initiation frequencies up to 17.3 % in 
Japanese black pine using modifi ed DCR 
medium. Similarly, higher initiation rates were 

also reported for  P. taeda  (17.9 %) (Pullman et al. 
 2003 ),  P. strobus  (20–53 %) (Klimaszewska et al. 
 2001 ),  P. sylvestris  (up to 22 %), and  P. pinaster  
(up to 40 %) (Lelu et al.  1999 ).

    Low initiation frequency of somatic embryo-
genesis is one of the key problems to resolve for 
practical applications. Although the seed geno-
types and culture procedures may impact on the 
somatic embryogenesis initiation (Park et al. 
 2006 ; Miguel et al.  2004 ; Klimaszewska et al. 
 2001 ; Lelu et al.  1999 ; Garin et al.  1998 ), the 
appropriate developmental stage of zygotic 
embryos seemed the most critical factor 
(Maruyama et al.  2000 ,  2002 ; Klimaszewska 
et al.  2007 ). The optimal developmental stage for 
many pine species has been reported in terms of 
seed collection date or time after fertilization 
(Becwar et al.  1990 ; Jain et al.  1995 ; Lelu et al. 
 1999 ). However, due to the diffi culty in deter-
mining the precise time of fertilization in open- 
pollinated cones and the fact that the variation in 
the zygotic embryo development depends on 
weather and location, the explant collection crite-
ria for somatic embryogenesis initiation cannot 
be easily generalized. In addition, variation in the 
developmental stage of embryos may be observed 
among trees and even the same tree when indi-
vidual cones are compared. Observation of the 
developmental stage of individual embryos is 
thus likely to be the most appropriate method to 
determine the optimal time for embryo 
selection.  
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  Fig. 2.1    Embryogenic 
response of eight open- 
pollinated seed families from 
megagametophytes containing 
zygotic embryos of Japanese 
black pine cultured on somatic 
embryogenesis initiation 
medium supplemented with 
(+ PGR) or without (− PGR) 
plant growth regulators       
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2.3     Maintenance 
and Proliferation 
of Embryogenic Cultures 

 Initiated embryogenic cultures were transferred 
onto the fresh proliferation medium (initiation 
medium supplemented with 30 g l −1  sucrose, 3 
μ M  2,4-D, 1 μ M  BA, and 1.5 g l −1  glutamine, and 
without casein hydrolysate). Once embryogenic 
cultures increased in mass, they were maintained 
and proliferated by subculturing 12 pieces of 
embryogenic tissue per plate at 2–3-week inter-
vals (Fig.  2.2b ). Although initiation of somatic 
embryogenesis was also possible without any 
additional auxin and cytokinin supplements 
required (Fig.  2.1 ), the presence of exogenous 
PGR was found essential for the continuous 
maintenance and proliferation of embryogenic 
tissues. The proliferation medium supported the 
growth of the initiated embryogenic cell lines, 
retaining their original translucent and mucilagi-
nous appearance. In contrast, embryogenic tis-
sues maintained on a medium with no PGR 
displayed spontaneous embryo development and 
declined in proliferation over the time (data not 
shown). This tendency was consistent with the 
results reported for other Japanese conifers 
(Maruyama et al.  2000 ,  2002 ,  2005  b ,  c ,  2007 ; 
Hosoi and Maruyama  2012 ). 

 In general, solid medium was used for mainte-
nance and liquid medium for more rapid prolif-
eration of the cultures. The cells were transferred 
to conical fl asks containing liquid medium (pro-

liferation medium without gellan gum) and cul-
tured on a rotary shaker at approximately 70 rpm 
in darkness at 25 °C. The fresh weight of tissues 
in liquid proliferation medium increased 5–12- 
fold after about 2 weeks culture period (data not 
shown).  

2.4     Maturation of Somatic 
Embryos 

 About 500 mg FW of embryogenic tissues sus-
pended in about 2–3 ml of medium without plant 
growth regulators was plated over 90 × 15 mm 
diameter plates containing 30–40 ml of matura-
tion medium. Maturation medium containing 
basal salts and vitamins from the original EM 
medium, 50 g l −1  maltose, 100 g l −1  polyethylene 
glycol 4000 (PEG), 2 g l −1  AC, 100 μ M  abscisic 
acid (ABA), and EMM amino acids (Smith  1996 ) 
was used. Petri dishes were sealed with Novix-II 
fi lm (Iwaki Glass Co., Ltd., Chiba, Japan) and 
kept in darkness at 25 °C for 8–12 weeks. 

 About 2 weeks after transfer onto maturation 
medium, embryogenic cells developed gradually 
to form an individual and compact mass going to 
mature stage. Cotyledonary embryos were fi rst 
observed about 4 weeks after transfer of embryo-
genic cells and were clear at 6–8 weeks of culture 
(Fig.  2.3a, b ). The results in somatic embryo pro-
duction after 8 weeks of culture from eight cell 
lines are shown in Fig.  2.4 . Somatic embryos 
were produced in all cell lines tested, but the abil-

  Fig. 2.2    Somatic embryogenesis initiation ( a ) and proliferation of embryogenic tissues ( b ) in Japanese black pine. 
 Bars  1 cm       
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ity to produce mature embryos was notably dif-
ferent among the genotypes. The average number 
of somatic embryos per plate ranged from 35 to 
949. Variation in the potential for mature embryo 
production and subsequently for plant regenera-
tion is commonly reported among genotypes and 
families in conifers (Lelu et al.  1999 ; Igasaki 
et al.  2003 ; Maruyama et al.  2007 ).

2.5         Somatic Embryo 
Germination and Plantlet 
Conversion 

 Mature cotyledonary embryos were picked up 
from maturation medium and transferred to ger-
mination medium (1/2 EM medium without PGR 

and supplemented with 2 g l −1  AC). Cultures were 
kept at 25 °C under a photon fl ux density of about 
65 μmol m −2  s −1  provided by cool, white fl uores-
cent lamps (100 V, 40 W; Toshiba Company, 
Tokyo, Japan) for 16 h daily. The numbers of 
somatic embryos germinated (emergence of root) 
and converted into plantlets (emergence of both 
root and epicotyl) were recorded after 4 and 8 
weeks, respectively. 

 The start of radicle emergence was observed 
1–2 weeks after transfer, and after 4 weeks of 
culture, the germination frequencies varied 
from 10 to 60 % (Fig.  2.5 ). Subsequently, epi-
cotyls developed, and after 8 weeks of culture, 
the frequencies of plantlet conversion from 
somatic embryos ranged from 3 to 51 % 
(Fig.  2.5 ).

  Fig. 2.3    Somatic embryo maturation of Japanese black pine after 6 weeks of culture on maturation medium ( a ). 
Close-up of cotyledonary somatic embryo ( b ).  Bars  1 mm       
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2.6        Improvement 
of Germination and Plantlet 
Conversion by Post- 
maturation Treatments 
(PMT) of Somatic Embryos 

2.6.1     Effect of Desiccation on Water 
Content and the Germination 
Frequency of Somatic 
Embryos 

 To determine the effect of different periods of des-
iccation on the water content of somatic embryos 
and their subsequent germination rates, mature 
somatic embryos from one genotype of Japanese 
black pine were subjected to either fast or slow 
desiccation. For fast desiccation, embryos placed 
over 70 mm diameter fi lter paper disks (Advantec 
No. 2, Toyo Roshi Kaisha Ltd., Tokyo, Japan) into 
a 90 mm diameter opened plates containing 
30–40 ml of maturation medium supplemented 
with no PEG and solidifi ed with 30 g l −1  gellan 
gum were kept at 25 °C in a laminar fl ow cabinet 
for 0–4 h. For slow desiccation (desiccation at 
high relative humidity (HRH)), embryos placed 
over 30 mm diameter fi lter paper disks into 2 (cen-
tral) wells of a 6-well plates (Iwaki, AGC Techno 
Glass Co., Ltd., Chiba, Japan) in which the 
remaining 4 (side) wells were fi lled with 5–6 ml of 
sterile water were sealed tightly with Novix-II fi lm 
and placed in darkness at 25 °C for 0 (control) and 
3 weeks (Fig.  2.6 ). Under these conditions, the 
generated relative humidity registered with a 
thermo-hygrometer recorder (RS-10, ESPEC MIC 
Corporation, Aichi, Japan) was approximately 98 

%. The water content of somatic embryos was 
determined after various time periods of desicca-
tion in a laminar fl ow cabinet and under desicca-
tion at HRH conditions. After the desiccation, the 
fresh weight was determined before drying the 
embryos in an oven at 110 °C for 24 h and reweigh-
ing to measure the dry weight. The embryo water 
content was calculated on a wet weight basis.

   The fast desiccation of somatic embryos in a 
laminar fl ow cabinet resulted in a drastic decrease 
of germination frequency after 0.5 h and 100 % 
mortality after 2 h (Table  2.1 ). This result sug-
gests that rapid water loss caused by very fast 
drying was lethal to the somatic embryos of the 
Japanese black pine. In contrast, the slow desic-
cation of somatic embryos at HRH resulted in a 
mild loss of water content, which declined by 
only 10 % after 3 weeks of drying (Table  2.2 ). 
This treatment resulted in a considerable 
improvement of germination frequency and syn-
chronization of the germination period. The ger-
mination percentage was improved more than 
threefold (21–71 %), and the germination period 
was synchronized over a half period (28–14 days) 
compared with the control.

2.6.2         Effect of Different PMT 
on the Germination 
Frequency of Somatic 
Embryos 

 To determine the effect of different PMT on ger-
mination frequency, mature somatic embryos 
from three genotypes of Japanese black pine 
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highly recalcitrant to germination were exposed 
to following treatments: (a) Control: embryos 
without any PMT were placed directly onto the 
germination medium and kept at 25 °C under a 
photon fl ux density of about 65 μmol m −2  s −1  for 
16 h. (b) Slow desiccation at 25 °C: HRH desic-
cation at 25 °C (as described above). (c) Slow 
desiccation at 4 °C: HRH desiccation at 4 °C (as 
described above, but keeping the embryos in 
darkness at 4 °C for 3 weeks). (d) Desiccation on 
gelled medium: embryos placed over 70 mm 
diameter fi lter paper disks into a 90 mm diame-
ter Novix-II fi lm-sealed plates containing 
30–40 ml of maturation medium supplemented 
with no PEG and solidifi ed with 30 g l −1  gellan 
gum were desiccated in darkness at 25 °C for 12 
weeks. (e) Desiccation in an empty plate: 

embryos placed over 70 mm diameter fi lter 
paper disks into a 90 mm diameter Novix-II 
fi lm-sealed empty plates were desiccated in 
darkness at 25 °C for 3 weeks. (f) Cold-wet 
stratifi cation: embryos placed over 70 mm diam-
eter fi lter paper disks into a 90 mm diameter 
Novix-II fi lm-sealed plates containing 30–40 ml 
of germination medium were kept in darkness at 
4 °C for 12 weeks. As shown in Table  2.3 , when 
somatic embryos without any PMT (control) 
were placed directly on the germination medium, 
the root emergence of embryos occurred at a 
very low frequency (an average of 3 %). 
Subsequently, the embryos became hyperhydric 
with little or no epicotyls and hypocotyl elonga-
tion (Fig.  2.7a ). The best results were obtained 
with HRH desiccation at 25 °C, which saw 
markedly improved germination frequencies in 
the three genotypes tested (average of 85 %). 
Following the transfer of the treated embryos 
onto the germination medium, the start of radi-
cle emergence was followed by the epicotyl 
development (Fig.  2.7b ).

    HRH desiccation at 4 °C and desiccation on a 
gelled medium also improved the germination 
frequencies (average of 66 and 62 %, respec-
tively) but were less effective in promoting ger-
mination than HRH desiccation at 25 
°C. Desiccation in an empty plate and cold-wet 
stratifi cation resulted in no or poor germination 
(average of 1 %).  

  Fig. 2.6    Slow desiccation of 
Japanese black pine somatic embryos. 
 Bar  1 cm       

   Table 2.1    Water content and germination frequency of 
Japanese black pine somatic embryos after different time 
periods of desiccation in a laminar fl ow cabinet   

 Desiccation period 
(hours) 

 Water 
content (%) 

 Germination 
frequency (%) 

 0  74.6 ± 5.0  15 

 0.5  49.9 ± 4.4  2 

 1  42.9 ± 6.3  1 

 2  33.8 ± 4.8  0 

 4  22.5 ± 2.5  0 

  Water content values represent the mean ± SE,  n  = 3 repli-
cates of 25 somatic embryos. Germination frequencies 
were calculated after 6 weeks of culture from 100 somatic 
embryos for each desiccation period  
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   Table 2.3    Effect of different PMT on germination frequency of Japanese black pine somatic embryos   

 Somatic 
embryo line  Control 

 Slow desiccation at HRH 
condition  Desiccation on 

gelled medium 
 Desiccation in 
an empty plate 

 Cold-wet 
stratifi cation  25 °C  4 °C 

 T216-401  2 (4/200)  85 (170/201)  59 (78/132)  63 (72/115)  0 (0/100)  1 (1/100) 

 T205-401  0 (0/100)  70 (105/151)  61 (61/100)  55 (55/100)  0 (0/100)  0 (0/100) 

 T054-820  4 (10/235)  93 (293/315)  72 (152/211)  68 (68/100)  2 (2/100)  2 (2/100) 

  Values in parentheses represent germinated somatic embryos/total somatic embryos tested. Germination frequencies 
were calculated after 6 weeks of culture  

  Fig. 2.7    Somatic embryo germination in Japanese black pine with no PMT ( a ) and with HRH desiccation at 25 °C ( b ). 
 Bars  1 cm       

   Table 2.4    Effect of slow desiccation (HRH at 25 °C) on germination and conversion frequencies of somatic embryos 
in six different families of Japanese black pine   

 Family 

 Germination frequency (%)  Conversion frequency (%) 

 Control  Slow desiccation  Control  Slow desiccation 

 T0216  15 (113/730)  74 (726/985)  15 (106/730)  72 (707/985) 

 T0205  30 (250/840)  81 (655/812)  24 (205/840)  76 (619/812) 

 T0064  6 (12/200)  93 (296/320)  1 (2/200)  90 (288/320) 

 T0054  2 (16/847)  84 (1098/1303)  0 (4/847)  80 (1040/1303) 

 T0090  5 (5/100)  94 (188/200)  1 (1/100)  88 (176/200) 

 T9037  8 (8/100)  77 (289/374)  2 (2/100)  76 (285/374) 

  Values in parentheses represent germinated or converted somatic embryos/total somatic embryos tested. Germination 
and conversion frequencies were calculated after 6 and 12 weeks of culture, respectively  

   Table 2.2    Water content and germination frequency of Japanese black pine somatic embryos after slow desiccation at 
HRH condition   

 Desiccation period  Water content  Germination frequency (%) after 

 (days)  ( % )  7 days  14 days  21 days  28 days 

 0  72.0 ± 1.5  2  10  18  21 

 21  62.4 ± 2.7  66  71  71  71 

  Water content values represent the mean ± SE,  n  = 3 replicates of 25 somatic embryos. Germination frequencies were 
calculated after 6 weeks of culture from 530 to 784 somatic embryos for the desiccation period of 0 and 21 days at 25 
°C, respectively  
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2.6.3     Effect of Slow Desiccation 
on the Germination 
and Conversion Frequencies 
of Somatic Embryos 

 Based on the previous results, the most success-
ful PMT achieved (HRH desiccation at 25 °C) 
was further performed to evaluate their effect on 
germination and conversion frequencies in 
somatic embryos originated from 6 different fam-
ilies of Japanese black pine. As shown in Table 
 2.4 , desiccation of somatic embryos at HRH at 25 
°C resulted not only in a marked increment on 
germination frequencies but also in the subse-
quent improvement of plant conversion rates in 
all families tested. The total average in terms of 
the germination and conversion frequency of 
somatic embryos was improved by more than 
fi vefold (14.3–81.4 %) and more than sixfold 
(11.4–78.0 %), respectively, compared with the 
control.

2.7          In Vitro  Growth 
and Acclimatization 
of Somatic Plants 

 Regenerated plantlets were transferred into 300- 
ml fl asks containing 100 ml of fresh germination 
medium supplemented with 30 g l −1  sucrose, 5 g 
l −1  AC, and 10 g l −1  agar (Wako Pure Chemical 
Industries, Osaka, Japan) (Fig.  2.8a ) or into 
Magenta ®  vessels (Sigma, St. Louis, USA) con-
taining Florialite ®  (Nisshinbo Industries, Inc., 
Tokyo, Japan) irrigated with a 0.1 % (v/v) 

Hyponex ®  6-10-5 plant-food solution (Hyponex 
Japan Co., Ltd., Osaka, Japan) and kept under the 
same conditions as described above for 16–20 
weeks prior to ex vitro acclimatization (Fig. 
 2.8b ).

   The developed somatic plants were trans-
planted into plastic pots fi lled with Kanuma soil 
and acclimatized inside a growth chamber at 25 
°C and 80 % relative humidity. During the fi rst 2 
weeks, the plants were kept in plastic boxes with 
transparent covers (Assist No.2, Shinkigosei Co., 
Ltd., Tokyo, Japan) and were irrigated with tap 
water one time per week. The covers were gradu-
ally opened during the next 2 weeks and com-
pletely removed 1 month after transplantation. 
The pots were fertilized using a modifi ed nutrient 
solution (Nagao  1983 ), which included 143 mg 
l −1  NH 4 NO 3 , 55.1 mg l −1  NaH 2 PO 4 ・2H 2 O, 
47.1 mg l −1  KCl, 52.5 mg l −1  CaCl 2 ・2H 2 O, 61 mg 
l −1  MgSO 4 ・7H 2 O, 25 mg l −1  Fe(III) EDTA, 
0.1 mg l −1  Cu EDTA, 0.1 mg l −1  Mn EDTA, 
0.1 mg l −1  Zn EDTA, 1.5 mg l −1  H 3 BO 3 , 0.01 mg 
l −1  KI, 0.005 mg l −1  CoCl 2 ・6H 2 O, and 0.005 mg 
l −1  MoO 3 . The regenerated somatic plants were 
successfully acclimatized (Fig.  2.9a ) and are 
growing in the fi eld (Fig.  2.9b ).

2.8        Discussion and Concluding 
Remarks 

 Although the ability of Japanese black pine to 
produce mature embryos varied according to 
genotype, the somatic embryo production in 75 
% of genotypes tested (six of eight lines) was 

  Fig. 2.8     In vitro  growth of Japanese black pine emblings into fl asks containing medium ( a ) and into Magenta boxes 
containing Florialite ( b ).  Bars  1 cm       
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over 100 cotyledonary embryos per plate. A 
range from 35 to 949 embryos per plate were pro-
duced. The maturation frequency and the quality 
of embryos produced are the most important cri-
teria for the optimization of a somatic embryo-
genesis protocol. The quality of an embryo is 
related to its morphology and the ability to pro-
duce normal plants. A high plant conversion fre-
quency is essential for somatic embryogenesis 
protocols in commercial mass production, breed-
ing programs, and genetic engineering 
(Maruyama et al.  2005a ). 

 In order to improve plant conversion proto-
cols, the desiccation of somatic embryos after 
PEG-mediated maturation has been recom-
mended for conifer species. For most species, 
desiccation presumably acts to terminate devel-
opmental processes and to initiate those meta-
bolic processes necessary to prepare the seeds for 
germination and growth (Kermode and Bewley 
 1985 ). 

 For Japanese black pine, the comparison of 
PMT indicated that the slow desiccation of 
somatic embryos under HRH was the most effec-
tive in promoting germination (Maruyama and 
Hosoi  2012 ). Similarly, Roberts et al. ( 1990 ) 
indicated that slow drying at HRH promoted ger-
mination up to 90 % in somatic embryos of the 
interior spruce. Slow desiccation at 4 °C and des-
iccation on a gelled medium also considerably 
improved the germination and conversion rate 
when compared with the control, but were only 
mildly effective when compared with the best 

result. Both treatments improved the quality of 
germinants and decreased the time required for 
germination, but did not increase the total num-
ber of germinants (Maruyama and Hosoi  2012 ). 
These results suggest that although the quality of 
germinating somatic embryos was improved by 
desiccation treatments, the germination fre-
quency was affected by the rate of desiccation in 
each condition (data not shown). 

 Fast desiccation treatments resulted in 
increased damage and death of Japanese black 
pine somatic embryos. Desiccation in a laminar 
fl ow cabinet and into empty plates was found to 
be ineffective in stimulating germination 
(Maruyama and Hosoi  2012 ). For conifer somatic 
embryos, the desiccation tolerance generally 
decreased with increasing rapidity of desiccation 
(Bomal and Tremblay  1999 ). Roberts et al. 
( 1990 ) showed that humidities of 81 % and lower 
were lethal to the somatic embryos of interior 
spruce, whereas germination was enhanced fol-
lowing treatments at humidities greater than 95 
% relative to untreated controls. These observa-
tions indicate that desiccation at HRH causes 
physiological changes in somatic embryos which 
promote germination (Kong and Yeung  1992 ). 
This notwithstanding, the effect of desiccation on 
somatic embryos germination is not a simple pro-
cess, due to it being affected by complex factors 
such as the developmental stage of embryo matu-
ration, accumulation of storage reserves and 
endogenous hormones, and desiccation tolerance 
of somatic embryos (Roberts et al.  1990 ; 

  Fig. 2.9    Acclimatized somatic plants of Japanese black pine ( a ). Somatic plants growing in the fi eld ( b ).  Bars  1 cm ( a ), 
1 m ( b )       
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Beardmore and Charest  1995 ; Jones and van 
Staden  2001 ; Bonga et al.  2010 ; Kharenko et al. 
 2011 ; Lu et al.  2011 ; Abrahamsson et al.  2011 ). 

 In summary, based on our results, desiccation 
treatments of the cotyledonary somatic embryo 
of Japanese black pine after PEG-mediated matu-
ration were found to be effective in promoting 
germination. The benefi cial effect of desiccation 
treatment on germination frequency was depen-
dent not only on the decrease in the water content 
of somatic embryos but also on the desiccation 
rate. In the present study, the embryo drying rates 
for some treatments may have been more rapid 
than desirable or there is evidence that a shorter 
drying period may have been more benefi cial. 
The mechanism of desiccation tolerance in 
somatic embryos is complex and requires more 
research. However, despite the doubts to be clari-
fi ed, we can conclude that the germination fre-
quencies, the synchronization of root emergence, 
and subsequent plant conversion of somatic 
embryos of Japanese black pine were dramati-
cally improved by slow desiccation at HRH. 

 The improved regeneration system represents 
a promising tool for the effi cient propagation and 
for future genetic engineering approaches to 
develop resistant clones to the pine wilt disease.     
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    Abstract  

  Seeds containing immature zygotic embryos were used as explants for 
embryogenic culture initiation. Embryogenic culture was maintained and 
proliferated by 2–3-week-interval subcultures. Embryogenic tissue sus-
pended in 2–3 ml of medium was plated on 90-mm-diameter plates con-
taining maturation medium. Mature cotyledonary somatic embryos were 
collected from the maturation medium and transferred to the germination 
medium. After 2–4 weeks of culture, most of the somatic embryos germi-
nated and were converted into plantlets. Protoplasts were isolated from 
embryogenic tissue maintained for about 1 year. Proliferated embryogenic 
cells from cultured protoplasts were transferred to maturation medium, 
and after about 6 weeks of culturing, the cotyledonary somatic embryos 
were produced. Matured somatic embryos germinated and then converted 
into plantlets.  

  Keywords  

  Tissue culture   •   Protoplast culture   •   Suspension culture   •   Single cell   • 
  Suspensor cell   •   Embryogenic cell   •   Polyethylene glycol   •   Abscisic acid   • 
  Maltose  

3.1         Introduction 

 Sawara cypress ( Chamaecyparis pisifera  Sieb.  et  
Zucc.), a native tree species in Japan, is one of 
the six species in the genus  Chamaecyparis  

found worldwide. This species grows 30-m tall 
with 1-m diameter at breast height and is mainly 
used for making barrels, buckets, traditional 
bathtubs, furniture, coffi n, and as interior joinery 
material. In addition, it is prized as ornamental 
tree in parks and gardens and as one of the most 
popular house hedges. Moreover, this species is 
an important genetic resource for hybridization 
with a related hinoki cypress ( Chamaecyparis 
obtusa  Sieb.  et  Zucc.) which is one of the most 
important commercial timber trees in Japan, rep-
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resenting about 25 % of the plantation area in the 
country (Fukuhara  1989 ). 

 A stable and effi cient plant regeneration sys-
tem is important not only for the effective propa-
gation of selected trees but also for genetic 
transformation and somatic hybridization to 
develop disease-resistant hybrids. Somatic 
embryogenesis is the most attractive techniques 
for mass propagation and conservation of genetic 
resources by cryopreservation of the embryo-
genic tissues without changing its genetic makeup 
and the loss of juvenility (Park et al.  1998 ). 

 Since somatic embryogenesis and the plantlet 
regeneration of gymnosperm woody species were 
fi rst reported in Norway spruce (Hakman et al. 
 1985 ; Chalupa  1985 ; Hakman and von Arnold 
 1985 ), successful studies in other conifers have 
been reported (Tautorus et al.  1991 ; Jain et al. 
 1995 ; Stasolla and Yeung  2003 ). However, for 
many species, the maturation of large numbers of 
somatic embryos and their subsequent plant con-
version is sometimes diffi cult, and effective utili-
zation remains problematic. 

 In this chapter, we describe a stable and effi -
cient plant regeneration system in sawara cypress 
 via  somatic embryogenesis. The initiation of 
embryogenic cultures, their maintenance and pro-
liferation, maturation of somatic embryos, germi-
nation and plant conversion, ex vitro acclimatization 
and growth in the fi eld, and the protoplast culture 
are described in subsequent sections.  

3.2     Embryogenic Culture 
Initiation 

 Immature open-pollinated cones (Fig.  3.1a ) of 
sawara cypress were collected from mother trees 
in late June to early July. The collected cones 
were subsequently disinfected by 1-min immer-
sion in 99.5 % ethanol and dried in the laminar 
fl ow cabinet before dissection. The excised seeds 
(Fig.  3.1b ) were disinfected with 1 % (w/v avail-
able chlorine) sodium hypochlorite solution for 
15 min and then rinsed fi ve times with sterile dis-
tilled water. Seeds containing immature zygotic 
embryos were used as explants for embryogenic 
culture initiation.

   The explants were cultured in 24-well plates 
(one per well) containing 1/2 MS medium 
(Murashige and Skoog  1962 ). MS medium with 
basal salts reduced to half the standard concentra-
tion (but replacing all NH 4 NO 3  with 1000 mg l −1  
glutamine) was supplemented with 10 μM 
2,4-dichlorophenoxyacetic acid (2,4-D), 5 μM 
6-benzylaminopurine (BA), and 10 g l −1  sucrose. 
The pH of the medium was adjusted to 5.8 prior to 
autoclaving for 15 min at 121 °C. The cultures 
were kept in darkness at 25 °C. The presence or 
absence of the distinct early stages of embryos 
characterized by an embryonal head with a sus-
pensor system from the explants was observed 
under an inverted microscope weekly for up to 
3 months. 

  Fig. 3.1    Collected open-pollinated cones ( a ) and excised seeds ( b ) of sawara cypress.  Bars  5 mm       
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 Embryogenic tissues (ET) extruding from the 
micropylar ends of explants appeared mostly after 
2–4 weeks of culture (Fig.  3.2a ), and the prolifer-
ation of ET was clearly confi rmed after 4–6 of 
culture (Fig.  3.2b ). About 7 weeks after culturing, 
the somatic embryogenesis initiation frequency 
varied from 12.5 to 33.3 % (Fig.  3.3 ). This result 
represents a relatively high somatic embryogene-
sis initiation frequency in comparison with the 
initiation range of 14.5–17.2 % reported in the 
related hinoki cypress (Maruyama et al.  2005 ).

3.3         Maintenance 
and Proliferation 
of Embryogenic Cultures 

 The maintenance and proliferation of embryo-
genic cultures (EC) were possible in several 
media containing a combination of 2,4-D 
(1–10 μM) plus BA (0–3 μM). The principal 
characteristics of these media were the reduc-
tion in the concentration of inorganic compo-
nents from the standard and the addition of 

  Fig. 3.2    Embryogenic tissue initiation ( a ) and proliferation ( b ) from seed of sawara cypress.  Bars  500 μm       

  Fig. 3.3    Embryogenic 
response of four open- 
pollinated seed families of 
sawara cypress       
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fi lter- sterilized glutamine as an organic nitro-
gen source. In our culture routines, EC were 
maintained and proliferated by 2–3-week-inter-
val subcultures on 90-mm-diameter plates con-
taining 1/2 MS medium or 1/2 LP medium 
(Aitken- Christie and Thorpe  1984 ) supple-
mented with 30 g l −1  sucrose, 3 μM 2,4-D, 1 μM 
BA, and 1.5 g l −1  glutamine. ET proliferated 
readily and retained their original translucent 
and mucilaginous appearance. In general, solid 
medium was used for the maintenance routine 
and liquid medium for rapid proliferation of the 
cultures. The low density in subculture routine 
helped maintain suitable conditions for EC 
(densely embryonal head with a distinct sus-
pensor system) in the suspension culture. 
Before the maturation step, about 10–20 mg 
fresh weight (FW) of ET from the solid medium 
were transferred to a 100 ml fl ask containing 
30–40 ml of medium (of a composition equiva-
lent to that used for the maintenance and prolif-
eration but without gellan gum) and cultured 
for about 2 weeks on a rotary shaker at 
50–70 rpm, in darkness at 25 °C.  

3.4     Maturation of Somatic 
Embryos 

 About 100 mg FW of ET suspended in 2–3 ml 
of medium was plated on 70-mm-diameter fi lter 
paper disks over 90-mm-diameter plates con-
taining 30–40 ml of maturation medium. 
Maturation medium containing basal salts and 
vitamins from the original EM medium 
(Maruyama et al.  2000 ), sucrose or maltose, 
abscisic acid (ABA), activated charcoal (AC), 
polyethylene glycol 4000 (PEG), and amino 
acids (Smith  1996 ) (g l −1 : glutamine 7.3, aspar-
agine 2.1, arginine 0.7, citrulline 0.079, orni-
thine 0.076, lysine 0.055, alanine 0.04, and 
proline 0.053). The plates were sealed with 
Novix-II fi lm (Iwaki Glass Co., Ltd., Chiba, 
Japan) and kept in darkness at 25 °C for 
6–12 weeks. 

3.4.1     Effect of Kind 
and Concentration of Sugar 

 Figure  3.4  shows the effect of two different kinds 
of sugar on the maturation of somatic embryos. At 
the tested sugar concentrations, optimal results 
were achieved by using maltose as a  carbohydrate 
source. Although 30 and 50 g l −1  did not result in a 
signifi cant difference in terms of cotyledonary 
embryos per plate, the peak embryo maturation fre-
quency resulted from the medium containing 50 g 
l −1  maltose with an average of 372 mature embryos. 
In contrast, when sucrose was used, 50 g l −1  resulted 
in a decrease of maturation frequency. Maltose has 
been considered a better carbohydrate source than 
sucrose or glucose for embryo maturation (Uddin 
et al.  1990 ; Uddin  1993 ). Similarly, a medium con-
taining maltose as a carbohydrate source was 
reported as effective to enhance somatic embryo 
maturation in the loblolly pine (Li et al.  1998 ). This 
report inferred that about a tenfold enhancement 
was achieved by using maltose to replace sucrose 
and that the morphology of cotyledonary embryos 
was improved. In our results, although signifi cant 
differences were achieved in terms of the somatic 
embryo maturation effi ciency, the morphology of 
cotyledonary embryos induced on the medium 
with sucrose or maltose was similar.

3.4.2        Effects of ABA and AC 

 Figure  3.5  shows the benefi cial effect of 
increased ABA content in medium supple-
mented with AC on the maturation of sawara 
cypress somatic embryos. The best result was 
achieved with 100 μM ABA in the presence of 
AC, obtaining an average of 348 cotyledonary 
embryos per plate. The higher the ABA concen-
tration, the greater the number of mature 
embryos. A similar result was reported in  Pinus 
strobus  (Klimaszewska and Smith  1997 ),  Picea 
glauca-engelmannii  complex (Roberts et al. 
 1990a ), and  P. glauca  (Dunstan et al.  1991 ). 
The addition of AC into the media notably 
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enhanced the maturation effi ciency, with around 
a fourfold enhancement achieved by using 
33.3–100 μM in combination with 2 g l −1  
AC. Pullman and Gupta ( 1991 ) reported further 
improved loblolly pine embryo development 
using a combination of ABA and AC, while 
Gupta et al. ( 1995 ) reported further improved 
quality of cotyledonary embryos of Douglas fi r 

( Pseudotsuga menziesii ) by a combination of 
ABA, AC, and PEG. Similarly, Lelu- Walter 
et al. ( 2006 ) indicated that coating the cells 
with AC reduced ET proliferation and signifi -
cantly enhanced the maturation of maritime 
pine somatic embryos. AC is widely used in tis-
sue culture media, where it is believed to func-
tion as an adsorbent for toxic metabolic 

  Fig. 3.4    Effect of kind of 
sugar on maturation of sawara 
cypress somatic embryos       

  Fig. 3.5    Effect of ABA and 
AC on maturation of sawara 
cypress somatic embryos       
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products and residual hormones (von Aderkas 
et al.  2002 ; Pullman and Gupta  1991 ).

   ABA-free medium or those supplemented 
with a low concentration (10 μM) failed to stim-
ulate appropriately embryo maturation, produc-
ing only a few cotyledonary embryos (Fig.  3.5 ). 
ET on medium without ABA did not develop 
beyond the embryo stage 1, as described else-
where (von Arnold and Hakman  1988 ). Most of 
the proembryos showed arrested development, 
whereas the proliferation of ET was evident. 
Lelu et al. ( 1999 ) reported that mature embryos 
of  Pinus sylvestris  and  P. pinaster  were pro-
duced in far higher numbers and that the devel-
opment of cotyledonary somatic embryos versus 
abnormal shooty ones was enhanced with the 
addition of 60 μM ABA in comparison with 
media without ABA. Somatic embryos of the 
hybrid larch ( Larix  ×  leptoeuropaea ) developed 
normally on a medium supplemented with 
60 μM ABA but abnormally on a medium with 
no ABA (Gutmann et al.  1996 ). Most of the 
studies on somatic embryogenesis in conifers 
have reported ABA as a key hormone in embryo 
development and that the number and quality of 
embryo produced were vastly reduced in its 
absence (Durzan and Gupta  1987 ; von Arnold 
and Hakman  1988 ; Attree and Fowke  1993 ; 
Dunstan et al.  1998 ). 

 Several authors have suggested that the role of 
ABA in somatic embryogenesis is to inhibit 

cleavage polyembryony with the consequent 
development of individual somatic embryos 
(Durzan and Gupta  1987 ; Boulay et al.  1988 ; 
Krogstrup et al.  1988 ; Gupta et al.  1991 ), to stim-
ulate the accumulation of nutrients, lipids, pro-
teins, and carbohydrates (Hakman and von 
Arnold  1988 ) and suppress precocious germina-
tion (Roberts et al.  1990a ). In addition, Gupta 
et al. ( 1993 ) reported improved desiccation toler-
ance to less than 10 % water content with 
80–90 % germination rates in Norway spruce 
embryos produced with a combination of ABA 
and AC. The use of ABA for somatic embryo 
maturation in gymnosperms is extensively 
reported in the compilation of Jain et al. ( 1995 ).  

3.4.3     Effect of PEG 

 As shown in Fig.  3.6 , the addition of PEG stimu-
lated the cotyledonary embryo production of 
sawara cypress, with a higher concentration of 
PEG in the medium resulting in a higher matura-
tion frequency. The best result was obtained at a 
concentration of 150 g l −1  with an average num-
ber of 1043 cotyledonary embryos collected per 
plate, in comparison with 382, 215, and 13 
embryos per plate at concentrations of 75, 50, 
and 0 g l −1 , respectively. In the absence of PEG, 
most of the proembryos did not develop into cot-
yledonary embryos. ET proliferation was evi-

  Fig. 3.6    Effect of PEG on 
maturation of sawara cypress 
somatic embryos       
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dent, and most of them developed into structures 
consisting of small embryonal heads from which 
elongated suspensors extended (stage 1 somatic 
embryos).

   The use of PEG in combination with ABA 
has become routine for stimulating somatic 
embryo maturation in many gymnosperms. The 
benefi cial effect of PEG on embryo maturation 
may be related to a water stress induction simi-
lar to that generated by desiccation (Attree and 
Fowke  1993 ); to an increase in the accumula-
tion of storage reserves, such as storage pro-
teins, lipids, and polypeptides (Roberts et al .  
 1990a ; Attree et al.  1992 ; Misra et al.  1993 ); 
and to a tolerance to water loss (Attree et al. 
 1991 ). In contrast, some authors have reported 
that PEG promotes maturation but inhibits the 
further development of  Picea glauca  (Kong and 
Yeung  1995 ) and  P. abies  somatic embryos 
(Bozhkov and von Arnold  1998 ). In recent 
years, several studies have reported promotion 
of the maturation of somatic embryos by the 
addition of ABA into medium solidifi ed with a 
high concentration of gellan gum in the absence 
of PEG (Klimaszewska and Smith  1997 ; Lelu 
et al.  1999 ). However, in our study, a high con-
centration of gellan gum in the absence of PEG 
was not effective in promoting the somatic 
embryo maturation of sawara cypress (data not 
shown).   

3.5     Germination and Plant 
Conversion 

 Mature cotyledonary somatic embryos were col-
lected from the maturation medium and trans-
ferred to the germination medium (1/2 LP or a 
1/2 EM without PGR and supplemented with 2 g 
l −1  AC and 10 g l −1  agar). Cultures were kept at 
25 °C under a photon fl ux density of about 
65 μmol m −2 s −1  with cooling and fl uorescent 
lamps for 16 h daily. 

 The start of germination was observed as 
early as 3–5 days after transfer to the germina-
tion medium, and after 2–4 weeks of culture, 
most of the somatic embryos germinated and 
were converted into plantlets. As shows in 

Table  3.1 , the germination frequencies and 
plant conversion rates of sawara cypress were 
similar in somatic embryos derived from differ-
ent PEG-treated media. Morphological differ-
ence among somatic embryos obtained on 
media supplemented with different concentra-
tions of PEG was restricted to the size of them. 
The higher the PEG concentration, the smaller 
the size of mature embryos (Fig.  3.7 ). 
Nevertheless, the embryo size was not found to 
be infl uential in germination and subsequently 
plant conversion. Cotyledonary embryos ger-
minated and converted into plants at high fre-
quencies independent of their size (Table  3.1 ).

    Regenerated plants were transferred to 
300 ml fl asks containing 100 ml of fresh 
medium (same composition used for the germi-
nation but with 30 g l −1  sucrose and 5 g l −1  AC) 
and kept under the same conditions described 
above for 8–12 weeks before ex vitro 
acclimatization.  

3.6     Ex Vitro Acclimatization 
and Growth of Somatic 
Plants 

 The developed plants were transplanted into 
plastic pots fi lled with vermiculite and acclima-
tized inside a growth chamber at 25 °C in 80 % 
relative humidity. During the fi rst 2 weeks, 
plants were kept under high relative humidity in 
plastic boxes with transparent plastic covers 
and irrigated with tap water one time per week. 
Subsequently, the cover was gradually opened, 
and the pots were fertilized with a nutrient solu-
tion modifi ed from Nagao ( 1983 ) containing in 

    Table 3.1    Effect of PEG concentration in maturation 
medium on production, size, germination, and plant con-
version of sawara cypress somatic embryos   

 PEG 
(g/l) 

 Embryos 
per plate 

 Size range 
(mm) 

 Germination 
frequency (%) 

 Conversion 
frequency 
(%) 

 0  13  3–10  97  92 

 50  215  2–8  98  93 

 75  382  2–6  97  93 

 150  1043  1–3  97  92 
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mg l −1 : NH 4 NO 3  143, NaH 2 PO 4 ・2H 2 O 55.1, 
KCl 47.1, CaCl 2 ・2H 2 O 52.5, MgSO 4 ・7H 2 O 61, 
Fe(III) EDTA 25, Cu EDTA 0.1, Mn EDTA 0.1, 
Zn EDTA 0.1, H 3 BO 3  1.5, KI 0.01, CoCl 2 ・6H 2 O 
0.005, and MoO 3  0.005. The covers were com-
pletely removed about 4 weeks after 
transplanting. 

 The acclimatized plants were transferred to a 
greenhouse and grown under controlled condi-
tions for 6–8 months before transplanting them 
to the growth test fi eld. One hundred somatic 
plants and ten seedlings were planted in the 

fi eld at a 1.0 × 1.0 m spacing. To calculate the 
mean growth, the height of 30 somatic trees and 
7 seedlings was measured every 2 years during 
the age of 4–10 years (Fig.  3.8 ). Although no 
signifi cant difference was observed in the mean 
height until the age of 4 years, the growth of the 
seedlings was markedly superior to that of 
somatic trees after 6 years of age (Fig.  3.9 ).

    The reason for that was not explored in this 
study; however, we speculate that the differ-
ence in growth can be attributed to the culture 
conditions of somatic plants. Evidences that 

  Fig. 3.8    Somatic plants of 
sawara cypress growing in the 
fi eld.  Bar  1 m       

  Fig. 3.7    Different somatic embryo sizes of sawara cypress in function to the concentration of PEG in maturation 
media.  Bar  5 mm       

 

 

Y. Hosoi and T.E. Maruyama



49

culture conditions during somatic embryo 
development may reduce the growth of somatic 
plants were reported for several conifers 
(Högberg et al.  2003 ). The use of PEG and 
long-term contact with ABA during maturation 
substantially reduced the growth of regenerated 
Norway spruce plants (Bozhkov and von Arnold 
 1998 ; Högberg et al.  2001 ). Similarly, inferior 
growth increment in somatic plants versus that 
in seedlings has reported in Douglas fi r (Dean 
et al.  2008 ) and Scots pine (Niskanen et al. 
 2008 ).  

3.7     Protoplast Culture 

 Protoplasts were isolated from ET maintained 
for about 1 year. Cells from 14- to 21-day-old 
embryogenic suspension cultures were collected 
on 100 μm nylon Falcon cell strainer (Becton, 
Dickinson & Co., Massachusetts, USA) and 
incubated in an enzyme solution containing 1 % 
(w/v) Cellulase Onozuka RS (Yakult Honsha 
Co., Ltd., Tokyo, Japan) (RS), 0.1 % (w/v) 
Pectolyase Y-23 (Kikkoman Corp., Tokyo, 
Japan) (P), and 0.6 M mannitol for 5 h at 
25 °C. The digest was fi ltered through 40-μm 
cell strainer and then centrifuged at 100 × g for 
3 min. The supernatant was removed, and the 
protoplasts were resuspended in 0.6 M mannitol 
solution and centrifuged once more. The yield 

of protoplasts was counted with hemocytome-
ter, and their viability was verifi ed using fl uo-
rescein diacetate (FDA). Protoplasts were 
cultured at a density of 2 × 10 3  protoplasts per 
ml in 96-well plates containing 50 μl of 0.6 M 
mannitol proliferation media supplemented 
with 2,4-D (1, 3, 10, 30, and 100 μM). Plates 
containing protoplast cultures in wells and ster-
ile distilled water in outspaces among wells (to 
maintain relative humidity) were sealed with 
Novix-II fi lm and kept at 28 °C in darkness. The 
plating effi ciency percentages (number of colo-
nies/initial plating density × 100) were deter-
mined after 6 weeks of culturing. 

 The protoplast viability examination by FDA 
staining showed that up to more than 90 % of 
protoplasts survived after isolation. This result 
indicated that the combination of RS (1 %) and P 
(0.1 %) in the presence of 0.6 M mannitol as 
osmotic agent was effective for protoplast isola-
tion (Fig.  3.10a ) from embryogenic cells of 
sawara cypress. Subsequently, cell division 
(Fig.  3.10b ) was mostly observed 1–2 weeks 
after isolation, and after 3–4 weeks of culture in 
media under the conditions described above, col-
ony formation (Fig.  3.10c ) was achieved in all 
concentrations of 2,4-D but with most effi ciency 
at concentrations of 10 μM (Fig.  3.11 ). About 
1–2 weeks after, the initiation of elongated sus-
pensor cells was observed (Fig.  3.12a ). The for-
mation of vacuolated suspensor cells increased 

  Fig. 3.9    Increment in the 
mean height of somatic trees 
versus seedlings of sawara 
cypress growing in the fi eld 
during 4–10 years of growth       
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  Fig. 3.10    Isolation ( a ), cell division ( b ), and colony formation ( c ) in cultured protoplast of sawara cypress.  Bars  50 μm       

  Fig. 3.11    Effect of 2,4-D 
concentration on the plating 
effi ciency percentages of 
sawara cypress protoplasts       

  Fig. 3.12    Embryogenic cell proliferation ( a ) and somatic embryos production ( b ) from cultured protoplast of sawara 
cypress.  Bars  1 mm       
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over time, and after 6–7 weeks of culturing, the 
proliferation of embryogenic cells was evident 
resembling that of the original ET.

     Subsequently, proliferated embryogenic cells 
from cultured protoplasts were transferred to mat-
uration medium, and after about 6 weeks of cul-
turing, the cotyledonary somatic embryos were 
produced (Fig.  3.12b ). Matured somatic embryos 
germinated (Fig.  3.13a ) and then converted into 
plantlets (Fig.  3.13b ) about 1 week and 1 month 
after transfer to PGR-free medium, respectively.

   Establishment of an effi cient protoplast culture 
system represents an important tool in fundamen-
tal research on the synthesis of cell walls, 
 membrane transports, and the cytoskeleton in rela-
tion to the cell cycle and division (Klimaszewska 
 1995 ). In addition, the single cell culture system 
represents a powerful tool for studies on the physi-
ology of different cell types, analysis of differen-
tiation programs, genetic manipulation of plant 
cells, and cell-cell interactions (Spangenberg et al. 
 1986 ; Schweiger et al.  1987 ).  

3.8     Concluding Remarks 

 An effective plant regeneration system has been 
achieved for sawara cypress  via  somatic embryo-
genesis. A high somatic embryo maturation effi -
ciency was obtained when ET were cultured on 
the medium supplemented with a combination of 
maltose, PEG, ABA, and AC. More than 1000 

cotyledonary embryos per plate were produced 
on a maturation medium supplemented with 
150 g l −1  PEG (Maruyama et al.  2002 ). In addi-
tion to high somatic embryo maturation effi -
ciency, the subsequent high germination and 
plant conversion frequencies attained demon-
strated the high quality of the somatic embryos 
produced. Cotyledonary somatic embryos readily 
germinated after transfer to a PGR-free medium 
without any kind of post-maturation treatment, as 
was previously reported as necessary to promote 
the germination of somatic embryos of some 
other species (Roberts et al.  1990b ; Roberts et al. 
 1991 ; Kong and Yeung  1992 ; Kong and Yeung 
 1995 ; Jones and van Staden  2001 ). Thus, almost 
all mature somatic embryos germinated and 
developed normal plants. 

 On the other hand, the achieved differences in 
growth performance between somatic trees and 
seedlings represent an important parameter for 
improving the culture protocol. Post-effects of 
culture conditions could be avoided by modify-
ing the procedure of somatic embryogenesis 
(Högberg et al.  2001 ). The epicotyl length and 
the presence of lateral roots as combined selec-
tion criteria at ex vitro transfer could be used to 
identify somatic plants having height growth 
characteristics comparable to those of seedlings. 
Early selection according to these criteria 
improves clonal performance and reduces intra-
clonal variation in somatic plants of Norway 
spruce (Högberg et al.  2003 ). 

  Fig. 3.13    Germination ( a ) and plantlet conversion ( b ) of somatic embryos produced from cultured protoplasts of 
sawara cypress.  Bars  1 cm       
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 In addition, a simple procedure for proto-
plast culture to develop an effi cient technique 
for individual culture of single cell was 
described. This technique offers signifi cant 
advantages for improvement of tissue culture 
system by identifi cation and selection of desir-
able cells, as well as for genetic manipulation 
through direct gene transfer such by microin-
jection and electroporation. 

 The described somatic embryogenesis system 
should permit, in the near future, the mass propa-
gation of selected trees and the genetic engineer-
ing of this species.     
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    Abstract  

  We established a reproducible protocol for somatic embryogenesis and 
plant regeneration of cineraria. 2,4-Dichlorophenoxy acetic acid (2,4-D) 
had a signifi cant effect on somatic embryo formation. Addition of cytoki-
nins such as 2-isopentenyladenine (2-iP), 6-benzyladenine (BA), and thid-
iazuron (TDZ) to the 2,4-D containing medium enhanced the frequency of 
somatic embryo induction and average number of somatic embryos per 
explant. However, the nature of SE varied depending on combination of 
2,4-D and cytokinins. Cotyledon and leaf explants developed somatic 
embryos on Murashige and Skoog (MS) medium supplemented with 
3.0 mg l −1  2,4-D and 1.0 mg l −1  BA. Among the two explants, leaves were 
found to be the most effective for somatic embryogenesis and subsequent 
plant regeneration. Most of the embryos developed from the cotyledon 
explants showed precocious germination. Furthermore, somatic embryos 
obtained from the cotyledon explants developed hyperhydric shoots. Thus, 
induction and development of SE in cineraria is also affected by the age of 
the explants. Globular embryos developed into normal plantlets through 
heart, torpedo, and cotyledonary stages, similar to zygotic embryos, when 
cultured on MS medium supplemented with gibberellic acid (GA 3 ). The 
in vitro-developed plantlets were successfully acclimatized in the green-
house with 98 % survival.  
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4.1         Introduction 

 Somatic embryogenesis is the process of histo-
differentiation for regeneration of complete 
plants by haploid or diploid somatic cells which 
resemble zygotic embryos (Williams and 
Maheswaran  1986 ). The process of histodifferen-
tiation of a somatic cell to an embryogenic one is 
mediated by abiotic stress imposed by culture 
medium composition and subculture interval 
(Feher  2008 ). A number of factors including type 
and composition of plant growth regulators 
(PGRs) (Sivanesan et al.  2011 ), light conditions, 
explant source (Sharma and Rajam  1995 ), and 
genotype (Kim et al.  2003 ) can infl uence the pro-
cess of successful somatic embryogenesis. 
Several types of stress, such as wounding, heavy 
metal ions, osmotic stress, high salt concentra-
tions, and high levels of PGRs, have been sug-
gested to induce the somatic embryo (SE) in 
plants (Zavattieri et al.  2010 ). Thus, somatic 
embryogenesis is a process that is normally sup-
pressed in plants, and stress treatments are dere-
pressing the somatic embryogenesis process. 
Somatic embryogenesis is a multistep regenera-
tion process in plants starting with proembryo-
genic masses that progress to the next stages 
maintaining the bipolar pattern of cell. Auxins 
and cytokinins are essential to maintain proem-
bryogenic proliferation (Xu et al.  2013 ), whereas 
embryo formation is triggered by the withdrawal 
of PGRs (Bozhkov et al.  2002 ). The further 
development of early somatic embryos and matu-
ration requires abscisic acid (Rai et al.  2011 ; Su 
et al.  2012 ). Initiation of SE is strongly controlled 
by genetic additive effects, and as a result plants 
of some families’ respond well in propagation, 
while others are diffi cult to propagate by somatic 
embryogenesis (Salvo et al.  2014 ). 

 Cineraria are attractive pot plants belonging to 
the family Asteraceae.  Senecio cruentus  is an 
ornamental species; it originates in Canary 
Islands and is widely cultivated for its colorful 
fl owers. Cineraria can be easily propagated by 
seeds, but seedlings are heterozygous producing 
fl owers of different colors (Malueg et al.  1994 ). It 
is propagated vegetatively by cuttings; however, 
shortage of plant materials has often been affect-

ing the large-scale commercial propagation 
(Sivanesan and Jeong  2012 ). Thus, propagation 
of new selections could be achieved more rapidly 
using in vitro propagation methods. In vitro 
clonal propagation of ornamental plants is an 
important technique that can be applied for large- 
scale production of select plants or cultivars. 
Clonal propagation through somatic embryogen-
esis has become an essential method for the 
improvement of most economically important 
plants. Plantlet regeneration through somatic 
embryogenesis is also a potential tool for the pro-
duction of synthetic seeds and genetic transfor-
mation. In addition, this process is also considered 
as a most suitable system for physiological and 
morphological studies in plant during morpho-
logical development and conservation of desired 
genotypes through mass propagation (Lelu- 
Walter et al.  2013 ). Effective procedures for the 
initiation of somatic embryogenesis from mature 
plants permit more rapid propagation of elite 
plants, thus increasing genetic gains in each 
breeding generation (Dey et al.  2015 ). Direct 
somatic embryogenesis reduces the time required 
for plant propagation, which may be benefi cial to 
minimize culture-induced genetic changes 
(Sivanesan et al.  2011 ). Somatic embryogenesis 
and plant regeneration have been reported in 
 Senecio  species (Malueg et al.  1989 ,  1994 ;
 Nam et al.  2005 ), but low frequency of embryo 
induction and conversion, abnormal embryos, 
and hyperhydricity hinder the application of 
these protocols for large-scale commercial 
propagation. 

 The addition of auxin to the culture medium is 
required to induce somatic embryos in most plant 
species. However, in some plant species, the 
inclusion of cytokinin alone is suffi cient to induce 
somatic embryos. In cineraria, addition of both 
auxin and cytokinin to the culture medium is 
required for the induction of SE (Malueg et al. 
 1994 ; Nam et al.  2005 ). The maturation, germi-
nation, and conversion of SE into plantlets are 
other important steps during somatic embryogen-
esis. Several chemical and physical factors affect 
the development and conversion of SE such as 
abscisic acid (ABA), gibberellic acid (GA 3 ), 
polyethylene glycol (PEG), sucrose, light intensity, 
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humidity, and temperature. We optimized the 
conditions for somatic embryo induction and 
studied the effect of ABA, PEG, and sucrose con-
centration on embryo maturation and germina-
tion (Nam et al.  2005 ). In this chapter, we 
describe an effi cient procedure for somatic 
embryogenesis and plant regeneration from coty-
ledon and leaf explants in  S. cruentus .  

4.2     Somatic Embryogenesis 

 Seeds of  S. cruentus  ‘Tokyo Daruma’ (Sakata 
Seed Co., Yokohama, Japan) were sterilized with 
70 % (v/v) ethanol for 30 s and 2.0 % (v/v) 
sodium hypochlorite for 10 min. Each treatment 
was followed by four rinses with sterile distilled 
water, and the seeds were germinated on 
Murashige and Skoog (MS) medium containing 
3 % (w/v) sucrose and 0.8 % (w/v) agar. The pH 
of the medium was adjusted to 5.8 before auto-

claving at 121 °C for 20 min. The cultures were 
maintained at 25 ± 2 °C under a16 h photoperiod 
with 15 μmol m −2  s −1  photosynthetic photon fl ux 
density (PPFD). Cotyledon (0.5 cm) and leaf 
(0.5–1.0 cm) explants were taken from 7- to 
21-day-old seedlings, respectively. For SE induc-
tion, the explants were cultured on MS supple-
mented with various concentrations of auxins 
[2,4-dichlorophenoxyacetic acid (2,4-D), indole- 
3- butyric acid (IBA), or α-naphthaleneacetic acid 
(NAA)] alone or in combination with cytokinins 
(2-isopentenyladenine (2-iP), 6-benzyladenine 
(BA), or thidiazuron (TDZ)] (Table  4.1 ). The cul-
tures were maintained for 2 weeks at 25 ± 2 °C in 
the dark and then exposed to light of 45 μmol m −2  
s −1  PPFD provided by cool white fl uorescent light 
with a light/dark cycle of 16/8 h for 4 weeks. To 
study the effects of ammonium nitrate (NH 4 NO 3 ) 
and temperature on SE induction, cotyledon and 
leaf explants were cultured on optimal SE induc-
tion medium (MS + 3.0 mg l −1  2,4-D + 1.0 mg l −1  BA) 

     Table 4.1    Effects of plant growth regulators on somatic embryogenesis from cotyledon and leaf explants of 
 S. cruentus  after 6 weeks of culture   

 PGRs (mg l −1 )  Somatic embryo induction (%)  No. of somatic embryos/explant 

 2,4-D  IBA  NAA  2iP  BA  TDZ  Cotyledon  Leaf  Cotyledon  Leaf 

 0  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0  0.0 ± 0.0 

 1.0  13.3 ± 2.2  18.0 ± 3.0  14.0 ± 1.6  28.3 ± 1.7 

 2.0  37.7 ± 1.9  39.5 ± 2.4  26.7 ± 1.2  39.0 ± 2.2 

 3.0  52.8 ± 3.5  66.8 ± 3.7  32.0 ± 1.7  45.0 ± 1.6 

 3.0  1.0  84.7 ± 1.2  87.6 ± 2.6  63.6 ± 3.3  84.3 ± 4.6 

 3.0  1.0  93.6 ± 3.4  97.0 ± 1.4  87.3 ± 2.1  135.3 ± 5.7 

 3.0  1.0  92.0 ± 2.4  95.6 ± 1.0  77.3 ± 1.7  101.6 ± 2.8 

 1.0  Root  Root  Root  Root 

 2.0  Root  Root  Root  Root 

 3.0  Callus  Callus  Callus  Callus 

 3.0  1.0  84.7 ± 1.2  92.0 ± 2.0  5.3 ± 0.9  7.3 ± 0.5 

 3.0  1.0  84.7 ± 1.2  92.0 ± 2.0  7.0 ± 1.4  11.0 ± 0.8 

 3.0  1.0  84.7 ± 1.2  92.0 ± 2.0  9.0 ± 0.8  13.7 ± 1.7 

 1.0  Root  Root  Root  Root 

 2.0  Callus + root  Callus + root  Callus + root  Callus + root 

 3.0  Callus  Callus  Callus  Callus 

 3.0  1.0  84.7 ± 1.2  92.0 ± 2.0  6.0 ± 1.6  19.6 ± 1.3 

 3.0  1.0  84.7 ± 1.2  92.0 ± 2.0  12.0 ± 1.6  23.7 ± 2.6 

 3.0  1.0  87.2 ± 4.6  92.0 ± 2.0  15.3 ± 0.9  21.6 ± 1.2 

  Values are mean ± standard deviation (SD) of results  
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with 0, 412.5, 825.0, or 1650 mg l −1  NH 4 NO 3 , and 
the cultures were maintained for 2 weeks at 15, 
20, or 25 ± 2 °C in the dark and then exposed to 
light of 45 μmol m −2  s −1  PPFD. Globular stage 
embryos were transferred to the MS containing 
various concentrations of GA 3  for SE maturation 
and germination (Table  4.2 ).

4.2.1        Role of Plant Growth 
Regulators (PGRs) on Somatic 
Embryo Induction 

 PGRs play crucial roles in the induction and 
development of SEs. Cotyledon and leaf explants 
failed to develop SE on MS medium devoid of 
PGRs, and their color gradually turned from 
green to brown exhibiting necrosis. Somatic 
embryogenesis was also induced on auxin-free 
media in several plants. Thus, the presence of 
PGRs in the culture medium was essential for the 
induction of somatic embryos in cineraria. Auxin 
is often required for the induction of callus, root, 
or SE from various explants, and the process of 
somatic embryogenesis is generally initiated on 
the culture medium supplemented with high con-
centrations of auxins. In alfalfa, supplementation 
of low concentration of 2,4-D induced callus 
from leaf protoplast, while at ten times higher 

levels of 2,4-D provoked in forming embryo-like 
structures (Feher et al.  2002 ). However, somatic 
embryogenesis was induced in several plants on 
auxin-free media (Jimenez  2001 ). Among the 
auxins, only 2,4-D promoted direct somatic 
embryogenesis in both explants of cineraria, 
whereas IBA and NAA induced callus and roots 
from the cut ends and surface of the explants. 
2,4-D is one of the most widely used herbicides 
in the world, and Feher et al. ( 2003 ) suggested 
that it functions as a stress chemical as well as an 
auxin. Besides, auxinic herbicides have been 
shown to interact with ethylene and ABA, thereby 
increasing the cellular levels of these stress hor-
mones (Feher et al.  2003 ). The seedling explants 
of carrot formed SEs when the culture medium 
was supplemented with ABA (Nishiwaki et al. 
 2000 ). Increasing concentration of sucrose or 
addition of NaCl or CdCl to the PGR-free 
medium induces SEs in carrot (Zavattieri et al. 
 2010 ). The stress caused by in vitro culture con-
ditions and media composition can also induce SE 
formation. 2,4-D has been proven to be the most 
potent auxin and effective for SE induction in 
several ornamental plants (Tanaka et al.  2000 ; 
Sivanesan et al.  2011 ,  2012 ). 

 Incubating explants under a short period of 
darkness may be benefi cial for in vitro morpho-
genesis by reducing blackening and chlorosis and 

    Table 4.2    Effects of ammonium nitrate concentration and temperature on somatic embryogenesis from cotyledon and 
leaf explants of  S. cruentus    

 NH 4 NO 3  

 Temperature (°C) 

 Somatic embryo induction (%)  No. of somatic embryos/explant 

 (mg l −1 )  Cotyledon  Leaf  Cotyledon  Leaf 

 0  18.2 ± 1.8  27.7 ± 3.3  2.3 ± 0.9  4.6 ± 1.7 

 412.5  15  29.6 ± 1.7  36.7 ± 1.7  5.6 ± 0.9  7.7 ± 0.5 

 825.0  52.7 ± 3.7  58.0 ± 1.6  6.3 ± 1.7  9.3 ± 0.9 

 1650  62.3 ± 3.7  67.0 ± 1.6  9.7 ± 0.5  14.0 ± 0.8 

 0  38.7 ± 2.1  40.0 ± 1.6  5.6 ± 1.2  6.3 ± 1.2 

 412.5  20  62.3 ± 2.5  71.6 ± 2.1  13.7 ± 1.2  18.0 ± 1.0 

 825.0  76.3 ± 1.7  84.7 ± 1.2  17.0 ± 0.8  23.3 ± 2.5 

 1650  87.0 ± 2.2  91.3 ± 1.6  21.7 ± 3.3  29.7 ± 1.3 

 0  44.0 ± 1.6  39.3 ± 2.7  12.3 ± 1.7  16.0 ± 2.2 

 412.5  25  63.0 ± 2.2  75.3 ± 1.2  34.0 ± 1.6  55.6 ± 2.6 

 825.0  86.3 ± 3.8  90.6 ± 2.5  53.0 ± 3.7  76.6 ± 2.5 

 1650  93.6 ± 3.4  97.0 ± 1.4  87.3 ± 2.1  135.3 ± 5.7 

  Values are mean ± standard deviation (SD) of results  
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preventing the formation of some growth inhibitors. 
Dennis ( 2000 ) reported that culture in the dark-
ness suppressed unwanted tissue differentiation 
in explants tissues, for example, by limiting the 
development of plastids into chloroplasts. SEs 
were induced under light conditions, but cultur-
ing the explants 14 days in the dark followed by 
4 weeks under light conditions resulted in high 
frequency of SE induction. This is in agreement 
with our previous study (Nam et al.  2005 ). 
Similar result was also found in other ornamental 
species such as  Campanula punctata  (Sivanesan 
et al.  2011 ),  Crocus vernus  (Sivanesan et al. 
 2012 ), and  Dendranthema grandifl orum  (Tanaka 
et al.  2000 ). The tissue sensitivity of the explants 
to the PGRs may have been altered by the dark 
treatment, thereby resulting in a higher frequency 
of embryo formation (Zobayed and Saxena 
 2003 ). In geranium continuous exposure of light 
treatment signifi cantly reduced the level of 
endogenous plant growth hormones (Hutchinson 
et al.  2000 ). Globular embryos induced directly 
on the surface of the explants after weeks of cul-
ture, without a callus phase, and the embryos 
were yellow, compact, and pale. Of the various 
concentrations of 2,4-D tested, the highest fre-
quency of somatic embryo induction (66.8 %) 
and mean number of SE (45.0) per leaf explant 
were obtained on MS supplemented with 3.0 mg 
l −1  2,4-D (Table  4.1 ). In contrast, SE did not 
induce from the cotyledon explants of cineraria 
‘Jester Pink’ on MS ammended with 2,4-D, while 
‘Early Blue’ formed SE on the medium contain-
ing 2,4-D (Nam et al.  2005 ). Thus, somatic 
embryogenesis in cineraria is cultivar dependent. 
Somatic embryogenesis has been described as 
being genetically determined. Cineraria seeds are 
heterozygous in nature; therefore, further studies 
on genetic analysis in various cultivars of ciner-
aria may help to fi nd out the genes involved in 
somatic embryogenesis in cineraria. However, 
SEs were initiated from all cultivars of cineraria 
on MS containing auxin plus cytokinins. In sev-
eral plants, a combination of auxin and cytokinin 
stimulates the formation of SEs. 

 The frequency of SE induction and average 
number of SEs per explant signifi cantly increased 
when the optimal concentration of 2,4-D (3.0 mg 

l −1 ) was combined with cytokinins. However, the 
nature of SEs varied depending on combination 
of 2,4-D and cytokinins. The explants developed 
fused SEs on MS supplemented with 2,4-D and 
2iP after 6 weeks of culture (Fig.  4.1a ). Auxin 
polar transport was reported to be essential for 
bilateral symmetry during early plant embryo-
genesis. Liu et al. ( 1993 ) reported that TIBA, 
trans-cinnamic acid, and 9-hydroxyfl uorene- 9-
carboxylic acid induced the formation of fused 
cotyledons in Indian mustard. Cytokinin infl u-
ences cell-to-cell auxin transport by modifi cation 
of expression of several auxin transport com-
pounds. The addition of ABA to the induction 
medium signifi cantly decreased the proportion of 
abnormal embryos in several plants. In soybean, 
the supplementation of ABA to the culture 
medium containing 2,4-D, adenine, and kinetin 
increased the number of SEs which grew from 
the globular to heart stage (Phillips and Collins 
 1981 ). SEs with abnormal cotyledons failed to 
convert into normal plantlets (Todd and Yeung 
 1993 ). Normal SE formed two meristematic cen-
ters and then organized normal two cotyledons. 
The addition of ABA induces dormancy of SEs, 
which makes embryos to form two suitable meri-
stematic centers (Ammirato  1985 ). Thus, incor-
poration of ABA to the SE induction medium 
may reduce the formation of abnormal embryos. 
When the medium was supplemented with 2,4-D 
and BA, a few embryos germinated precociously 
(Fig.  4.1b ). The inclusion of high molecular 
weight PEG to the SE induction medium signifi -
cantly improves the synchrony of development 
and the quality of mature SEs, particularly in 
terms of storage reserves, and prevents preco-
cious germination (Attree et al.  1992 ). Nam et al. 
( 2005 ) reported that addition of 7.8 μM ABA or 
3.0 % PEG or 6.0 % sucrose to the culture 
medium prevented precocious germination in 
cineraria. On medium containing 2,4-D and TDZ, 
the explants formed SE and also callus on the 
surface after 6 weeks of culture (Fig.  4.1c ). The 
callus formation may be due to the high activity 
of TDZ. Thidiazuron, a cotton defoliant, has been 
shown both auxin and cytokinin effects (Guo 
et al.  2011 ). Ferreira et al. ( 2006 ) reported that 
treatment of TDZ signifi cantly increases the 
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endogenous cytokinins and IAA levels of the 
explants of  Dendrobium . Thus, reducing the con-
centration of TDZ in the induction medium can 
minimize the callus formation and the number of 
SEs. Both explants formed SE and callus on MS 
medium containing IBA or NAA in combination 
with cytokinins after 6 weeks of culture. Of the 
various combinations of auxins and cytokinins 
studied, the highest frequency of SE induction 
(97.0 %) and mean number of SE (135.3) per leaf 
explant were obtained on MS supplemented with 
3.0 mg l −1  2,4-D and 1.0 mg l −1  BA. Similar result 
has also been reported in cineraria ‘Hansa’ 
(Malueg et al.  1994 ) and ‘Jester Pink’ (Nam et al. 
 2005 ). The use of 2,4-D and BA for SE induction 
has been reported for other members of 
Asteraceae (Filho et al.  1993 ; Correa et al.  2009 ).

4.2.2        Infl uence of Explants 
on Somatic Embryo Induction 

 Somatic embryogenesis in cineraria has been 
achieved using various explants such as cotyle-
dons (Malueg et al.  1994 ; Nam et al.  2005 ), 
hypocotyls (Nam et al.  2005 ), and leaves (Malueg 
et al.  1994 ). The ability of cineraria cultivars to 
develop SEs is infl uenced by the type of explant. 
Nam et al. ( 2005 ) reported that cotyledon 
explants were found to be the best for SE induc-
tion than hypocotyls. In this study, cotyledon and 
leaf explants produced SEs on MS supplemented 
with 3.0 mg l −1  2,4-D and 1.0 mg l −1  BA (Table 
 4.1 ). However, leaf explants were more effi cient 

than cotyledon in SE induction. This may be due 
to variation in the endogenous levels of PGRs in 
the explants. SE began to appear mostly on the 
cut end of cotyledon within 2 weeks of culture 
(dark condition), while SEs were formed on the 
cut ends and surface of the leaf explants after 3 
weeks of culture. Most of the embryos developed 
from the cotyledon explants showed precocious 
germination after 6 weeks of culture (Fig.  4.2a ). 
Addition of ABA, PEG or sucrose to the culture 
medium prevents precocious germination, but 
most of the SE-derived plantlets exhibited hyper-
hydricity (Nam et al.  2005 ). Therefore, the 
 normal process of SE development is closely 
coupled with the osmotic environment surround-
ing the SEs (Yeung and Claudio  2000 ). On the 
other hand, compact yellow globular embryos 
were formed on the leaf explants after 6 weeks of 
culture. Thus, induction and development of SE 
in cineraria is also affected by the age of the 
explants. In most plant species, younger explants 
were more responsive than the older explants for 
SE induction. However, mature leaf explants 
found to be the best for SE induction and plant 
regeneration in cineraria.

4.2.3        Effects of Different 
Concentrations of NH 4 NO 3  
and Temperature on Somatic 
Embryo Induction 

 Growth and morphogenesis in tissue cultures are 
greatly infl uenced by the availability of nitrogen 

  Fig. 4.1    Effects of combination of 2,4-D and cytokinins on somatic embryogenesis from explants of  S. cruentus  after 
6 weeks of culture. ( a ) 2,4-D + 2iP. ( b ) 2,4-D + BA. ( c ) 2,4-D + TDZ       
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and the form in which it is used (Sivanesan and 
Jeong  2012 ). Ammonium nitrate concentrations 
have been shown to be important for the induc-
tion of somatic embryogenesis in many plants 
(Smith and Krikorian  1989 ; Choi et al.  1998 ; 
Greer et al.  2009 ). Gertsson (1988) reported that 
a low number of adventitious shoots were 
obtained from petiole explants of  Senecio hybri-
dus  when the total nitrogen in MS was increased 
to 75 mM and that more shoots were produced 
when the total nitrogen was reduced to 30 mM. In 
contrast, decreasing the levels of NH 4 NO 3  had a 
negative effect on adventitious shoot induction in 
 S. cruentus  (Sivanesan and Jeong  2012 ). In this 
study, the frequency of SE induction and mean 
number of SEs per explant gradually decreased 
with decrease in the level of NH 4 NO 3  concentra-
tion from 1650 to 0 mg l −1  (Table  4.2 ). The qual-
ity of the globular stage embryos did not differ 
markedly in used treatments. Morphogenesis 
including embryogenesis in culture is also infl u-
enced by temperature. The explants were main-
tained at three different temperatures in order to 
study the effect of temperature on somatic 
embryogenesis. Decreasing the culture tempera-
ture from 25 to 15 °C decreased the frequency of 
SE induction. The explants maintained under 25 
°C developed maximum number of SEs, while 
those maintained under 15 °C produced less 

number of SEs. The results suggest that NH 4 NO 3  
concentration and temperature had a signifi cant 
effect on somatic embryogenesis in cineraria. 
The morphology of globular embryos was 
affected by NH 4 NO 3  concentration and temperature. 
The globular embryos developed on SE induction 
medium containing low levels of NH 4 NO 3  (412.5, 
825.0 mg l −1 ) at 20 °C were purple in color (Fig. 
 4.3a ). Thus, anthocyanin synthesis could be stim-
ulated in cineraria in vitro cultures by reducing 
NH 4 NO 3  levels and temperature. Variegated plant-
lets were produced from the globular embryos 
when the embryos were transferred to the germi-
nation medium devoid of NH 4 NO 3  and at 15 °C 
(Fig.  4.3b ). Somaclonal variation has also been 
observed in cineraria (Sivanesan and Jeong  2012 ) 
when the shoot cultures are maintained at 15 
°C. Anthocyanins are fl avonoid metabolites that 
contribute to the coloration of various plant tis-
sues and in vitro cultured cells and tissues. The 
application of ammonium has been found to 
decrease the level of anthocyanins in petals of 
 Gerbera hybrida  (Huang et al.  2008 ), while 
nitrogen defi ciency increased the levels of antho-
cyanins in  Arabidopsis thaliana  (Scheible et al. 
 2004 ). Temperature also affects anthocyanin 
synthesis in various plants. Low temperature 
enhances anthocyanin synthesis in  A. thaliana  (Leyva 
et al.  1995 ) and  Zea mays  (Christie et al.  1994 ).

  Fig. 4.2    Effects of combination of 2,4-D and BA on somatic embryogenesis from explants of  S. cruentus  after 6 weeks 
of culture. ( a ) Cotyledonary explant. ( b ) Leaf explant       
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4.3         Maturation and Germination 
of Somatic Embryos 

 Embryo maturation and simultaneous conversion 
to plantlets is one of the steps in somatic embryo-
genesis, which partially depends on embryo qual-
ity (Sivanesan et al.  2012 ). Somatic embryogenesis 
is often initiated on the culture medium supple-
mented with PGRs; however, development 
beyond the globular stage was inhibited by main-
taining the same induction medium. Thus, for 
promoting further growth and development of 
SEs, it is necessary to subculture the embryos to 
the PGR-free medium. In cineraria, globular 
embryos initiated on MS containing 2,4-D and 
BA matured and converted into plantlets on MS 
with activated charcoal (Malueg et al.  1994 ). 
Activated charcoal is composed of carbon 
arranged in a quasi-graphitic form in small parti-
cle size. It is often used in medium to improve 
growth and development of cell, tissue, and organ 
(Thomas  2008 ). Activated charcoal has the 
potential to absorb some inorganic ions, auxins, 
cytokinins, and phenolics. The positive effect of 
activated charcoal on embryo maturation and 
conversion was probably by adsorption of PGRs 
(von Aderkas et al.  2002 ), ethylene (Johansson 
 1983 ), and growth inhibitory substances like 
5-hdroxymetylfurfural in the culture medium 
(Weatherhead et al.  1978 ), alteration of culture 

medium pH to an optimum level for development 
(Owen et al.  1991 ), and release of substances 
naturally present in or adsorbed by activated 
charcoal (Pan and van Staden  1998 ). The addi-
tion of activated charcoal to the maturation 
medium has also been proven benefi cial for 
development and conversion of SEs in  Campanula 
punctata  (Sivanesan et al.  2011 ) and  Crocus 
vernus  (Sivanesan et al.  2012 ). On the other hand, 
ABA and osmotic stress (PEG, sucrose) have 
been reported benefi cial for embryo maturation 
in cineraria (Nam et al.  2005 ). The combination 
of ABA and PEG is also used to stimulate SE 
maturation in  Corydalis yanhusuo  (Sagare et al. 
 2000 ) and  Panax ginseng  (Langhansova et al. 
 2004 ). Treatment of 3.8 μM ABA or 6.0 % 
sucrose was best for embryo maturation. ABA 
and sucrose are known to be important factors for 
seed maturation in higher plants. The authors 
reported that treatment of ABA was the best in 
promoting the conversion ratio than PEG or 
sucrose treatment. ABA is often used in in vitro 
culture to promote the maturation of SEs and to 
store carbohydrate reserves in embryos during 
maturation. The infl uence of ABA on somatic 
embryo maturation and germination has been 
reported in many plants (Rai et al.  2011 ). The 
conversion ratio from SEs to plantlets in cineraria 
was 30 % (Nam et al.  2005 ). Thus, it is necessary 
to improve the conversion ratio of somatic 

  Fig. 4.3    Effects of different concentrations of NH 4 NO 3  
and temperature on somatic embryogenesis from explants 
of  S. cruentus . ( a ) Pigmented somatic embryos developed 

on MS medium containing 412.5 mg l −1  NH 4 NO 3  at 20 °C. 
( b ) Variegated shoot developed from the SE       
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embryos to be of practical use. In this study, 
globular embryos completed germination through 
heart, torpedo, and cotyledonary stages when the 
embryos were cultured on MS basal medium 
(Fig.  4.4a–d ). However, the frequency of conver-
sion was very low. Furthermore, SE having mal-
formed cotyledons occurred during the embryo 
development. The low frequency of SE conver-
sion to plantlets is due to the carryover effects of 
PGRs. GA 3  had a signifi cant effect on SE matura-
tion and conversion (Table  4.3 ). Gibberellins are 
known as growth-promoting hormones, being 
involved in several processes during plant devel-
opment, like shoot elongation, fl ower develop-
ment, breaking dormancy, and seed germination 
(Linkies and Leubner-Metzger  2012 ). The fre-
quency of SE maturation and conversion were 

29.7, 42.7, 65.0, 84.3, or 71.3 % when MS was 
supplemented with 0, 0.5, 1.0, 2.0, or 4.0 mg l −1  
GA 3 , respectively. The fact that GA 3  stimulates 
the maturation and conversion of SE is well 
known. However, SE obtained from the cotyle-
don explants developed hyperhydric shoots 
(Fig.  4.4 ). This is in agreement with our previous 
report (Nam et al.  2005 ). The results suggest that 
somatic embryogenesis and plant regeneration in 
cineraria largely depends on the type of explant. 
Further, understanding physiological and molec-
ular nature of the explants will be useful for 
accessing the quality of the SE. Plantlets devel-
oped from the SE with shoots and roots were 
separated and grew further on hormone-free MS 
medium for 4 weeks. The in vitro-developed 
plantlets were successfully acclimatized in the 
greenhouse with 98 % survival.

4.4         Conclusion 

 We developed a simple and reproducible proce-
dure for somatic embryogenesis and plant regen-
eration of cineraria. 2,4-D and BA had a positive 
effect on SE induction in both explants. Among 
the two explants, leaf was found to be the most 

  Fig. 4.4    Somatic embryogenesis and plant regeneration 
from cotyledon and leaf explants of  S. cruentus . ( a ) 
Globular stage. ( b ) Heart stage. ( c ) Torpedo stage. ( d ) 
Cotyledonary stage. ( e ) Germination and root formation. 

( f ) SE-derived plantlets. ( g ) and ( h ) SE germination and 
conversion. ( i ) Hyperhydric shoots developed from the SE 
obtained from cotyledon explants       

   Table 4.3    Effects of different concentrations of GA 3  on 
germination of somatic embryos after 5 weeks of culture   

 GA 3  (mg l −1 )  Germination (%) 

 0  29.7 ± 5.9 

 0.5  42.7 ± 5.0 

 1.0  65.0 ± 5.1 

 2.0  84.3 ± 3.1 

 4.0  71.3 ± 3.3 

  Values are mean ± SD of results  
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effective for somatic embryogenesis and subsequent 
plant regeneration. GA 3  had a positive effect on 
SE maturation and conversion. This protocol 
could be utilized for genetic transformation and 
large-scale commercial propagation of cineraria. 
Most of the SEs were attached to the explants; 
these must be separated from the explants and 
embryo clusters for artifi cial seed production. 
Further studies are needed to confi rm the genetic 
homogeneity of the in vitro- regenerated plantlets.     
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    Abstract  

  Plants are sessile organisms and, as such, have evolved a remarkable 
developmental plasticity allowing them to cope with the adverse effects of 
numerous biotic and abiotic factors from the environment. One of the most 
intriguing examples of this plasticity is somatic embryogenesis during 
which somatic cells dedifferentiate into cells that are capable to form 
embryos. The latter are morphologically similar to zygotic embryos and can 
regenerate whole plants. The transition of somatic cells into embryogenic 
ones is the most intriguing and the part of somatic embryogenesis least 
understood. To better understand the mechanisms of somatic embryogenesis, 
comparative proteomic approaches have been used, and in recent years, 
hundreds of proteins have been identifi ed in embryogenic and nonembryo-
genic cultures, in somatic and zygotic embryos, and during distinct stages 
of somatic embryogenesis in both angiosperms and gymnosperms. 

 This review provides a comprehensive analysis of current advances in 
the proteomics of SE, focusing on the presence and putative function of 
differentially expressed proteins involved in processes such as stress 
response, protein synthesis and processing, cell proliferation, signal 
transduction and energy metabolism, and their potential use as embryo-
genic markers.  
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5.1         Introduction 

 Somatic embryogenesis (SE) represents a unique 
phenomenon in the plant kingdom. This develop-
mental pathway is one of the most striking exam-
ples of the plant cell developmental plasticity 
(Fehér  2008 ; Fehér  2014 ). It includes a series of 
characteristic events such as dedifferentiation of 
somatic cells, activation of cell division, and repro-
gramming of their metabolism and gene expres-
sion patterns. The transition of somatic cells into 
embryogenic ones is the most intriguing and the 
part of somatic embryogenesis least understood 
(Fehér  2005 ; Karami et al.  2009 ; Elhiti et al.  2013 ). 
It is still not known why and how somatic cells 
regain totipotency and embryonic cell fate giving 
rise to somatic embryos that are morphologically 
similar to zygotic embryos (Fehér  2014 ). More 
than two decades ago, SE was proposed to be a 
developmental stress response (Dudits et al.  1991 ), 
and now it is widely accepted that stress and hor-
mones play a crucial role in collectively inducing 
cell dedifferentiation and initiation of embryo-
genic program in plants with responsive genotype 
(Fehér et al.  2003 ; Ikeda-Iwai et al.  2003 ; Rose 
and Nolan  2006 ). Still, the underlying mecha-
nisms are hardly known justifying the listing of the 
question “How does a single somatic cell become 
a whole plant?” among the current 125 most 
important scientifi c questions (Vogel  2005 ). 

 Efforts have been made to elucidate the pat-
terns of gene expression that may play a critical 
role in the process of SE and especially in the 
somatic-to-embryogenic developmental transi-
tion. Several gene classes associated with SE 
including SERK, LEAFY COTYLEDON, 
BABY BOOM, WUSCHEL, and PICKLE have 
been identifi ed (reviewed by Karami et al.  2009 ; 
Yang and Zhang  2010 ; Fehér  2014 ). However, 
the lack of a clear correlation between mRNA 
and protein abundance due to the variation in 
mRNA stability, translatability, and protein sta-
bility sets some limits on mRNA expression pro-
fi ling. Furthermore, protein structure, activity, 
and function can be altered and regulated by sub-
cellular localization, interaction with other mol-
ecules, and posttranslational modifi cations that 
would not be detected by mRNA analysis (Rose 
et al.  2004 ). Consequently, there is a growing rec-

ognition that this approach should be comple-
mented with profi ling methods of the fi nal gene 
products or proteins themselves. 

 Proteomics is a powerful approach aimed at 
systematic studies of protein structure, function, 
interaction, and dynamics. Protein changes 
occurring as a response to developmental and 
environmental states, abundances of proteins, 
posttranslational modifi cations, and protein iso-
forms can also be investigated (Valledor and 
Jorrin  2011 ). Within the last decade, improve-
ments in the high-resolution two-dimensional gel 
electrophoresis (2-DE) and mass spectrometry 
(MS) technique have allowed the identifi cation of 
proteins linked to SE competence and develop-
ment in diverse plant species such as  Manihot 
esculenta, Catharanthus roseus, Phoenix dacty-
lifera, Cyclamen persicum  (reviewed by Aslam 
et al.  2013 ),  Quercus suber  (Gomez-Garay et al. 
 2013 ),  Vitis vinifera  (Marsoni et al.  2008 ; Zhang 
et al.  2009 ),  Vigna unguiculata  (Nogueira et al. 
 2007 ),  Acca sellowiana  (Cangahuala-Inocente 
et al.  2009 ),  Citrus sinensis  (Pan et al.  2009 ), 
 Coffea arabica  (Tonietto et al.  2012 ),  Crocus 
sativus  (Sharifi  et al.  2012 ),  Araucaria angustifo-
lia  (Jo et al.  2014 ),  Elaeis guineensis  (Silva Rde 
et al.  2014 ),  Medicago truncatula  (de Jong et al. 
 2007 ; Almeida et al.  2012 ),  Zea may s (Sun et al. 
 2013 ; Varhaníková et al.  2014 ), and  Pinus pinas-
ter  (Morel et al.  2014 ). These reports included 
studies on protein expression changes during the 
transitional state from somatic to embryogenic 
cells, identifi ed differentially expressed proteins 
in nonembryogenic and embryogenic calli and in 
somatic and zygotic embryos, compared specifi c 
proteins that accumulate during different stages 
of somatic embryogenesis, and discovered puta-
tive protein markers for somatic embryogenesis.  

5.2     Proteomics of Somatic 
Embryogenesis: A Ten-Year 
Survey (2005–2015) 

 Transcriptomics and proteomics approaches have 
been applied to investigate global gene expres-
sion during somatic embryo formation in several 
plant species, including angiosperms and gymno-
sperms (see Table  5.1 ). SE can be divided into 
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   Table 5.1    Overview of plant proteomics studies of somatic embryogenesis (2005–2015)   

 Plant species  Common name  Source  Proteomics techniques  References 

  Acca sellowiana   Feijoa  Somatic embryo development  2-DE/MALDI-TOF MS  Cangahuala- 
Inocente 
et al. ( 2009 ) 

  Acca sellowiana (O 
Berg.) Burret  

 Feijoa  Somatic embryo regeneration  2D DIGE/Q-TOF MS/
MS 

 Fraga et al. 
( 2013 ) 

  Araucaria angustifolia 
(Bert.) O. Ktze  

 Brazilian pine  Embryogenic vs. 
nonembryogenic cell line 

 2-DE/MALDI-TOF/
TOF MS/MS 

 Jo et al. 
( 2014 ) 

  Carica papaya L.   Papaya  Somatic embryo development  2-DE/MALDI-TOF/
TOF MS/MS 

 Vale Ede 
et al. ( 2014 ) 

  Citrus sinensis 
Osbeck  

 Valencia sweet 
orange 

 Somatic embryo development  2-DE/MALDI-TOF MS  Pan et al. 
( 2009 ) 

  Coffea arabica   Coffee  Somatic embryo development  2-DE/MALDI-TOF/
TOF MS/MS 

 Tonietto 
et al. ( 2012 ) 

  Crocus sativus L.   Saffron  Embryogenic vs. 
nonembryogenic calli 

 2-DE/MALDI-TOF/
TOF MS/MS 

 Sharifi  et al. 
( 2012 ) 

  Cyclamen persicum   The Persian 
cyclamen 

 Embryogenic vs. 
nonembryogenic cell lines 

 2D DIGE/ MALDI- 
TOF MS 

 Lyngved 
et al. ( 2008 ) 

  Cyclamen persicum   The Persian 
cyclamen 

 Somatic vs. zygotic embryos  2-DE/nano-LC-MS/MS  Winkelmann 
et al. ( 2006 ) 

  Cyclamen persicum   The Persian 
cyclamen 

 Somatic vs. zygotic embryos  2-DE/LC-MS/MS  Rode et al. 
( 2011 ) 

  Cyclamen persicum   The Persian 
cyclamen 

 Somatic embryo development 
and maturation 

 2-DE/LC-MS/MS  Rode et al. 
( 2012 ) 

  Cyclamen persicum   The Persian 
cyclamen 

 Somatic embryo development 
and nonembryogenic callus 

 2-DE/MALDI-TOF/
TOF MS/MS 

 Bian et al. 
( 2010 ) 

  Cyphomandra 
betacea  

 Tamarillo  Embryogenic vs. 
nonembryogenic calli 

 2-DE/LC-MS/MS  Correia et al. 
( 2012 ) 

  Elaeis guineensis 
Jacq.  

 Oil palm  Somatic embryo development  2-DE/MALDI-TOF/
TOF MS/MS 

 Silva Rde 
et al. ( 2014 ) 

  Eruca sativa Mill   Rucola  Embryogenic vs. 
nonembryogenic calli 

 1-DE/MALDI-TOF MS  Chen et al. 
( 2012 ) 

  Gossypium 
hirsutum L.  

 Cotton  Somatic embryo development  iTRAQ/LC-ESI-MS/
MS 

 Ge et al. 
( 2015 ) 

  Larix principis- 
rupprechtii Mayr  

 Prince 
Rupprecht’s larch 

 Embryogenic vs. 
nonembryogenic calli 

 iTRAQ/LC-MS/MS  Zhao et al. 
( 2015 ) 

  Larix  ×  eurolepis   Hybrid larch  Somatic vs. zygotic embryo 
maturation 

 1-DE/LC-MS/MS  Teyssier 
et al. ( 2014 )  2-DE/LC-MS/MS 

  Manihot esculenta 
Crantz  

 Cassava  Secondary somatic 
embryogenesis 

 2-DE/MALDI-TOF/
TOF MS/MS 

 Baba et al. 
( 2008 ) 

  Manihot esculenta 
Crantz  

 Cassava  Somatic embryos, plantlets, and 
roots 

 1-DE/LC-ESI-MS/MS  Li et al. 
( 2010 ) 

  Medicago truncatula   Barrel clover  Embryogenic (2HA) vs. 
nonembryogenic cell lines 
(Jemalong) 

 2-DE/MALDI-TOF 
MS/MS 

 Imin et al. 
( 2005 ) 

  Medicago truncatula   Barrel clover  Embryogenic (M9-10A) vs. 
nonembryogenic (M9) cell lines 

 2-DE/MALDI-TOF/
TOF MS/MS 

 Almeida 
et al. ( 2012 ) 

  Percea americana   Avocado  Embryogenic vs. 
nonembryogenic cell lines 

 2-D DIGE/MALDI- 
TOF/TOF MS/MS 

 Guzmán-
García et al. 
( 2013 ) 

  Phoenix dactylifera L.   Date palm  Somatic vs. zygotic embryos  2-DE/MALDI-TOF/
TOF MS/MS 

 Sghaier-
Hammami 
et al. ( 2009 ) 

(continued)
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two phases: induction and expression. During the 
induction phase, somatic cells are undifferenti-
ated, acquire embryogenic competence, and pro-
liferate as embryogenic formations. Cellular 
reprogramming takes place which is associated 
with the expression of specifi c genes. In the 
expression phase, the embryogenic cells differen-
tiate to form somatic embryos and after that 
plants. Somatic embryo development encom-
passes key stages of ZE: the heart and torpedo 
stages in the case of dicotyledonous species; the 
globular, scutellar, and coleoptilar stages in the 
case of monocotyledonous species; and early and 
late embryogenesis in the case of gymnosperm 
species (Rocha and Dornelas  2013 ). Proteomic 
studies related to SE have focused mainly on (1) 
early stages of embryogenesis, when the embryo-
genic competence is acquired; (2) comparison of 
embryogenic and nonembryogenic calli; and (3) 
comparison of zygotic and somatic embryos and 
have revealed a plethora of differentially 
expressed proteins.

   However, the results obtained from these stud-
ies are not entirely identical, perhaps due to the 
different plant species, organs, methods, and con-

ditions used. And still, numerous proteins 
involved in fundamental cellular processes of SE 
were found to be identical in the different plant 
species. The biological signifi cance of key differ-
entially expressed proteins and their associated 
cellular roles is discussed in this section, stress-
ing on the perspective of their SE or in vitro mor-
phogenesis relevance. At a functional level, 
proteins identifi ed in this study were derived 
from a broad variety of cellular processes, which 
emphasize the range of changes associated with 
embryo development. Suggested protein markers 
for SE offer the possibility of determining the 
embryogenic potential of plant cells in culture 
long before any morphological changes have 
taken place and of gaining further information on 
the molecular basis of induction and differentia-
tion of plant cells (Tchorbadjieva  2005 ). 

 The proteins were classifi ed into the following 
functional categories based on their primary bio-
logical process: (1) stress response; (2) protein 
synthesis, processing, and fate; (3) cell prolifera-
tion, cell wall biogenesis, and cell elongation; (4) 
transcription and signal transduction; (5) metabo-
lism and energy state; and (6) storage proteins. 

Table 5.1 (continued)

 Plant species  Common name  Source  Proteomics techniques  References 

  Picea balfouriana   Balfour spruce  Somatic embryo development  iTRAQ/LC-MS/MS  Li et al. 
( 2015 ) 

  Picea glauca   White spruce  Somatic embryo maturation  2-DE/LC-MS/MS  Lippert et al. 
( 2005 ) 

  Pinus pinaster Ait.   Maritime pine  Somatic vs. zygotic embryo 
maturation 

 1-DE/LC-MS/MS  Morel et al. 
( 2014 )  2-DE/LC-MS/MS 

  Quercus suber   Cork oak  Somatic embryo development  2-D DIGE/MALDI- 
TOF/TOF MS/MS 

 Gomez-
Garay et al. 
( 2013 ) 

  Theobroma cacao L.   Cacao  Somatic vs. zygotic embryos  2-DE/LC-MS/MS  Noah et al. 
( 2013 ) 

  Vanilla planifolia 
Andrews  

 Vanilla orchid  Callus regeneration  2-DE/MALDI-TOF/
TOF MS/MS 

 Tan et al. 
( 2013 ) 

  Vigna unguiculata   Cowpea  Embryogenic cell suspensions  2-DE/MALDI-TOF/
TOF MS/MS 

 Nogueira 
et al. ( 2007 ) 

  Vitis vinifera cv.  
  Thompson seedless  

 Grape vine  Embryogenic vs. 
nonembryogenic calli 

 2-DE/LC-ESI-MS/MS  Marsoni 
et al. ( 2008 ) 

  Vitis vinifera L. cv. 
Cabernet sauvignon  

 Grape vine  Embryogenic vs. 
nonembryogenic calli 

 2-DE/MALDI-TOF/
TOF MS/MS 

 Zhang et al. 
( 2009 ) 

  Zea mays L. H99 
inbred cell line  

 Maize  Embryogenic vs. 
nonembryogenic calli 

 2-DE/MALDI-TOF MS  Sun et al. 
( 2013 ) 

  Zea mays L. A19 
inbred cell line  

 Maize  Embryogenic vs. 
nonembryogenic calli 

 2-DE/Q-TOF MS/MS  Varhaníková 
et al. ( 2014 ) 

M.I. Tchorbadjieva



71

5.2.1     Proteins Involved in Stress/
Defense Response 

5.2.1.1     Proteins Involved in Oxidative 
Stress Response 

 Recent proteomic studies have strongly empha-
sized the role of stress proteins during SE (Takáč 
et al.  2011 ). 

 The oxidative stress in plant tissue culture is 
well documented (Zavattieri et al.  2010 ). A burst 
in ROS is indispensable in modulating cell divi-
sion and the reprogramming of cell metabolism 
as an adaptation response to stress. The initiation 
of embryogenic cultures (EC) often involves 
wounding of anthers, leaf explants, hypocotyls ,  
etc. and placing them on callus induction 
medium. The latter contains the synthetic auxin 
2,4-D, known by its herbicide effect triggering 
considerable oxidative stress in plant cells. ROS 
has also been implicated as a second messenger 
during auxin and stress-induced embryogenesis 
(Maraschin et al.  2005 ). Uncontrolled production 
of ROS could severely damage cellular proteins 
and membranes. Therefore, plant cells regulate 
ROS levels through sophisticated mechanisms 
such as scavenging with antioxidant defense pro-
teins. Peroxidases, catalases, and superoxide dis-
mutases (SOD) function as key players in the 
modulation of ROS levels and ROS-mediated 
stress signaling (Apel and Hirt  2004 ). Thus, it is 
not surprising that enzymes involved in detoxifi -
cation have been detected in all studies regarding 
the early stages of somatic embryogenesis. 

 Ascorbate peroxidase (APX) plays a critical 
role in oxidative stress response through reactive 
oxygen species (ROS) scavenging. APX iso-
zymes differ with respect to structure, substrate 
specifi city ,  and tissue distribution, and their 
expression is highly responsive to environmental 
conditions and stress. A differential accumulation 
of APX has been reported in  Vitis vinifera  
embryogenic (EC) and embryogenic calli 
(NEC) – two acidic isoforms were detected in EC 
only, while two basic isoforms were specifi c to 
NEC (Marsoni et al.  2008 ; Zhang et al.  2009 ). 
The proteomic profi les of the embryogenic 
phases of  Elaeis guineensis  revealed an APX 
present in all stages of somatic embryo develop-

ment and a peroxidase present in primary callus 
and a putative secretory peroxidase unique to 
proembryogenic callus (Silva Rde et al.  2014 ). 
APX was found more abundant in the EC of two 
inbred lines of  Zea mays  L. – A19 (Varhaníková 
et al.  2014 ) and H99 (Sun et al.  2013 ) – as well as 
in callus of saffron (Sharifi  et al.  2012 ). This 
might suggest that maintaining low levels of 
hydrogen peroxide is important for cell repro-
gramming towards SE. An increased APX was 
detected in mature embryos of cork oak as com-
pared to proliferating embryos, with a slight 
decrease in intermediate stages as compared to 
the initial stage (Gomez-Garay et al.  2013 ). 

 In  Cyclamen persicum , catalase was upregu-
lated in embryogenic suspensions (ES) (Lyngved 
et al.  2008 ). Rode et al. ( 2012 ) found high levels 
of catalases of which the more acidic forms were 
specifi c for callus and early stages of SE. In con-
trast, the more basic forms had a higher abun-
dance in the late embryos. These catalases are 
therefore candidates for stage-specifi c isoforms, 
probably affected by different phosphorylation 
levels. In mature embryos of oak, catalase and 
APX with diminished levels in proliferating 
embryos and increased abundance in the mature 
ones were detected (Gomez-Garay et al.  2013 ). 

 Glutathione-S-transferase (GST) proteins are 
involved in several processes, including protec-
tion from oxidative stress and detoxifi cation of 
xenobiotics (Dixon et al.  2002 ). Winkelmann 
et al. ( 2006 ) found that GST is accumulated in 
embryogenic tissue and somatic embryos and 
may also have a possible role in detoxifying 
excessive amounts of auxin (Fehér et al.  2003 ). 
In  Citrus , three different isoforms of GST with 
differential expression were detected – one was 
upregulated in late stages of SE, while the other 
two were only transiently downregulated in the 
fi rst weeks after callus induction (Pan et al. 
 2009 ). Several examples have been reported in 
which members of the GST gene family were 
upregulated during auxin-induced somatic 
embryogenesis (Imin et al.  2005 ; Lyngved et al. 
 2008 ; Guzmán-García et al.  2013 ). Consistently, 
GST accumulation has been reported in somatic 
embryos of  Cyclamen persicum  (Winkelmann 
et al.  2006 ) and  Vitis vinifera  (Marsoni et al. 
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 2008 ). A differential expression of GST was 
observed in  Medicago truncatula  – it consistently 
increased in both embryogenic and nonembryo-
genic lines from day 0 to 14 d refl ecting the 
explant response to in vitro stress. When the fi rst 
embryos started to differentiate, it dropped to its 
initial level in the embryogenic line M9-10a, sug-
gesting that the M9-10a explants were able to 
cope with imposed oxidative stress (Almeida 
et al.  2012 ). Similar results were obtained in 
 Citrus sinensis  (Pan et al.  2009 ). 

 Thus, it can be concluded that oxidative stress 
may stimulate cell differentiation to promote 
somatic embryo formation, whereas other anti- 
oxidative proteins may serve to protect cells from 
toxicity caused by long-term in vitro culturing. 

 Superoxide dismutase (SOD) converts super-
oxide radicals to hydrogen peroxide, thus provid-
ing the fi rst line of defense against oxidative 
stress. Mn-SOD is mainly localized in the mito-
chondrial matrix and the peroxisomes. SOD 
accumulation has been reported to be involved in 
triggering SE and is thought to be required for 
embryo germination. In  Cyclamen persicum , 
SODs were abundant in both somatic and zygotic 
embryos (Winkelmann et al.  2006 ), but in 
 Quercus , a signifi cantly higher abundance of this 
enzyme was detected in somatic versus zygotic 
embryos (Gomez-Garay et al.  2013 ). A Mn-SOD 
was upregulated to much higher levels in EC than 
in NEC of  Vitis  (Zhang et al.  2009 ) and was over-
expressed in cork oak (Gomez-Garay et al.  2013 ) 
and cotton cotyledonary and mature stages of 
somatic embryos (Ge et al.  2015 ). 

 During the scavenging of ROS, scavenger 
recovery proteins such as thioredoxin and glu-
taredoxin are necessary to regenerate scavengers. 
Imin et al. ( 2005 ) identifi ed a thioredoxin H (Trx) 
which appeared early in explant cultures of the 
embryogenic cell line 2HA and became undetect-
able at later stages of cell proliferation suggest-
ing that Trx H plays a signifi cant role during 
early stages of commitment from the vegetative 
stage to a pathway of cellular differentiation and 
proliferation. The Trx H group of proteins is 
involved in a broad scope of biological functions, 
acting as cofactors, transcription regulators, 
protein- binding regulators, protein folding cata-

lysts, growth factors, and antioxidants. In cotton 
cotyledonary embryos, three scavenger recovery 
proteins, namely, glutaredoxin, glutaredoxin- 
related proteins, and thiol−disulfi de isomerase/
thioredoxins, showed various abundance pro-
fi les, indicating that these proteins might regener-
ate scavengers for response to ROS in cotton 
embryo growth (Ge et al.  2015 ). In oak torpedo 
somatic embryos, Trx showed increased level 
upon maturation (Gomez-Garay et al.  2013 ). 
Peroxiredoxin (1-Cys Prx) showed considerably 
elevated levels of expression in later stages of SE 
development in the highly embryogenic cell lines 
2HA (Imin et al.  2005 ) and M9-10a (Almeida 
et al.  2012 ) of  Medicago sativa . Another perox-
iredoxin – 2-Cys Prx – was highly expressed in 
 Quercus  torpedo somatic embryos (Gomez- 
Garay et al.  2013 ) and somatic embryos of 
 Cyclamen  (Rode et al.  2011 ). Peroxiredoxins are 
thiol-dependent antioxidants containing one 
(1-Cys) or two (2-Cys) conserved Cys residues 
that protect lipids, enzymes, and DNA against 
reactive oxygen species (Imin et al.  2005 ). A high 
abundance of these enzymes suggests the occur-
rence of stress within the somatic embryos tissue 
beyond that due to embryogenesis. 

 Cyclophilins constitute a subgroup of a large 
family of proteins called immunophilins. Most 
cyclophilins display peptidylprolyl isomerase 
(PPIase) enzymatic activity and active role in 
protein folding which render them molecular 
chaperones. Several of these members have also 
been directly linked to multiple stresses (Kumari 
et al.  2012 ). A higher expression of cyclophilin in 
the early stages of embryogenesis and response 
to various stresses has been reported as well as its 
involvement in the control of ROS (Ruan et al. 
 2011 ). The upregulation of cyclophilin in the 
globular and cotyledonary phases of  Coffea ara-
bica  (Noah et al.  2013 ) may be related to the con-
trol of ROS levels. It is possible that a higher 
accumulation of ROS occurs in the globular stage 
and may account for the higher expression of 
cyclophilin to control ROS levels in the cell. 

 These results show that a dynamic expression 
of oxidative stress-related proteins occurs during 
SE. Somatic embryogenic lines show higher lev-
els of GST, APX ,  and SOD proteins. Assuming 
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that the generation of a signifi cant amount of 
stress and ROS is a prerequisite to induce SE, it 
is possible that SE lines may have a better ability 
of controlling oxidative stress by regulation of 
the ROS-scavenging system and hence maintain-
ing ROS homeostasis during somatic embryo 
growth and maturation. In this way, ROS can act 
as signaling molecules playing an important role 
during auxin-induced SE. As a whole, this sus-
tains the hypothesis that SE is a cellular stress- 
adaptive response to in vitro culture conditions 
(Dudits et al.  1991 ; Pasternak et al.  2002 ).  

5.2.1.2     Pathogenesis-Related Proteins 
 Another group of proteins involved in stress/
defense response is the pathogenesis-related pro-
teins (PR). PR proteins have been observed 
mostly during early stages of embryogenesis. A 
chitinase and β-1,3-glucanase considerably 
increased during the formation of proembryo-
genic masses (PEMs) in oil palm (Silva Rde et al. 
 2014 ). An increased expression of endochitinase 
was observed during the induction phase of SE in 
the highly embryogenic M9-10A of  M. truncat-
ula  (Almeida et al.  2012 ). Chitinase IV was sig-
nifi cantly more expressed in EC of  Larix principis  
(Zhao et al.  2015 ). One of the most abundant pro-
teins in embryogenic suspension cultures of cow-
pea was identifi ed as chitinase from the PR-4 
family of PR proteins (Nogueira et al.  2007 ). 
During SE in  Picea glauca , the transcript of a 
β-1,3-glucanase gene was highly abundant in 
embryogenic tissues and gradually decreased 
during the induction of somatic embryos with the 
lowest abundance occurring during the globular 
embryo stage (Dong and Dunstan  1997 ). Five 
types of β-1,3-glucanase were detected at the 
globular stage in  M. truncatula  embryogenic cul-
tures (Imin et al.  2004 ). 

 Chitinases catalyze the hydrolytic cleavage of 
the β-1,4-glycoside bond between 
N-acetylglucosamine residues, mainly present in 
chitin. β-1,3-glucanases are enzymes that cata-
lyze the hydrolysis of the fungal cell wall poly-
mer β-1,3-glucan. Chitinase induction is often 
coordinated with the expression of specifi c β-1,3- 
glucanases and other PR proteins in response to 
pathogen attack, as well as abiotic and biotic 

stresses. Despite their typical involvement in the 
defense response of plants, chitinases and gluca-
nases are also expressed in healthy plants in an 
organ-specifi c and developmentally regulated 
pattern, suggesting a nondefensive role in plant 
development as well (Kasprzewska  2003 ). The 
accumulation of chitinases at a much higher level 
in the medium of embryo cultures than in nonem-
bryogenic lines suggested that chitinase could be 
related to embryogenic competence for SE. A fre-
quent occurrence of chitinases in embryogenic 
tissues has been associated with enzymatic activ-
ity on arabinogalactan proteins that enable the 
control or maintenance of embryogenic cell fate 
(van Hengel et al.  2001 ). 

 In both embryogenic and nonembryogenic 
cell lines of  Medicago truncatula , two of the 
most abundant proteins were an abscisic acid 
(ABA)-responsive protein with homology to the 
pathogenesis-related protein PR10-1 and PR10-1 
itself. Interestingly, they changed little through-
out the 8 weeks of culture, suggesting a general 
role for ABA-responsive proteins and PR10 pro-
teins in cell maintenance or cell defense (Imin 
et al.  2005 ). In EC of cowpea ,  a highly abundant 
protein was identifi ed as PR10 (Nogueira et al. 
 2007 ). As some classes of PR-10 proteins are 
inducible by auxin, it is possible that this protein 
mediates the cell responses to growth regulators 
in cowpea. Also, PR10 proteins were found to be 
upregulated in NEC (Marsoni et al.  2008 ; 
Cangahuala-Inocente et al.  2009 ; Zhang et al. 
 2009 ) and downregulated in EC of  Vitis  (Zhang 
et al.  2009 ) and  Zea mays  inbred line H99 (Sun 
et al.  2013 ). PR10 proteins belong to an intracel-
lular defense-related protein family and show 
homology to ribonucleases. In addition, PR10 
genes are highly expressed in response to biotic 
and abiotic stresses (van Loon et al.  2006 ). The 
downregulation of PR10 in EC appears corre-
lated with a better ability of controlling oxidative 
stress in EC cells. Thaumatin (a PR5 protein) was 
identifi ed with maximum abundance at initial 
embryo stage of  Quercus suber  (Gomez-Garay 
et al.  2013 ). Thaumatins are subject to complex 
expression profi les regulated by environmental 
factors and developmental stages (Liu et al. 
 2010 ). 
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 PR protein synthesis during in vitro cultures 
may be associated with the adaptation of plant 
cells to new environmental conditions, resulting 
in the activation of defense mechanisms that are 
likely not directly related to a specifi c morpho-
genic pathway such as SE. One hypothesis is that 
plant cells may activate signaling pathways that 
trigger cellular events in response to environ-
mental stress, leading to the formation of embry-
onal structures (Van Loon et al.  2006 ). These 
fi ndings indicate that PR-type proteins can have a 
developmental role and, through their enzymatic 
activities, may generate signal molecules that 
could act as endogenous elicitors in morphogen-
esis. Such elicitors could also play a role in acti-
vating other types of defensive responses.   

5.2.2     Protein Synthesis, Processing, 
Folding, and Fate 

5.2.2.1     Heat Shock Proteins (HSPs) 
 SE is a complete cell reprogramming process ,  
and the initial stage of dedifferentiation of 
somatic cells to embryo-like structure needs 
global change in gene expression and protein 
complement. It requires the assembly and stabili-
zation of newly synthesized proteins, as well as 
the modifi cation and removal of peptides (Fehér 
et al.  2003 ). 

 The consideration of SE as a specifi c form of 
the stress response is supported by experimental 
fi ndings that show the involvement of the heat 
shock systems in this developmental reprogram-
ming. Many heat shock proteins (HSPs) are 
molecular chaperones, which are formed in 
response to stress and also are developmentally 
regulated. They assist in the correct folding of 
nascent and misfolded polypeptides by prevent-
ing their aggregation. Some of them are respon-
sible for assembly translocation and degradation. 
Their function may be of increased importance 
under stress conditions, where misfolding of 
polypeptides occurs more commonly (Wang 
et al.  2004 ). Although HSPs are referred to as 
stress-responsive proteins, however, many of 
them are expressed in the absence of stress, dur-
ing normal cell growth aiding in protein folding 

and subcellular sorting. HSPs are involved in SE 
even without being triggered by external signals. 

 Members of the HSP family HSP60 and 
HSP70 have been reported to be expressed at 
higher levels in EC than in NEC (Correia et al. 
 2012 ; Guzmán-García et al.  2013 ; Teyssier et al. 
 2014 ; Vale Ede et al.  2014 ; Zhao et al.  2015 ). 
Two different studies performed in  V. vinifera  
reported the use of HSP70 as a possible marker 
for the embryogenic capacity based on their 
higher levels in embryogenic callus than in non-
embryogenic callus (Marsoni et al.  2008 ; Zhang 
et al.  2009 ). 

 The ER luminal binding protein (BiP), a mem-
ber of the HSP70 family, was overexpressed in 
EC of  Larix principis  (Zhao et al.  2015 ) and 
 Carica papaya  (Vale Ede et al.  2014 ). BiP local-
izes to the endoplasmic reticulum (ER). It acts in 
the translocation of proteins through the ER and 
assists in the proper folding and maturation of 
newly synthesized proteins entering the organelle 
(Vale Ede et al.  2014 ). HSP70 and luminal bind-
ing proteins have also been reported to be more 
abundant during the fi rst stages of the develop-
ment of SE in  M. truncatula  (Imin et al.  2005 ) 
and  Crocus sativus  (Sharifi  et al.  2012 ). The 
expression level of these proteins was the highest 
at 5 weeks after the induction of SE from leaf 
explants, coinciding with the generation of calli. 
However, the chaperones showed a decrease in 
the 8-week cultures, when somatic embryos 
appeared. Similar results were reported in  P. 
glauca  (Lippert et al.  2005 ). In oil palm, an 
HSP90 was identifi ed in all stages of SE with a 
higher intensity in callus after 14 days on induc-
tion medium. HSP90 seems an interesting candi-
date to be further investigated regarding its 
ability to induce embryogenic competence in oil 
palm (Silva Rde et al.  2014 ). 

 An ATP-binding protein is another HSP that 
showed increased abundance in the initial prolif-
eration embryo stage (PSE) of cork oak. This pro-
tein controls protein folding during cell 
reorganization from somatic plant cells to the 
embryogenic pathway (Gomez-Garay et al.  2013 ). 

 This may imply that a higher level of expres-
sion of the chaperones is required for the mainte-
nance of cells during early culture, playing 
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a protective function in response to the stress 
conditions that characterize in vitro growth. 

 Different HSP levels were found to be stage 
specifi c during embryogenesis in  Cyclamen . 
High levels of HSP20 and HSP70 were represen-
tative for differentiated embryos marking late 
stages of embryogenesis, while increased abun-
dances of HSP60 and HSP101 were typical for 
earlier stages and callus. These proteins help 
newly synthesized proteins to fold and minimize 
protein aggregation upon stresses imposed dur-
ing initiation of SE from somatic cells (Rode 
et al.  2012 ). 

 Besides at early stages of SE, HSPs were more 
abundant at later stages of embryo development, 
highly increasing during somatic embryo matura-
tion of cork oak (Gomez-Garay et al.  2013 ), hybrid 
larch (Teyssier et al.  2014 ), and somatic and 
zygotic embryos of  C. persicum  (Winkelmann 
et al.  2006 ). Probably their high expression is nec-
essary to prepare the embryos for desiccation, con-
sistent with the high level of proteins synthesized 
at this stage. In coffee SE, an HSP70 was more 
abundant in the cotyledonary phase when com-
pared to the torpedo stage and was not observed in 
the globular stage (Tonietto et al.  2012 ). 

 Small heat shock proteins (sHSPs) of 15–30 
kDa have been reported in high abundance dur-
ing the late stages of SE. Small HSPs are not only 
crucial components of the plant heat shock 
response but also play important roles in adapta-
tion to various other stresses and development 
(Waters  2011 ). One sHSP was much more 
expressed in EC than in NEC of  Vitis  (Zhang 
et al.  2009 ). An sHSP was found to accumulate 
during maturation of oak somatic embryos 
(Gomez-Garay et al.  2013 ). Small HSPs have 
been also found to be upregulated from early to 
mature stages of SE development in  P. glauca  
(Lippert et al.  2005 ) and  P. abies  (Businge et al. 
 2013 ). In  Pinus pinaster , two sHSPs were found 
to be overexpressed in cotyledonary somatic 
embryos (two isoforms of HSP 18.2), and one in 
cotyledonary zygotic embryos (class II HSP 
17.6) together with HSP60 and HSP70 has been 
overexpressed in both types of embryos (Morel 
et al.  2014 ). In  Phoenix dactylifera , stress-related 
proteins of the HSP family (17.6 and 70 kDa) 

were detected in zygotic embryos only. These 
proteins are especially abundant at the late stages 
of embryo maturation (Sghaier-Hammami et al. 
 2009 ). The presence of sHSP 17.6 in zygotic 
embryos only makes it a potential marker of 
zygotic embryo maturity in  Pinus pinaster  
(Morel et al.  2014 ) and  Phoenix dactylifera . HSP 
18.2 and HSP 17.6 belong to a small HSP family 
(HSP 20) which has been detected in differenti-
ated embryos in  Cyclamen  (Rode et al.  2012 ), but 
their function is not yet known. 

 The data suggest that the increased chaperone 
proteins may play a fundamental role in SE pos-
sibly by alleviating stresses associated with 
global reprogramming during somatic to embryo-
genic transition. In addition, HSP proteins all 
contribute to the preparation of the embryo for 
subsequent desiccation and germination phases.  

5.2.2.2     Protein Processing and Fate 
 Cellular reprogramming ultimately requires the 
synthesis, protein folding, and posttranslational 
modifi cation of newly synthesized proteins, as 
well as the removal of proteins that are no longer 
needed. The ubiquitin/26S proteasome pathway 
is a major factor in controlled proteolysis. The 
ubiquitin–proteasome pathway can be regulated 
at the level of ubiquitination or the level of pro-
teasome activity (Glickman and Ciechanover 
 2002 ). In plants, the ubiquitin–proteasome sys-
tem can control nearly every aspect of growth 
and development, such as the cell cycle, embryo-
genesis, defense, environmental responses, and 
hormone signaling (Vierstra  2009 ). 

 Consistently, 26S proteasome regulatory par-
ticle triple-A ATPase subunits α and β were found 
to be upregulated in EC of  C. persicum  (Lyngved 
et al.  2008 ),  V. vinifera  (Zhang et al.  2009 ),  C. 
sativus  (Sharifi  et al.  2012 ), and  Z. mays  (Sun 
et al.  2013 ). High expression levels of the protea-
some subunits in EC imply the possible role of 
proteasome machinery in callus establishment 
through removal of explant-associated proteins 
that are no longer needed. Subunits of the 26S 
proteasome and ubiquitin were highly abundant 
throughout SE in  C. persicum  and  C. sativus , but 
especially noticeable in the late torpedo stages 
(Sharifi  et al.  2012 ; Rode et al.  2012 ). It is well 
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known that proteasome activity is closely aligned 
with cell proliferation processes. Rapid cell divi-
sion marking the early stages of SE is accompa-
nied by an increase in proteasome subunits. Thus, 
high levels of enzymes involved in the 26S 
proteasome- dependent proteolysis pathway seem 
to be important for the switch from callus to glob-
ular embryo as well as from globular to torpedo- 
shaped embryo in these species. A decrease in 
proteasome subunit abundance was observed 
during cotyledonary embryo development in 
cork oak (Gomez-Garay et al.  2013 ) and cotton 
(Ge et al.  2015 ). In cotyledonary embryos, the 
need for saving energy slows down protein syn-
thesis, whereas reduction in protein degradation 
also facilitates nutrient storage for germination 
and plantlet regeneration (Ge et al.  2015 ). Also, 
proteasome activity decreases when cells are 
stimulated to differentiate as is the case. In a pre-
vious study on early somatic embryo develop-
ment in  Picea glauca , it has been reported that 
three proteasome proteins were simultaneously 
downregulated as the culture medium containing 
abscisic acid stimulates embryo maturation and 
concomitant differentiation, thereby reducing 
cell division (Lippert et al.  2005 ). Hence, the 
hypothesis that a decrease or absence of protea-
some subunits might be an appropriate marker 
for tracking proper embryonic development has 
been widely accepted. 

 To summarize, controlled proteolysis exe-
cuted by the 26S proteasome–ubiquitin system is 
needed in order for the somatic embryogenesis to 
succeed. 

 Proteomic studies of SE revealed the presence 
of proteinases and proteinase inhibitors in several 
plant species (Nogueira et al.  2007 ; Marsoni 
et al.  2008 ; Sharifi  et al.  2012 ; Noah et al.  2013 ). 
A leucine aminopeptidase was found to be unique 
to the PEG treatment of embryogenic cultures of 
 Carica papaya  improving somatic embryo pro-
duction thus being indicative of better control of 
embryonic development under this treatment 
(Vale Ede et al.  2014 ). An exceptional high accu-
mulation of trypsin inhibitors and aspartic pro-
teinase was observed in somatic and zygotic 
embryos of  Theobroma cacao  L., respectively 
(Noah et al.  2013 ). Regarding the crucial role of 
aspartic proteinase, which is responsible for the 

initial breakdown of proteins during germination, 
its relatively early accumulation in zygotic 
embryo in the torpedo stage might be an indica-
tion of the onset of maturation. Recently, 
Guilloteau et al. ( 2005 ) found trypsin inhibitor to 
be part of an active aspartic proteinase complex 
in cacao seeds. They suggested this trypsin inhib-
itor subunit to protect storage proteins from pre-
cocious hydrolysis that might result from the 
high aspartic proteinase content in cacao seeds. 

 Besides their well-known function to degrade 
damaged, misfolded, and harmful nonfunctional 
proteins, proteases indeed play key roles in the 
maturation of cell wall proteins and the genera-
tion of active peptides (van der Hoorn  2008 ). The 
endogenous cysteine proteinase inhibitors – the 
cystatins – form a tight, reversible complex with 
cysteine proteases, thus exerting a fi ne control of 
their activity during embryogenesis, organogen-
esis, programmed cell death, and tolerance to 
abiotic and biotic stresses (Benchabane et al. 
 2010 ; Turk et al.  2012 ). Thus, the precise control 
of the proteolytic processes is of utmost impor-
tance for the correct plant growth and develop-
ment (Novinec and Lenarčič  2013 ).  

5.2.2.3     Protein Synthesis 
 Protein metabolism is a key factor in somatic 
embryogenesis induction. In line with this, one of 
the largest functional groups found in ECs in 
 Cyphomandra betacea  was that of proteins 
involved in protein biosynthesis, namely, ribo-
somal proteins. In addition, pentatricopeptide 
repeat-containing proteins, known by their role in 
protein–protein interactions related to a large 
variety of functions (chaperoning, transcription, 
etc.), were exclusively found in EC (Correia et al. 
 2012 ). Accordingly, three protein synthesis- 
related proteins [histone H2B.2; 40S ribosomal 
protein, protein disulfi de isomerase (PDI)], were 
detected in EC of maize which is in agreement 
with the high number of proteins synthesized dur-
ing the formation of calli (Sun et al.  2013 ). Ten 
differentially expressed ribosomal proteins were 
downregulated in cotyledonary embryos, indicat-
ing that biosynthesis of proteins was decreased in 
cotyledonary embryos (Ge et al.  2015 ). 

 To summarize, a global change in protein 
metabolism takes place during the somatic-to- 
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embryogenic cell transition. This is refl ected in 
the overexpression of molecular chaperones such 
as HSPs and cyclophilins, proteasome subunits 
to process unnecessary proteins, a duo of protein-
ases and their inhibitors to fi ne-tune developmen-
tal processes, as well as proteins involved in 
intense protein synthesis.   

5.2.3     Cell Proliferation and Cell Wall 
Metabolism 

 The induction of SE includes dedifferentiation in 
somatic plant cells and establishment of embryo-
genic competence. These processes require reac-
tivation of the cell division in somatic plant cells. 
Embryogenesis is accompanied by a morphogen-
esis process during which the embryo differenti-
ates through several distinct stages – globular, 
heart-shaped, torpedo, and cotyledon stages. The 
morphogenesis is based on coordinated cell elon-
gation and division (Pan et al.  2009 ). 

 Tubulin and actin are ubiquitous components 
of the eukaryotic cell. Actin microfi laments and 
tubulin microtubules comprise the cytoskeleton. 
Alpha- and β-tubulins are assembled coordi-
nately, forming microtubules in response to vari-
ous intracellular and extracellular signals and 
participating in many different functions in 
eukaryotic cells. Tubulins are known to be asso-
ciated with cell division and cell elongation and 
played a signifi cant role in the separation of the 
organelles and daughter chromosomes (mitosis) 
(Pan et al.  2009 ). 

 Although tubulin is considered a housekeep-
ing protein and has been widely used as a consti-
tutive standard in gene expression, its upregulated 
differential expression was observed during SE 
until the globular stage in  C. sinensis  (Pan et al. 
 2009 ), but gradually downregulated upon matu-
ration in white spruce (Lippert et al.  2005 ) and 
cork oak (Gomez-Garay et al.  2013 ). Also, some 
tubulins exhibited higher expression in the EC 
compared to the NEC (Zhang et al.  2009 ; Sun 
et al.  2013 ; Zhao et al.  2015 ). 

 In plants, the actin cytoskeleton plays signifi -
cant roles in the defi nition of cell polarity and 
orientation of cell division, cell elongation, cell 

wall development, transport processes, position-
ing of membrane receptors, and in PCD. A study 
on the role of actin isoforms in SE in Norway 
spruce demonstrated that actin isoforms were 
expressed predominantly in suspensor cells 
(Schwarzerova et al.  2010 ). 

 Actin is also a common reference gene in gene 
quantitative expression and was recently found to 
be involved in programmed cell death (PCD) and 
cell defense mechanisms against biotic and abi-
otic stress. Depolymerization of the actin cyto-
skeleton acts as a downstream regulatory factor 
in the plant stress adaptation networks and par-
ticipates in triggering the execution of PCD 
(Malerba et al.  2008 ). In accordance, different 
actin forms were found in embryonic masses of 
cassava (Baba et al.  2008 ) and  C. persicum  
(Lyngved et al.  2008 ). Two actin isoforms were 
observed at higher levels in EC of  Larix principi s 
(Zhao et al.  2015 ). 

 Proliferating cell nuclear antigen (PCNA) is 
an evolutionarily well-conserved protein found 
in all eukaryotic species. It is able to interact with 
multiple partners in several metabolic pathways 
such as DNA repair, translation DNA synthesis, 
DNA methylation, chromatin remodeling, and 
cell growth and apoptosis, suggesting a function 
in the regulation of the cell cycle (Maga and 
Hubscher  2003 ). In accordance, the involvement 
of PCNA in the SE process was fi rst shown in 
 Vitis vinifera  (Marsoni et al.  2008 ) and Zhao 
et al. ( 2015 ) detected an elevated level of PCNA 
in EC of  Larix principis . 

 Annexins have been identifi ed in cotyledons of 
cassava somatic embryos undergoing secondary 
SE (Baba et al.  2008 ). Annexins occurred at more 
than double the abundance in EC of  Larix prin-
cipis  (Zhao et al.  2015 ) and were found highly 
expressed during SE of oil palm (Silva Rde et al. 
 2014 ) and in globular and cotyledonary embryos 
of coffee (Tonietto et al.  2012 ). Annexins are mul-
tifunctional proteins expressed throughout the life 
cycle that appear capable of linking Ca 2+ , redox 
reactions, and lipid signaling to coordinate devel-
opment in response to the biotic and abiotic envi-
ronment. Strong evidence also indicates that 
annexins are involved in cell division during the 
cell cycle (Laohavisit and Davies  2011 ). 
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 Accepting the fact that the initiation of somatic 
embryogenesis is closely linked to hormone- 
induced cell divisions, its molecular character-
ization can also be based on genes with cell 
cycle-dependent expression (Dudits et al.  1995 ). 
One protein that is involved in cell growth and 
cell division through microtubule stabilization, 
the translationally controlled tumor protein 
homolog (TCTP), was unique to ES (Lyngved 
et al.  2008 ). This protein has previously been 
identifi ed in embryogenic cell suspensions of 
cowpea (Nogueira et al.  2007 ). 

 The plant cell wall is a highly dynamic entity 
whose structure and composition changes dra-
matically during plant growth and cellular differ-
entiation; it serves as the fi rst mediator in 
cell-to-cell communications and protects cells 
from biotic and abiotic stresses (Wolf et al.  2012 ). 
Cell wall and membrane formation are enhanced 
during embryogenesis. In line with this, α-1,4- 
glucan protein synthase, a glycosyltransferase, 
was upregulated in EC of  Larix principis  (Zhao 
et al.  2015 ), and this is consistent with observa-
tions in  C. persicum  (Lyngved et al.  2008 ). In 
addition, higher abundance of this protein was 
found in mature somatic embryos during the SE 
process (Teyssier et al.  2014 ). The enzyme builds 
up α-1,4-glucan chains covalently bound to pro-
tein and is involved in UDP forming and the syn-
thesis of polysaccharides in the cell wall. A cell 
wall development protein containing a leucine- 
rich repeat (LRR) and an extension domain, a 
LRR family protein/extension family protein 
which is involved in cell expansion and growth, 
was identifi ed in embryogenic cultures of 
 Cyclamen . The presence of high levels of this 
protein in both globular embryos and torpedo 
embryos is consistent with the active embryo-
genic cell division that occurs during these devel-
opmental stages of SE (Bian et al.  2010 ). 

 Enzymes involved in cell wall and membrane 
synthesis were upregulated in embryogenic sus-
pension cultures (ES). Acyl-[acyl-carrier protein] 
desaturase (unique to ES) takes part in fatty acid 
biosynthesis and is a key determinant of the over-
all level of unsaturated fatty acids in the cell 
(Lyngved et al.  2008 ). Several proteins involved 
in cell wall metabolism were found upregulated 

(pectin methylesterase, pectate lyase, cinnamyl 
alcohol dehydrogenase) and others downregu-
lated (pectin acetylesterase and beta-expansin 1a 
precursor) in cotyledonary embryos of cotton. 
The downregulated pectin acetylesterase and 
upregulated pectin methylesterases promote cell 
and organelle elongation in cotyledonary 
embryos. Overall, cell wall synthesis and the 
loosening of cross-links are likely to regulate cell 
expansion in somatic embryos (Ge et al.  2015 ). 

 To summarize, higher levels of some proteins 
involved in the cell cycle, cell wall biogenesis, 
and expansion were found in EC than in NEC as 
well as throughout the process of SE in agreement 
with an active embryogenic cells division, cell 
wall plasticity, cell growth, and differentiation.  

5.2.4     Signal Transduction 

 Levels of some proteins involved in signaling 
were found to be higher in ES than in NES in  C. 
persicum  (Lyngved et al.  2008 ) and  Larix prin-
cipis  (Zhao et al.  2015 ). The 14-3-3-like protein 
GF14-D, similar to a protein found in embryo-
genic cell suspensions by Nogueira et al. ( 2007 ), 
belongs to the 14-3-3 proteins, which are highly 
conserved phosphoserine-/phosphothreonine- 
binding proteins. 14-3-3 proteins regulate a broad 
range of target proteins in all eukaryotes through 
phosphorylation and may allow the growth and 
development of cells to be coordinated with the 
metabolic status of the plant as well as environ-
mental stresses (reviewed in Denison et al.  2011 ). 
The phosphorylation-dependent binding of 14-3-3 
proteins regulate negatively the activity of mito-
chondrial and chloroplast ATP synthases that may 
suggest a mechanism for plant cells to adapt to 
environmental changes such as nutrient supply, 
and especially exogenous plant growth regulators, 
during the initiation step of SE. In addition, these 
proteins participate in the regulation of various 
biochemical processes during seed development 
(Zhao et al.  2015 ). Such proteins were found in 
embryogenic cultures of  C. papaya  (Vale Ede 
et al.  2014 ). Two 14-3-3 proteins were more abun-
dant in proliferating embryos than in their mature 
counterparts in oak (Gomez-Garay et al.  2013 ). 
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 Protein phosphatase 2A (PP2A) 65-kDa regu-
latory subunit has been previously associated 
with the embryogenesis process by Marsoni et al. 
( 2008 ). PP2A is a ubiquitous and conserved ser-
ine/threonine phosphatase with a multifunctional 
regulatory activity in plants. The A subunit, in 
particular, is essential for auxin transport, func-
tioning as a positive regulator of the PP2A holo-
enzyme, and is involved in differential cell 
elongation responses. Plant PP2As also partici-
pate in biotic and abiotic stress signaling path-
ways. Recent functional analysis of PP2As 
revealed that they are key components of stress 
signal transduction pathways, playing positive 
and dynamic roles in stress signaling (reviewed 
in Pais et al.  2009 ). Dudits et al. ( 1995 ) reported 
a marked increase in phosphorylation of defi ned 
proteins in embryogenic cells compared to the 
nonembryogenic cells. Accordingly, the embryo-
genic suspensions of  C. persicum  expressed 
higher levels of PP2A and a 14-3-3-like protein, 
both of which play important roles in protein 
phosphorylation (Lyngved et al.  2008 ). In addi-
tion, G proteins and calreticulin have been classi-
fi ed as promising candidates for involvement in 
signal transduction in  C. persicum  and  Larix 
principis  embryogenic cultures (Lyngved et al. 
 2008 ; Zhao et al.  2015 ). 

 The higher abundance of PP2A regulatory sub-
unit and 14-3-3 proteins in embryogenic cultures 
and at early stages of embryogenesis suggests that 
they might play a protective role against the stress 
from in vitro culturing in addition to the stress 
accompanying the cellular reprogramming.  

5.2.5     Proteins Involved 
in the Metabolism 

 During SE ,  plant cells undergo reprogramming 
of their metabolism and energy consumption, 
especially carbon and nitrogen metabolism 
(Fehér et al.  2003 ). The fast growth and high cell 
division rate of callus and developing somatic 
embryos require high amounts of energy. This 
explains why the largest class of differentially 
expressed proteins in EC and during SE usually 
are proteins involved in energy metabolism. 

Several glycolytic enzymes, as well as proteins 
involved in energy metabolism most frequently 
detected in the proteomic studies of different 
plant species, are discussed below. 

 The glycolytic enzyme, triosephosphate isom-
erase, plays a signifi cant role in glycolysis and is 
essential for effective energy generation. It cata-
lyzes the reversible interconversion of the triose-
phosphate isomers dihydroxyacetone phosphate 
and D-glyceraldehyde 3-phosphate. In compari-
son with zygotic embryos, higher accumulation 
of triosephosphate isomerase occurred in somatic 
embryos in  C. persicum  (Winkelmann et al. 
 2006 ) and in EC of  Larix principi s (Zhao et al. 
 2015 ) and cowpea (Nogueira et al.  2007 ). 
However, in EC of  Vitis  (Marsoni et al.  2008 ), 
triosephosphate isomerase was downregulated. A 
similar result was found in  Cyclamen  torpedo 
embryos (Bian et al.  2010 ). Ito et al. ( 2003 ) pro-
posed that triosephosphate isomerase was among 
the key enzymes of the regulation mechanism 
that slowed down glycolysis and the tricarbox-
ylic acid cycle rate under oxidative stress in order 
to lower the deleterious production of reactive 
oxygen species (Marsoni et al.  2008 ). 

 The overexpression of transketolase, one 
enzyme of the pentose pathway, could be corre-
lated with the active proliferation of somatic 
embryos that need biosynthetic intermediate and 
NADPH (Marsoni et al.  2008 ; Lyngved et al.  2008 ). 

 Fructokinase (FRK) is a primary enzyme of 
glycolysis and is involved in starch synthesis. 
FRK was one of the most abundant proteins in 
the proteome reference map generated from 
embryogenic cell cultures in  M. truncatula  (Imin 
et al.  2005 ). This enzyme was also detected dur-
ing the SE of  Citrus sinensis , with the highest 
expression level in early stages of embryogenic 
callus (Pan et al.  2009 ). This protein has been 
reported previously as exclusively increased in 
developed calli compared with corm explant 
(Sharifi  et al.  2012 ). In oil palm, fructokinase was 
detected fi rst at the earliest stage of SE induction 
and was also observed in the next stages of devel-
opment indicating that starch synthesis occurred 
during the fi rst 2 weeks of SE induction. The 
deposition of starch in the cortex of the embryo-
genic callus has been observed in  C. sativa  and is 
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mobilized and used as an energy source by the 
meristematic cells during intense cell division 
and differentiation (Silva Rde et al.  2014 ). 

 Enolase that catalyzes the conversion of 
2-phosphoglycerate (2-PG) to phosphoenolpyru-
vate (PEP) in the glycolytic pathway was found 
highly abundant in somatic embryos of  C. persi-
cum  (Rode et al.  2012 ),  Eruca sativa  (Chen et al. 
 2012 ), and oil palm (Silva Rde et al.  2014 ). 
Lippert et al. ( 2005 ) detected a high expression 
of this protein only in the torpedo stage of  Picea 
glauca  and therefore suggested that enolase 
could be an interesting candidate to be used as a 
molecular marker of embryogenesis maturation. 
Similarly, enolase was also expressed only in the 
torpedo stage of coffee somatic embryos, indicat-
ing that this protein could be used as a molecular 
marker of the torpedo stage in different plants 
(Tonietto et al.  2012 ). A highly abundant enolase 
in EC was also confi rmed by two independent 
proteomic studies in  Z. mays  (Sun et al.  2013 ; 
Varhaníková et al.  2014 ). 

 Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) is an essential enzyme of glycolysis. 
GAPDH has been found in higher amounts in 
somatic embryos compared to zygotic embryos 
(Winkelmann et al.  2006 ). Four GAPDH proteins 
were unique to ES in  Cyclamen  (Lyngved et al. 
 2008 ). Nogueira et al. ( 2007 ) also identifi ed sev-
eral proteins as GAPDH in proembryogenic 
masses of cowpea. GAPDH was highly expressed 
in the globular phase and showed a reduced 
expression in the other SE stages of coffee 
(Tonietto et al.  2012 ), while GAPDH peaked at 
oak cotyledonary somatic embryo suggesting 
that this stage is more demanding in terms of 
energy and precursors for the synthesis of pri-
mary metabolites such as amino acids and fatty 
acids (Gomez-Garay et al.  2013 ). The distinct 
abundance patterns of GAPDH could refl ect reg-
ulation along the glycolysis pathway at different 
developmental stages. 

 Smith and Krikorian ( 1990 ) have shown that 
low pH is essential for maintaining the proem-
bryogenic stage in carrot, while high average 
intracellular pH favors regeneration. At low pH, 
the ATPase H +  pump is stimulated. Accordingly, 
vacuolar ATP synthase subunit B2, ATP synthase 

subunit beta, and ATPase alpha F1 were highly 
upregulated in ES compared to NES in  Cyclamen  
(Lyngved et al.  2008 ). The 14-3-3 proteins known 
as positive regulators of H + -ATPase activity 
(Chen et al.  2006 ) were upregulated in ES, too. 
The abundance of ATPase in EC may explain the 
proembryogenic state of the culture, but may also 
mean that the embryogenic cells need more 
energy for their metabolic changes (Lyngved 
et al.  2008 ). ATP is a ubiquitous energy source 
that can also act as a signaling molecule in cellu-
lar metabolism. In  Abies alba  Mill., an increase in 
the levels of adenosine triphosphate (ATP) is 
associated with the maturation of SEs (Petrussa 
et al.  2009 ). In addition, mitochondrial activities 
like ATP catabolism infl uence plant cell death, 
which is considered essential for correct SE mat-
uration (Bozhkov et al.  2005 ). A beta subunit of 
mitochondrial ATPase in mature ZEs and embryo-
genic R cell line during the proliferation phase 
was detected in  A. angustifolia  (Silveira et al. 
 2008 ; Jo et al.  2014 ) defi ning the mitochondrial 
ATPase as the marker for selection of EC lines 
responsive to maturation treatments. In plants 
(Vianello et al.  2007 ), the energy status, particu-
larly ATP levels, is crucial to the start of 
PCD. Thus, it is possible that the proper develop-
ment of SEs in the R cell line could be linked with 
an adequate PCD mechanism, which was absent 
in the nonembryogenic B cell line (Jo et al.  2014 ). 
The presence of this protein suggests a high ener-
getic metabolism in ECs of the cell line. However, 
downregulation of the β subunit of ATP synthase 
was observed in EC of  Vitis  (Zhang et al.  2009 ) 
and  Zea may s (Sun et al.  2013 ) possibly indicat-
ing considerable damage to this subunit. 

 The upregulation of S-adenosyl methionine 
(SAM) synthase has been observed in various 
conifers at stages from early to late embryogen-
esis of both somatic and zygotic embryos (Lippert 
et al.  2005 ; Balbuena et al.  2009 ; Jo et al.  2014 ; 
Teyssier et al.  2014 ; Morel et al.  2014 ). SAM 
synthase likely contributes to enhanced amino 
acid metabolism (Teyssier et al.  2014 ) as well as 
to alterations in both polyamine content and eth-
ylene biosynthesis (Morel et al.  2014 ) and might 
be essential for the transition of PEM to somatic 
embryos. In  Picea glauca , SAM synthase has 
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been characterized as a biochemical marker of 
early somatic embryo development (Lippert et al. 
 2005 ). SAM synthase converts the amino acid 
methionine into SAM, which is the donor of 
methyl groups to the DNA methylation system 
by SAM-dependent methyltransferase. High lev-
els of methylation during plant embryogenesis 
are associated with chromatin modeling, selec-
tive gene expression, and growth of somatic 
embryos (Morel et al.  2014 ). 

 Interestingly, energy metabolism is more 
active in somatic embryos compared to zygotic 
embryos, as previously reported by Sghaier- 
Hammami et al. ( 2009 ), Teyssier et al. ( 2014 ), 
Morel et al. ( 2014 ), and Noah et al. ( 2013 ) in 
mature somatic embryos from  Phoenix dacty-
lifera  L.,  Larix  ×  eurolepsis ,  Pinus pinaster , and 
 Theobroma cacao  L., respectively. The higher 
abundance of glycolytic, citrate cycle, and ATP 
synthesis enzymes in somatic embryos than in 
zygotic embryos indicates a more active energy 
metabolism and ATP demand in the former than 
in the latter and may explain why matured 
somatic embryos are capable of entering the ger-
mination phase without undergoing the 
desiccation- induced dormancy program observed 
for zygotic embryos. 

 SE is a complex developmental process, and 
the data discussed above indicate that it is exten-
sively based on carbohydrate metabolism ensur-
ing the heavy energy demand required for 
metabolic processes that occur during cell divi-
sion and elongation.  

5.2.6     Storage Proteins 

 The differential accumulation of specifi c storage 
proteins during different stages of somatic and 
zygotic embryo development has been reported, 
and they may be indicators of embryo develop-
mental stages. Proteomic studies reveal that syn-
thesis of storage proteins starts with the globular 
stage of somatic and zygotic embryos reaching 
its peak at the maturation stage. 7S globulin has 
been identifi ed in  Cyclamen  (Winkelmann et al. 
 2006 ; Rode et al.  2011 ) and in  Pinus pinaster  
(Morel et al.  2014 ) zygotic and somatic embryos, 

with higher content in zygotic embryos. The 
accumulation of 11S globulin in the torpedo 
phase of coffee somatic embryos could be to 
guarantee the energy necessary during embryo 
maturation in the cotyledonary phase (Tonietto 
et al.  2012 ). In oil palm, glutelin accumulation 
could be used as a biological marker of an early 
stage of SE since it was only observed in the fi rst 
stage of SE (Silva Rde et al.  2014 ). 

 Legumin precursor was highly abundant in 
oak globular and cotyledonary embryos (Gomez- 
Garay et al.  2013 ) and has been found upregu-
lated in the mature in vitro derived embryo tissue 
of  Picea glauca  (Lippert et al.  2005 ). In some 
species, the level of this type of reserve proteins 
has been used to distinguish between zygotic and 
somatic embryos due to a lower accumulation of 
reserve proteins in somatic embryos. Three stor-
age proteins, namely, seed storage protein vicilin 
A and B and 2S albumin storage protein, were 
upregulated in cotton cotyledonary embryos (Ge 
et al.  2015 ). Legumin-like and vicilin-like pro-
teins were highly expressed in both somatic and 
zygotic cotyledonary embryos of hybrid larch 
(Teyssier et al.  2014 ). A glutelin in  Phoenix  
(Sghaier-Hammami et al.  2009 ) and a legumin- 
like protein in  Pinus pinaster  (Morel et al.  2014 ) 
were downregulated in somatic embryos relative 
to zygotic embryos, supporting the hypothesis of 
a lower accumulation of reserve proteins in 
somatic embryos. The putative novel storage pro-
teins in  Cyclamen , the small enolases (Rode et al. 
 2011 ), were present in all developmental stages, 
but their abundance increased signifi cantly 
towards later stages of embryogenesis in 
 Cyclamen  embryos (Rode et al.  2012 ). 

 The synthesis of large amounts of storage pro-
teins is regarded as a marker for embryo matura-
tion, and the storage proteins themselves 
potentially represent excellent markers of embryo 
quality in gymnosperms as well as in angio-
sperms. These proteins all contribute to the prep-
aration of the embryo for subsequent desiccation 
and germination phases. The comparative pro-
teomic studies indicate that the somatic embryo 
lacks/accumulates fewer reserve proteins com-
pared to the zygotic embryo and there are possi-
bilities of improving the storage protein content 
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which depends on the SE culture medium as was 
observed in date palm. The addition of abscisic 
acid to the culture medium of date palm somatic 
embryos induced the accumulation of a 22 kDa 
glutelin enabling the embryos to accumulate the 
necessary reserves for normal germination 
(Sghaier et al.  2009 ). Studies at the proteomic 
level may help to improve the quality of 
SE-derived seedlings and to develop new in vitro 
culture strategies for plant propagation and 
manipulation.   

5.3     Secretome Analysis of SE 

 Plant secretomics is a newly emerging area of 
plant proteomics (reviewed by Agrawal et al. 
 2010 ; Alexandersson et al.  2013 ). Agrawal et al. 
( 2010 ) described it as “the global study of secreted 
proteins into the ECS by a cell, tissue, organ or 
organism at any given time and conditions 
through known and unknown secretory mecha-
nisms involving constitutive and regulated secre-
tory organelles.” The plant cell wall, also called 
the extracellular matrix (ECM), is an extremely 
dynamic entity whose structure and composition 
change dramatically during cellular differentia-
tion; it serves as the fi rst mediator in cell-to-cell 
communications and protects cells from biotic 
and abiotic stresses. Extracellular proteins par-
ticipate in cell morphology, cell division, prolif-
eration, plant defense reactions, responses to 
stress, and cell-to-cell adhesion (Tian et al.  2009 ; 
Rose and Lee  2010 ). Despite the crucial role 
played by extracellular proteins in these diverse 
and signifi cant processes, the extracellular pro-
teome (secretome) has been less well character-
ized than other subcellular compartments. 

 SE in cell suspension cultures provides a good 
model system for investigating early plant devel-
opment. The culture medium of plant cell cul-
tures may be regarded as a large extension of the 
intercellular space; soluble secreted molecules 
that inhabit the apoplast  in planta  accumulate in 
the medium and exert their effect on cell growth 
and development. Indeed, conditioned medium 
harbors a complex array of molecules which play 
a signifi cant role in SE by their ability to either 

promote or inhibit embryo development (for 
reviews, see Matthys-Rochon  2005 ; Ruiz-May 
et al.  2010 ; Fehér  2014 ). 

 We investigated the extracellular proteins in 
 Dactylis glomerata  L. embryogenic and nonem-
bryogenic suspension cultures searching for 
potential early embryogenic markers. 

 Leaf explants from a highly embryogenic  D. 
glomerata  L. genotype were grown on induction 
SH30 medium containing the hormone dicamba. 
After 4 weeks, the younger basal tissue gave rise 
to callus which upon subculturing on the same 
medium segregated into embryogenic callus (EC) 
and nonembryogenic callus (NEC) (Fig.  5.1 ). 
Both calluses were morphologically distinct. The 
EC was more compact and of light yellow color, 
while the NEC was translucent showing needle-
like structures. Somatic embryos from  D. glom-
erata  L. callus-derived suspension cultures fully 
developed on a hormone- containing medium only 
from the embryogenic callus. Two to three days 
after inoculation of induction medium, competent 
single cells in embryogenic suspension cultures 
started to divide intensively and formed microclu-
sters (Fig.  5.1 , panel a). Proembryogenic masses 
(PEMs) containing centers of embryonic growth 
were formed a week later (Fig.  5.1 , panel b), and 
after 2 weeks, globular embryos began to differ-
entiate from the cell masses (Fig.  5.1 , panel c). 
Single cells from the nonembryogenic suspension 
culture were divided to form microclusters with 
blocked further development (Fig.  5.1 , panel d).

   In an attempt to identify SE-specifi c extracel-
lular proteins, we analyzed the secretome of 
microclusters from  D. glomerata  L. embryogenic 
and nonembryogenic suspension cultures using 
2-DE and LC-MS/MS. Fractions of microclusters 
were collected as described (Tchorbadjieva and 
Odjakova  2001 ), and after seven days in culture, 
the culture medium was used as a source for extra-
cellular proteins. Representative 2-DE gels of 
extracellular proteins secreted from microclusters 
of both suspension cultures are shown in Fig.  5.2 . 
Visual inspection of the gels revealed distinct pro-
tein patterns. Microclusters from the embryogenic 
suspension culture secreted approximately 40 pro-
teins as compared to ca. 15 proteins secreted from 
the microclusters of the nonembryogenic line over 
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a pH range of 3–10 and a size range of 10–100 
kDa. In all, 30 differentially expressed proteins 
were excised, digested in-gel with trypsin, and sub-
jected to LC-MS/MS identifi cation. The proteins 
were identifi ed by search against nonredundant 
protein database at the NCBI. Of the 30 candidate 
spots, only ten proteins (33 %) were successfully 
identifi ed. This lower percentage of identifi cation 
is typical of orphan organisms that are almost 

absent in public databases. In addition, because of 
the particular interest towards spots numbered 1, 2, 
3, 4, and 5 provoked from previous studies and 
the unsuccessful attempt to identify them by MS/
MS, we used N-terminal sequencing and identifi ed 
fi ve isoforms of an acidic cysteine proteinase 
inhibitor – cystatin (Table  5.2 ). For the remaining 
spots, a low score or no hits were observed. The 
spot ID corresponds to protein spots shown in 

  Fig. 5.1    Somatic embryogenesis of  Dactylis glomerata  
L. Leaf explants cultured on induction (SH30) medium 
produce both embryogenic callus (EC) and nonembryo-
genic callus (NEC). Only EC is able to produce somatic 
embryos which fully develop in hormone-containing liq-
uid medium before being transferred to a hormone-free 

medium for regeneration. Single cells divide to form 
microclusters ( a ), microclusters develop to form proem-
bryogenic masses (PEMs) ( b ), embryos differentiate from 
PEMs ( c ). Single cells from NEC form microclusters only 
whose further development is blocked ( d )       
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  Fig. 5.2    2-DE analysis of proteins secreted into the cul-
ture medium of microclusters from  D. glomerata  L. 
embryogenic ( a ) and nonembryogenic ( b ) suspension cul-
tures after 7 days in culture. Proteins were separated in the 
fi rst dimension on an immobilized linear pH 3–10 gradi-

ent and in the second dimension on a 13 % acrylamide- 
SDS gel. Protein spots indicated in the gels were selected 
for protein identifi cation. The positions of pI 3–10 and 
molecular mass markers are marked. Proteins were visu-
alized by silver staining       
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Fig.  5.2 . In most cases, the theoretical MMs agreed 
well with experimental values, still for some pro-
teins (spots 9, 10, 12, 13, and 14) a discrepancy 
was observed. Additionally, two proteins (spots 20 
and 21) matched the same gene sequence but had 
different pIs. Interestingly, for all spots identifi ed, 
the experimental pI values were much lower and 
largely deviated from that of the corresponding 
theoretical ones. These phenomena are commonly 
found on 2-DE gels and are invariably due to post-
translational modifi cations or protein degradation.

    Studies of SE show that asymmetric cell divi-
sion and controlled cell expansion are important 
mechanisms for the generation of embryogenic 
plant cells indicating a signifi cant role for the 
plant cell wall in these processes (Fehér et al. 
 2003 ). A set of proteins was identifi ed that take 
part in the remodeling of the cell wall architecture 
and stress defense, as well as in cell signaling. 
These included proteins acting on polysaccha-
rides such as endochitinases and α-amylases, pro-
teases and a protease inhibitor, an oxidoreductase, 
as well as pathogenesis-related proteins whose 
putative role in SE is discussed below. 

 In a previous study using a monoclonal anti-
body, we found an extracellular acidic 48-kDa 
glycoprotein (gp48) secreted into the medium of 
microclusters from embryogenic  D. glomerata  L. 
suspension cultures and proposed its use as an 
early marker for embryogenic potential 
(Tchorbadjieva et al.  2005 ). Further, we identi-
fi ed the gp48 as α-amylase (Fig.  5.2 , spot 20), 
cloned the full-length cDNA of the α-amylase 
gene (designated  Dg Amy1), and expressed the 
protein in  E. coli  (Rakleova et al.  2012 ).  Dg Amy1 
is a plant α-amylase that belongs to the glycoside 
hydrolase family 13 (GH13). Considerable dif-
ferences in the structure of  Dg Amy1 and other 
cereal α-amylases make unlikely its participation 
in starch degradation. Its transient expression in 
dividing microclusters during their developmen-
tal transition to proembryogenic masses and pre-
dominant localization at the regions of cell-to-cell 
adhesion make it more likely that the secreted 
 Dg Amy1 may act on some unknown carbohy-
drate in the cell wall liberating signals necessary 
for the development of microclusters into PEMs 
or it may locally modify the cell wall and thus 

ensure close cell-to-cell contact between the 
developing embryogenic structures (Rakleova 
et al.  2012 ). 

 Previously, the protein corresponding to spot 9 
(Fig.  5.2 ) was immunologically identifi ed as an 
acidic endochitinase (Tchorbadjieva and 
Pantchev  2006 ). This enzyme was expressed in 
embryogenic suspension cultures only. 
Subsequently, using the sequence information 
from the MS/MS analysis of spots 9 and 10, the 
full-length cDNAs for both proteins were cloned 
and showed that one of the proteins (designated 
 Dg ChiIV) is a class IV endochitinase (JN191351) 
and the other (designated  Dg ChiIII) is a class III 
endochitinase (JN191350) (Tchorbadjieva et al., 
manuscript in preparation). Typically, chitinases 
are involved in plant defense, but a nondefensive 
role of these enzymes in plant development has 
been suggested as well (Kasprzewska  2003 ). 
Plant cells from embryogenic suspension cul-
tures secrete into the medium arabinogalactan 
proteins (AGPs) believed to have important roles 
in cell–cell interaction and signaling (Quiroz- 
Figueroa et al.  2006 ). Interestingly, AGPs contain 
GlcNAc and Glc residues, sensitive to cleavage 
by chitinases, and it has been suggested that 
chitinase- modifi ed AGPs are extracellular matrix 
signaling molecules able to control plant cell fate 
(van Hengel et al.  2001 ). The presence of 
 Dg ChiIV in embryogenic suspension cultures of 
 D. glomerata  L. only (Tchorbadjieva and 
Pantchev  2006 ) and the secretion of AGPs in the 
latter (unpublished results) suggest a similar role 
in the process of SE. 

 Cell wall proteome and secretome analysis of 
 Arabidopsis ,  O. sativa ,  N. tabacum ,  M. sativa , 
and  Vitis  revealed the presence of unexpected 
large number of proteases in the cell wall and the 
culture medium with putative signaling function 
(Albenne et al.  2013 ; Krause et al.  2013 ). In a pre-
vious study, we detected an extracellular cysteine 
proteinase activity band specifi c for embryogenic 
suspension cultures of  D. glomerata  L. (Rakleova 
et al.  2010 ). Mass spectrometry analysis showed 
that it contained two cysteine proteinases (Fig. 
 5.2 , spot 11 and spot 13). Both cysteine protein-
ases were cloned and identifi ed as cathepsin B 
and cathepsin L (GU067465.1 and GU067466.2, 
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respectively). In an independent study, using 
N-terminal sequencing, we identifi ed fi ve iso-
forms of an acidic cysteine proteinase inhibitor – 
cystatin. The cystatin (designated  Dg ECPI) was 
also cloned (GU065373.1) and expressed in  E. 
coli  (manuscript in preparation). It is well known 
that during SE, cystatins play a fundamental role 
in providing a suitable microenvironment of the 
embryogenic cell which is necessary for its fur-
ther development into an embryo. At the same 
time, the surrounding somatic cells are prevented 
to dedifferentiate into competitive embryogenic 
cells (Rose and Lee  2010 ; Wolf et al.  2012 ). A 
putative role of the cystatin  Dg ECPI might be the 
control of cell proliferation activated by cysteine 
proteinases or it might take part in the remodeling 
of the plant cell wall during embryo development. 
A cysteine proteinase inhibitor and cysteine pro-
teinase were more abundantly expressed in 
embryogenic suspension cultures of  C. sativus  
(Sharifi  et al.  2012 ) and EC of cowpea (Nogueira 
et al.  2007 ). The opposite action of a cysteine pro-
teinase (OsCP) and a cystatin (OC-1) was found 
to control cell proliferation in rice suspension cul-
tures (Tian et al.  2009 ). Kusumawati et al. ( 2008 ) 
identifi ed three secreted proteases only in an 
embryogenic cell line of  Medicago truncatula . 
Redifferentiation processes during SE are 
involved in the general reprogramming of gene 
expression (chromatin remodeling, transcription 
machinery), and they require complex changes in 
the protein pattern and proteolysis. 

 Thus, a fi ne control of the protease activity 
during embryogenesis, organogenesis, pro-
grammed cell death, and tolerance to abiotic and 
biotic stresses mediated by protease inhibitors is 
of utmost importance (Benchabane et al.  2010 ; 
Martínez et al.  2012 ).  

5.4     Concluding Remarks 

 Within the last 10 years, transcriptomics and pro-
teomics studies have signifi cantly contributed to 
an improved understanding of plant SE (Elhiti 
et al.  2013 ; Rocha and Dornelas  2013 ; Fehér 
 2014 ). Proteomics of SE has allowed the precise 
identifi cation and quantifi cation of differentially 

expressed proteins in embryogenic and nonem-
bryogenic cell lines, in the different stages of SE, 
and in somatic and zygotic embryos. The results 
indicate that a complex molecular system is 
turned on during SE to control processes such as 
ROS detoxifi cation, energy metabolism, protein 
synthesis and processing, and cell division among 
others. An interesting outcome of these studies is 
the potential use of certain proteins as molecular 
markers for specifi c developmental stages or to 
differentiate embryogenic from nonembryogenic 
genotypes. 

 Stress-induced in vitro somatic embryogene-
sis is an extreme example of plant developmental 
plasticity (Fehér  2014 ). The expression of totipo-
tency in cultured somatic cells is part of a general 
stress-adaptive process that involves a fi ne regu-
lation of hormone and stress signaling resulting 
in the restart of cell division and embryogenic 
competence acquisition. There is probably no 
single model applicable to all plant species for 
differentiating into an embryo. However, the 
observation that embryogenic tissues of different 
origins and obtained with different hormones dis-
play similar protein profi les indicates a general 
behavior of cellular metabolism that can give 
valuable insights into the mechanisms of SE 
(Correia et al.  2012 ). 

 The protein expression data complemented 
with that of transcriptomics and metabolomics 
will certainly help understand the molecular 
basis of plant SE and allow the development of 
more effective in vitro regeneration protocols for 
many plant species.     
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      Somatic Embryogenesis 
in  Camellia japonica  L.: Challenges 
and Future Prospects                     

     M.  C.     San     José    ,     J.  L.     Couselo    ,     M.  T.     Martínez    , 
    P.     Mansilla    , and     Elena     Corredoira    

    Abstract  

   Camellia japonica  L. is a popular ornamental plant, widely grown in parks 
and private gardens throughout the world. This review provides a sum-
mary of the advances made in the application of somatic embryogenesis in 
the propagation of  C. japonica . The factors affecting the induction (type of 
explant, growth conditions, mineral media, plant growth regulators), 
maintenance and multiplication of the embryogenic cultures by repetitive 
embryogenesis and the maturation and conversion into plants of somatic 
embryos are explained. The results achieved on the in vitro storage of  C. 
japonica  embryogenic lines are also mentioned.  

  Keywords  

  Artifi cial seed   •   Cold storage   •   Ornamental plant   •   Plant conversion   • 
  Somatic embryos  

6.1         Introduction 

  Camellia  is the most economically important 
genus in the family  Theaceae , which comprises 
numerous tropical and subtropical trees and 
shrubs. The genus was fi rst described by Linnaeus 
in 1735 in the earliest edition of  Systema Naturae . 

Since then, the number of species identifi ed as 
belonging to the genus  Camellia  has continued to 
grow, and at present, the genus is believed to 
comprise more than 300 species (Izco  2014 ). 
Among these,  C. sinensis  L., the common tea 
plant, is the most economically important spe-
cies. The three most popular species used as 
ornamentals are  C. japonica  L.,  C. sasanqua  
Thunb. and  C. reticulata  Lindl. By far the major-
ity of existing ornamental camellia cultivars 
belong to these three species and their hybrids 
(Vieitez and Barciela  1990 ). 

 It is thought that around 90 % of  Camellia  
species originated in South and Southeast China. 
However,  C. japonica  (the Japanese or common 
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camellia) originated in Southern Japan (Mondal 
 2011 ) where it is called “rose of winter” and is a 
national symbol.  Camellia japonica  arrived in 
Europe from the Orient during the seventeenth 
century. The East India Company introduced  C. 
japonica  to England by mistake as the plant was 
thought to be a tea variety. Despite this mistake, 
camellias quickly became prized for their beauty. 
 Camellia japonica  was introduced to the USA at 
the beginning of the eighteenth century, and the 
plants became so popular in the southern states 
that the fl ower of this species was designated the 
state fl ower of Alabama (Gao  2005 ). The camel-
lia was also introduced from England to Australia 
during the nineteenth century. The plant was 
unknown in this continent before this time, 
despite the proximity to the natural area of distri-
bution of the genus. 

6.1.1     General Features 

  Camellia japonica  is a small and slow-growing 
evergreen tree that can reach a height of 8 m. The 
leaves are generally oval, dark green and leath-
ery. The fl owers are terminal, non-fragrant and 
with overlapping sepals (Fig.  6.1a ); the type spe-
cies has 5–7 petals surrounding a mass of sta-
mens. Geneticists and gardeners have transformed 
many of the stamens into petals, so that numerous 
varieties with fl owers of different colours (rang-
ing from pure white to intense red and including 
all shades of red and pink) and shapes are now 
available. The dry fruit only appears in varieties 
with simple or semi-double fl owers with fertile 
carpels. The fruit comprises bi- or tri-lobulate 
spherical capsules and each compartment con-
tains one or two seeds.

6.1.2        Diseases 

 Several fungi have been reported as causal agents 
of  Camellia  diseases.  Phytophthora ramorum , 
 Phytophthora cinnamomi ,  Armillaria mellea , 
 Rosellinia necatrix  or  Glomerella cingulata  are 
not specifi c pathogens of  C. japonica  but can 
cause severe diseases and even death of the 
camellias.  C. japonica  varieties differ in their 

susceptibility to these diseases, and plants weak-
ened by transplanting shock, poor soil drainage, 
excessive nitrogen fertilization, drought or other 
stress factors are more susceptible to infection. 
There are fungi that attack specifi cally camellias 
such as  Pestalotiopsis camelliae  causing grey 
blight disease on leaves of  C. japonica  (Zhang 
et al.  2012 ) or  Exobasidium camelliae  causing 
the camellia leaf gall disease (Shirai  1896 ). The 
damages caused from these two fungi are not 
severe, and there are also effective phytosanitary 
treatments against them. 

 The ascomycete  Ciborinia camelliae  is the 
causal agent of a disease known as  Camellia  
fl ower blight (CFB) or  Camellia  petal blight.  C. 
camelliae  is a hemibiotrophic and host-specifi c 
fungal pathogen of all camellia fl owers, and it is 
regarded as the main phytosanitary problem of  C. 
japonica  since it damages their ornamental value. 
In addition, the incidence of CFB is high in areas 
where the fungus is present, and it is considered 
as plant quarantine pathogen (EPPO  1997 ,  2003 ). 
Despite the efforts, effective control of CFB 
under fi eld conditions by using chemicals, bio-
logical control agents (BCAs) or mulching so far 
has not proved to be effective (van Toor  2002 ; 
Couselo et al.  2014 ), and only plant breeding 
using biotechnological tools seems a real alterna-
tive for disease control.  

6.1.3     Economic Importance 
and Uses 

  Camellia japonica  is an evergreen perennial with 
more than 32,000 registered cultivars (Savige 
 1993 ) of great ornamental value mainly due to its 
beautiful fl owers. The possibility of growing  C. 
japonica  as a houseplant and for gardening and 
landscaping has strengthened its economic value 
as an ornamental plant in many European coun-
tries, the USA, Japan and Australia (Vela et al. 
 2013 ).  C. japonica  is also cultivated for oil pro-
duction due to its seed that can contain up to 30 
% oil of which the 80 % is oleic acid (Salinero 
et al.  2012 ; De Ron et al.  2014 ). This oil can be 
used for human consumption after refi ning pro-
cess (Lee et al.  2014 ). It is also considered a 
moisturizing agent and therefore a possible anti- 
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ageing and wrinkle-reducer candidate for cos-
metics production (Jung et al.  2007 ; Kim et al. 
 2007 ). Uses for human health have also been 
investigated as inhibiting metastasis of  melanoma 
BL6 cells (Miuraa et al.  2007 ), anti- infl ammatory 
activity (Kim et al.  2012 ) or antiviral activity 
(Akihisa et al.  2004 ). Further  C. japonica  oil has 

been evaluated for the production of biofuels 
(Chung  2010 ). 

 Leaves, bark or fl owers have been used tradi-
tionally in oriental ethnomedicine for health pur-
poses (Yoshikawa et al.  2007 ). Modern science 
has made it possible the research of several 
potential medical properties of leaf, bark or 

  Fig. 6.1    Somatic embryogenesis in  Camellia japonica . 
( a)  Flower of the common type of  C. japonica . ( b ,  c ) 
Differentiation of somatic embryos on a cotyledonary 
explant ( b ) and a root explant ( c ) of  C. japonica . ( d ) 
Plantlet regeneration from a somatic embryo of  C. japon-

ica  after 2 months in cold storage and 8 weeks culture on 
MS medium supplemented with 5 mg/l GA 3  and 1 mg/l 
AIA. ( e ) Somatic embryos of  C. japonica  encapsulated in 
alginate beads       
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fl ower extracts as antimicrobial (Kim et al.  2001 ), 
antioxidant (Onodera et al.  2006 ; Mizutani and 
Masaki  2014 ), antitumoural (Thao et al.  2010 ), 
neuronal cell protective (Jeong et al.  2010 ), anti-
viral (Park et al.  2002 ), antihistaminic and anti- 
allergic (Kuba et al.  2008 ; Lee et al.  2008 ; 
Onodera et al.  2010 ) agents.  

6.1.4     Propagation 

 Increasing interest in ornamental camellias has 
led to continuous efforts by researchers, growers 
and breeders to produce new varieties and hybrids 
with improved fl oral and growth characteristics 
and to develop more effi cient methods for their 
propagation. In  C. japonica , few fruits are pro-
duced per shrub and small numbers of viable 
seeds are produced by each fruit. Like many 
other ornamental woody species, this species has 
traditionally been propagated by means of cut-
tings, or by stooling or grafting, although not 
always with satisfactory results (Samartín et al. 
 1986 ). This has led to the search for other meth-
ods of propagation, and, since the 1990s, atten-
tion has turned to biotechnological methods, 
specifi cally in vitro or tissue culture techniques. 
In vitro tools can provide backup collections and 
provide alternative means of propagating and 
conserving species (Reed et al.  2011 ). Bennett 
( 1977 ) was one of the fi rst researchers to suggest 
the use of in vitro tissue culture for rapid clonal 
propagation of  Camellia  species of economic 
importance. Use of tissue culture technology may 
provide a supplementary method for propagating 
and breeding  Camellia  species. This approach 
has several potential advantages over conven-
tional methods: clonal propagation enables rapid 
multiplication of select mother plants and is inde-
pendent of the season; in vitro culture of very 
small meristems or shoot tips should rid several 
highly prized existing camellia clones of the 
viruses with which they are now naturally 
infected; and in the not-too-distant future it 
should be possible to improve existing clones to 
produce new types of camellia. The improvement 
of plant quality would probably further increase 
the popularity of camellias, and the possibility of 
all-year-round production would make it easier 

for growers to respond to any increase in demand 
(Vieitez et al.  1992 ). 

 The fi rst attempts to regenerate  C. japonica  by 
in vitro culture techniques were probably made 
by Beauchesne ( 1978 ). Since then, several proto-
cols have been developed for the micropropaga-
tion of this species by axillary shoot culture from 
juvenile and/or adult material (Vieitez et al.  1992 ) 
and for the initiation of somatic embryogenesis 
(Vieitez  1995 ; Pedroso and Pais  1999 ). Somatic 
embryogenesis (SE) offers several advantages 
over other methods of micropropagation. The use 
of somatic embryos in clonal propagation, artifi -
cial seed production (with the use of bioreactors) 
and cryopreservation for long-term storage would 
enable establishment of gene banks of ornamen-
tal camellias. In particular, induction of somatic 
embryos on zygotic embryos produced by inter-
specifi c cross-pollination leads to propagation of 
hybrids whose seeds fail to develop or have poor 
viability (Vieitez  1995 ). Somatic embryogenesis 
is a very effective method for regeneration of 
material from genetically transformed cells. 
Moreover, study of the processes of induction 
and development of somatic embryos may help 
us to understand the genetic regulation of embryo 
development (Correia et al.  2011 ). 

 In this chapter, the state of the art of somatic 
embryogenesis in  C. japonica , an important 
ornamental species of the genus  Camellia , is 
summarized.   

6.2     Culture Initiation 

 Induction of somatic embryogenesis in  C. japon-
ica  mainly depends on the explant type, media 
composition and lighting conditions used during 
culture. Successful establishment of a SE system 
depends on the initial explant used. In almost all 
reports concerning SE in  C. japonica , embryo-
genic cultures were initiated from juvenile tissue 
explants. Somatic embryos have been obtained 
from seeds and zygotic embryos (or parts of 
these) explanted at various developmental stages 
(Kato  1986 ; Nakamura  1988 ; Vieitez and 
Barciela  1990 ; Vieitez  1995 ), and they have also 
been obtained using roots (Vieitez et al.  1991 ) 
and leaves (San José and Vieitez  1993 ; Pedroso 
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and Pais  1993a ) derived from axillary shoot cul-
tures established from juvenile material (Table 
 6.1 ). Of all the known reports concerning SE in 
 C. japonica , only one has reported induction of 
somatic embryos on leaf explants derived from 
mature material (Pedroso and Pais  1993a ).

   With the exception of Bennett and Scheibert 
( 1982 ), who used mineral Knop’s medium 
(Tabachnik and Kester  1977 ) to initiate somatic 
embryos, other researchers have initiated somatic 
embryogenic cultures of  C. japonica  by using 
Murashige and Skoog medium (MS; 1962) as the 

basal medium (Table  6.1 ). The presence of cyto-
kinins appears to be more important than the 
presence of auxin, and induction media without 
plant growth regulators (PGRs) or only including 
6-benzylaminopurine (BA) can be used to induce 
embryo formation. Among auxins, naphthale-
neacetic acid (NAA) and indole-3-butyric acid 
(IBA) are the most used for the initiation of 
somatic embryos. 

 The effects of the light conditions during 
induction of somatic embryos of  C. japonica  
have also been considered, although contradic-

        Table 6.1    Various explants used for induction and germination of somatic embryos in various PGRs added medium in 
 Camellia japonica    

 Origin (explant) a  
 Induction medium 
(mg/l) b  

 Germination 
medium (mg/l) b   Growth response  References 

 ZE (mature cotyledon)  Knop + BA (0.5-5)  –  Indirect somatic embryo 
formation and plantlet 
development 

 Bennett and 
Scheibert 
( 1982 ) 

 ZE (mature cotyledon)  MS + BA 
(0–5) + IBA (0–2) 

 MS + GA 3  (1)  Direct somatic embryo 
formation and plantlet 
development 

 Kato ( 1986 ) 

 ZE (mature cotyledon)  MS + BA (3)  –  Somatic embryo 
formation 

 Nakamura 
( 1988 ) 

 ZE (embryonic axes 
and immature and 
mature cotyledons) 

 MS + BA (0, 0.5, 1, 
2) + IBA (0, 0.5, 1, 
2) 

 MS + GA 3  
(5) + IAA (1) 

 Direct somatic embryo 
formation and plantlet 
development 

 Vieitez and 
Barciela ( 1990 ) 

 S (roots from in vitro 
plantlets) 

 MS + Z (1) or 
MS + BA 
(0–2) + IBA (0, 0.1, 
1) 

 MS + GA 3  
(5) + IAA (1) 

 Direct somatic embryo 
formation and plantlet 
development 

 Vieitez et al. 
( 1991 ) 

 S (leaves from shoot 
cultures from 
seedlings) 

 MS + BA (8) + IBA 
(0.5) or WPM + BA 
(8) + IBA (0.5) 

 MS + GA 3  
(3) + IAA (1) 

 Indirect somatic embryo 
formation and adventitious 
root, plantlet development 

 San José and 
Vieitez ( 1993 ) 

 SG (leaves from shoot 
cultures from in vitro 
germinated seeds) 

 1/2MS liquid + IBA 
(1000) for 20 min 

 MS + BA (1) or 
MS + BA (1) + 0.1 
(IBA or IAA) 

 Direct somatic embryo 
formation and plantlet 
development 

 Pedroso and 
Pais ( 1993a ) 

 MT (anthers and 
anther-petaloids) 

 MS + BA (0.5)  1/2MS  Direct somatic embryo 
formation and plantlet 
development 

 Pedroso and 
Pais ( 1993b , 
 1997 ) 

 MT (microspores)  MS + 2,4-D 
(1.1) + Kinetin (0.1) 

 –  Proembryo formation  Pedroso and 
Pais ( 1994b ) 

 SG (stems from shoot 
cultures from in vitro 
germinated seeds) 

 MS + BA (1) + IBA 
(0.1) 

 –  Direct somatic embryo 
formation 

 Pedroso and 
Pais ( 1999 ) 

 SG (leaves from shoot 
cultures from in vitro 
germinated seeds) 

 MS + 2,4-D 
(1) + kinetin (0.1) or 

 MS + BA (1) + 0.1 
(IBA or IAA) 

 Direct somatic embryo 
formation and plantlet 
development 

 Pedroso and 
Pais ( 1999 ) 

 MS liquid + 2,4-D 
(0.5) + BA (1) 

   a  S  3–4-month seedlings,  SG  in vitro germinated seeds,  MT  mature trees,  ZE  zygotic embryos 
  b Basal media abbreviations: MS Murashige and Skoog ( 1962 ), 1/2MS MS with half-strength macronutrients, WPM 
Woody Plant Medium (Lloyd and McCown  1980 ) 
 – Data not available  
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tory effects have been reported. Thus, San José 
and Vieitez ( 1993 ) found that light inhibited for-
mation of both callus and somatic embryos in 
leaf explants, whereas Pedroso and Pais ( 1999 ) 
found that somatic embryos were not produced in 
the dark, or the numbers produced were signifi -
cantly lower than in cultures maintained under 
photoperiodic conditions. These authors recom-
mended use of glass culture vessels (300 cm 3 ) 
with opaque plastic covers that reduce light 
intensity to 30 % for embryo formation. 

6.2.1     Somatic Embryogenesis 
from Zygotic Embryos 

 As in most woody species, zygotic embryos are 
the most suitable explants for successful induc-
tion of SE in  C. japonica  (Table  6.1 ). In this spe-
cies, induction of somatic embryogenesis in 
cotyledon explants was fi rst reported by Bennett 
and Scheibert ( 1982 ). Kato ( 1986 ) induced SE in 
cotyledons explants by using MS medium sup-
plemented with different combinations of BA, 
NAA and IBA. Subsequently, Nakamura ( 1988 ) 
reported an SE induction rate of 48–58 % in coty-
ledon explants cultured on MS medium with 
3 mg/l BA. 

 A considerable progress was made by Vieitez 
and Barciela ( 1990 ), who defi ned the conditions 
necessary for successful induction in  C. japonica  
of SE on embryonic axes and cotyledons of both 
immature and mature zygotic embryos. Immature 
seeds of two different sizes (2–5 and 6–8 mm), 
collected in July, and zygotic embryos (12–14 
mm), divided into fi ve types of explants (two dis-
tal semi-cotyledons, two proximal semi- 
cotyledons and the embryonic axis) and collected 
in September and October, were used as starting 
material. Explants were cultured on MS medium 
alone or supplemented with BA (0.5, 1, 2, 4 mg/l) 
and/or IBA (0.5, 1, 2 mg/l). As has been observed 
in many woody species, the embryogenic 
response was clearly affected by the develop-
mental stage of the zygotic embryos used as ini-
tial explants (Canhoto et al.  1999 ; Kong et al. 
 2012 ; Corredoira et al.  2013 ). Although an 
embryogenic response was observed in seeds col-
lected in July (25 % for the 2–5 mm explants and 

40 % for the 6–8 mm explants), the best results 
were achieved with immature embryogenic axes 
collected in September (94 %). This was also 
higher than the response obtained with embryo-
genic axes from mature seeds collected in 
October (20 %). Cotyledonary explants also pro-
duced somatic embryos, but the rate of 
 embryogenesis was lower than for embryogenic 
axes (Fig.  6.1b ). Somatic embryos are generally 
formed by direct embryogenesis, but embryo-
genic callus has also been obtained on cotyledon-
ary explants. Unlike most woody species, in 
which the presence of 2,4-dichlorophenoxyacetic 
acid (2,4-D), either alone or in combination with 
a cytokinin, is required for initiation of embryo-
genic cultures, in  C. japonica , somatic embryos 
were formed on MS medium without any growth 
regulators or with different combinations of IBA 
and BA. 

 Subsequently, Barciela and Vieitez ( 1993 ) 
carried out a detailed comprehensive study of the 
origin and anatomical development of somatic 
embryos differentiated on cotyledon explants. 
Only the abaxial surface of the cotyledons was 
morphogenetically competent; somatic embryos 
only formed on this side regardless of whether 
the explant was placed abaxial or adaxial side 
down on the culture medium. Embryos devel-
oped on abaxial parenchymatic protuberances or 
nodules arising by dedifferentiation and active 
cell division in the epidermis and subepidermis. 
After 12–15 days of culture, successive divisions 
at the surface of the nodules led to the formation 
of embryogenic precursor cells, which dediffer-
entiated into embryogenic cells. Most somatic 
embryos were apparently derived from multicel-
lular proembryogenic complexes, although a 
number of few-celled proembryos within a com-
mon wall seemed to have originated unicellu-
larly. Between days 24 and 27, somatic embryos 
at the heart, torpedo and cotyledonary stages 
were evident. By day 30, many embryos at coty-
ledonary stage with shoot and root meristems and 
differentiation of procambial tissue were 
observed. Vieitez ( 1995 ) indicated that the nod-
ules associated with the formation of somatic 
embryogenesis can be considered as localized 
callus tissue, which is necessary for redetermina-
tion of embryogenic cells. However, these nod-
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ules cannot be considered as true callus, which 
can be subcultured.  

6.2.2     Somatic Embryogenesis 
from Non-embryogenic 
Tissues 

 In  C. japonica , somatic embryogenesis from 
non-embryogenic tissues has been reported by 
two research groups: the Spanish group led by Dr 
Ana María Vieitez and the Portuguese group led 
by Dr Salomé Pais. Somatic embryos were initi-
ated from leaf (San José and Vieitez  1993 ; 
Pedroso and Pais  1993a ,  1999 ), stem (Pedroso 
and Pais  1999 ) and roots explants (Vieitez et al. 
 1991 ). 

6.2.2.1     Somatic Embryogenesis 
from Leaf and Stem Explants 

 In all reports, somatic embryos have been initi-
ated from leaf explants (Table  6.1 ) derived from 
stock axillary shoot cultures (San José and 
Vieitez  1993 ; Pedroso and Pais  1993a ,  1999 ). 
The use of explants excised from shoot cultures 
to initiate embryogenic systems offers advan-
tages over the use of zygotic embryo tissues, and 
clonal material may be a suitable source of 
explants for induction of somatic embryogenesis 
from selected mature genotypes (Corredoira 
et al.  2006 ). The use of leaves or roots isolated 
from in vitro cultures provides advantages such 
as the lack of need to use sterilization procedures 
and the fact that experiments can be programmed 
all year around. Somatic embryos derived from 
zygotic embryos are only slightly infl uenced by 
growth regulators, even in basal medium; how-
ever, in leaf explants the presence of cytokinins 
and auxins is necessary for differentiation of 
somatic embryos. 

 San José and Vieitez ( 1993 ) described the 
induction of somatic embryogenesis in leaf 
explants excised from axillary shoot proliferation 
cultures originally derived from a 3-month-old 
plant. Three to four fully expanded leaves from 
the distal ends of 6-week-old shoots were used. 
The leaves were cut perpendicular to the mid 
vein, and both apical and basal halves were cul-
tured, abaxial side down, on MS or Woody Plant 

Medium (Lloyd and McCown  1980 ; WPM), sup-
plemented with BA (1–8 mg/l), IBA (0.1–2 mg/l) 
or NAA (0.5–1 mg/l). The best results were 
obtained with apical explants cultured in the dark 
for at least 14 weeks with MS medium supple-
mented with 8 mg/l BA and 0.5 mg/l IBA. Embryo 
formation occurred predominantly in the distal 
region of the basal explants and the proximal 
region of the apical explants. Embryo differentia-
tion was indirect, and six to eight embryos 
become visible after 7–10 weeks in the callus 
developed on the cut surface of the explant. In 
two of the seven treatments evaluated, somatic 
embryogenesis was induced and adventitious 
buds were also formed. 

 Similarly, Pedroso and Pais ( 1993a ,  1999 ) 
reported the induction of somatic embryos from 
leaves derived from axillary shoot cultures estab-
lished from in vitro germinated seeds. These 
authors achieved the induction by using a large 
variety of combinations of growth regulators and 
conditions. In early studies, entire leaves were 
immersed in an IBA solution at 1 g/l for 20 min, 
transferred to half-strength MS solid or liquid 
medium with 25 g/l D-glucose and incubated in 
darkness for 11 days. The cultures were then 
transferred to light, and the embryogenic response 
was observed 4 weeks after treatment with auxin. 
Under these conditions, the embryogenesis 
response ranged from 11.1 to 100 % (Pedroso 
and Pais  1993a ). Subsequently, these authors 
successfully induced SE in leaves cultured on 
solid MS supplemented with 20 g/l sucrose or 25 
g/l D-glucose, 1 mg/l 2,4-D and 0.1 mg/l kinetin 
or on MS liquid medium with 20 g/l sucrose or 25 
g/l D-glucose, 0.5 mg/l 2,4-D and 1 mg/l BA. In 
the liquid treatment, the rate of embryogenesis 
was 31 %, whereas in solid medium the rate of 
embryogenesis ranged between 35 and 79 % 
(Pedroso and Pais  1999 ). 

 The physiological state of shoot cultures has 
also been found to infl uence the embryogenic 
response, and the best results were observed with 
1–3 uppermost entire leaves excised from shoot 
subcultured every 12 weeks (Pedroso and Pais 
 1993a ). These authors suggested that the differ-
ences in morphogenic competence depended on 
the leaf region considered. Direct somatic embryo 
formation only occurred in the marginal leaf 
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 section, whereas direct root formation was only 
observed in a well-defi ned region of the leaf. The 
Portuguese group also report the induction of 
somatic embryos from leaves taken from shoot 
cultures established from an adult  C. japonica  
tree (more 50 years); however, they did not dif-
ferentiate the rate of embryogenesis in this type 
of material and juvenile material (Pedroso and 
Pais  1993a ,  1999 ). 

 Anatomical and ultrastructural studies and 
studies of the distribution of chemical elements 
during the induction of direct embryogenesis in 
leaf explants showed that initiation of embryo-
genic cells may be associated with the increase in 
Na, Ca, K, P, Fe and S in the induced cells 
(Pedroso and Pais  1994a ) and/or changes in the 
cell wall composition (Pedroso and Pais  1992 ). 
Pedroso and Pais ( 1995 ) pointed out that the 
appearance of a callus and secondary deposition 
of cutin are necessary for the development of 
somatic embryo in leaf explants of  C. japonica . 

 Pedroso and Pais ( 1999 ) also reported induc-
tion of somatic embryos from stem explants cul-
tured on MS supplemented with 25 g/l D-glucose, 
1 mg/l BA and 0.1 mg/l IBA. Although initiation 
of embryogenesis was observed in 78 % of stem 
explants, very few somatic embryos were pro-
duced per stem explant.  

6.2.2.2     Somatic Embryogenesis 
from Adventitious Roots 

 Somatic embryos have also been initiated on the 
roots of  C. japonica  plantlets from two in vitro 
clones derived from 3- to 4-month-old seedlings 
(Vieitez et al.  1991 ). Rooting was induced by dip-
ping the basal ends of 2- to 3-cm-long shoots in 
IBA at 1 g/l for 15 min, after which the shoots 
were placed in jars containing MS basal medium 
with half-strength macronutrients and no growth 
regulators. After 1 month in rooting medium, 
rooted shoots were transferred to basal MS 
medium without PGRs or supplemented with 1 
mg/l zeatin or 1–2 mg/l BA, alone or in combina-
tion with 0.1 or 1 mg/l IBA. Cultures were incu-
bated under standard conditions (16 h/8 h 
photoperiod and 25/20 °C day/night), and the per-
centage of plantlets exhibiting somatic embryos 
was recorded after 8 weeks. Somatic embryogen-
esis occurred in all treatments, including basal 

medium without PGRs, and was apparently not 
related to treatment conditions. The overall rates 
of embryogenesis were 10 % for one clone and 26 
% for another. Yellow-white somatic embryos dif-
ferentiated directly on plantlet roots either singly 
or in groups (Fig.  6.1c ). Most of these embryos 
developed in the proximal region of a single root. 
These somatic embryos appear to have originated 
from epidermic cells and were connected with the 
root via few parenchymatous cells.   

6.2.3     Androgenesis 

 The use of microspore or anther culture to gener-
ate haploid and doubled haploids is an important 
tool for plant breeding. The production of homo-
zygous plants is essential for genetic mapping 
and the fi rst step allowing gene identifi cation. As 
explained above, pathogens such as  C. camelliae  
cause serious damage to the fl ower of  C. japon-
ica . The identifi cation of genes involved in the 
fungus-plant interaction is one of the key steps 
which will allow obtaining  Camellia  cultivars 
with low susceptibility to the fungus. Pedroso 
and Pais ( 1993b ,  1994b ) claim to have obtained 
gametic embryos by anther and microspore cul-
ture (Table  6.1 ) in  C. japonica  (cv. Vila de Nantes 
and cv. Elegans). The tetrad and early uninucle-
ate microspore stages were found the best stages 
for androgenesis. MS supplemented with 2,4-D 
and kinetin were reported to be the best for 
embryogenic induction in microspore culture. 
MS supplemented with BA were reported to be 
the best for androgenesis from anthers both under 
light and dark conditions (Pedroso and Pais 
 1997 ). However, the ploidy of the regenerated 
plants was not subsequently verifi ed, and no fur-
ther work has been reported so far.   

6.3     Characteristics of Somatic 
Embryos 

 One particular feature of somatic embryogenesis 
in  C. japonica  is the ability of somatic embryos 
to differentiate and mature in the induction 
medium, without any need for transfer to a 
 second medium (Nakamura  1988 ; Vieitez and 
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Barciela  1990 ; Vieitez et al.  1991 ; Vieitez  1995 ; 
Pedroso and Pais  1999 ). Embryo development is 
not synchronized, and different stages of embryo 
ontogeny are observed in the same explant. 

 In most reports, and independently of the type 
of explant used, two morphological types of 
somatic embryos were observed in embryogenic 
cultures of  C. japonica : “seedlike” and “budlike” 
embryos (Vieitez  1995 ; Pedroso and Pais  1999 ). 
Formation of these two morphological types 
appears to be infl uenced by the presence of a 
relatively high concentration of BA in the 
medium (Vieitez  1995 ). The “seedlike” embryos 
were yellowish white with large cotyledons as in 
mature camellia zygotic embryos, whereas “bud-
like” embryos showed cotyledons resembling 
true leaves. Both morphological types were 
clearly bipolar embryos with shoot and root 
poles. Similar morphology to that described for 
somatic embryogenesis in  C. japonica  has also 
been reported for embryogenic cultures of  C. 
sinensis  (Jha et al.  1992 ), although these authors 
do not relate embryo formation to the presence of 
cytokinins or other types of regulators in the 
medium. Other morphological abnormalities 
observed included the presence of more than two 
cotyledons and cotyledon hypertrophy.  

6.4     Maintenance 
of Embryogenic Cultures 

 The multiplication and maintenance of embryo-
genic capacity in  C. japonica , independently of 
the initial explant used (zygotic embryos, leaves 
or roots), were mainly achieved by secondary or 
repetitive embryogenesis (Kato  1986 ; Vieitez 
and Barciela  1990 ; Vieitez et al.  1991 ; San José 
and Vieitez  1993 ; Vieitez  1995 ; Pedroso and Pais 
 1999 ). Multiplication of somatic embryos based 
on subculture of embryogenic callus has not been 
described in this species, probably because the 
somatic embryos are usually produced directly. 
Medium-term maintenance of various  C. japon-
ica  culture lines on semi-solid medium was com-
prehensively described by Vieitez ( 1995 ) and 
later updated by Pedroso and Pais ( 1999 ). 

 The Spanish research group isolated somatic 
embryos from the initial explants and cultured 

them on MS medium with or without plant 
growth regulators, observing secondary embryos 
after 3–4 weeks. Secondary embryos mainly 
appeared in the “crown-like” part of the hypo-
cotyl zone of the primary embryo (Vieitez  1995 ). 
Clusters of small somatic embryos (3–4 mm 
long) or isolated cotyledonary embryos (7–9 
mm) showed the highest embryogenic capacity. 
The embryogenic capacity of the two morpho-
logical types of somatic embryos (seedlike or 
budlike) was evaluated in MS supplemented with 
different combinations of BA and IBA (Vieitez 
et al.  1991 ). After 8 weeks of culture, budlike 
embryos produced more secondary embryos than 
yielded by seedlike embryos, and the former type 
displayed a higher capacity for germination. A 
multiplication medium containing 2 mg/l BA 
plus 0.1 mg/l IBA was selected for maintenance 
of embryogenic cultures as this combination 
favours production of budlike somatic embryos. 

 The Portuguese group reported the direct 
transfer of embryos to germination medium for 
plant development or maintenance of somatic 
embryos by secondary embryogenesis, although 
they did not provide details of the type of cultures 
used (Pedroso and Pais  1999 ).  

6.5     Germination and Plantlet 
Recovery 

 The low rate of germination achieved in most 
embryogenic systems in woody plants is mainly 
due to the nonsynchronous embryo development, 
the poor development of shoot meristem and the 
diffi culty in halting secondary embryogenesis. 
The same is also true for  C. japonica , and although 
most reports of somatic embryogenesis of  C. 
japonica  have described plantlet regeneration 
(Table  6.1 ), scant details on culture conditions and 
conversion frequencies are usually provided 
(Vieitez  1995 ). Thus, although Kato ( 1986 ) out-
lines the use of gibberellic acid (GA 3 ) 1 mg/l to 
induce germination of somatic embryos of  C. 
japonica  obtained from cotyledon cultures, the 
authors do not report the germination rates 
obtained. Vieitez et al. ( 1991 ) obtained a conver-
sion frequency of 62 % on cultivating budlike 
embryos (Fig.  6.1d ) on MS medium supplemented 
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with 5 mg/l GA 3  and 1 mg/l indole-3- acetic acid 
(IAA). In a later study, Vieitez ( 1995 ) improved 
the conversion effi ciency by storing the somatic 
embryos in the cold for 2 months prior to germina-
tion (86 % with cold storage, relative to 54 % with-
out cold storage). Cold storage not only improved 
the conversion rate but also improved the quality 
of the shoots. These results were confi rmed by 
Janeiro et al. ( 1995 ) who observed that chilling 
somatic embryos for 2 months signifi cantly 
improved the plantlet conversion capacity of sec-
ondary embryos derived from different embryo-
genic lines, with rates ranging from 76 to 100 % 
relative to 32–65 % in the absence of cold treat-
ment. Finally, Pedroso and Pais ( 1999 ) obtained 
conversion frequencies of 18–43.9 % by transfer-
ring cotyledonary somatic embryos derived from 
leaf explants directly to germination medium con-
sisting of MS medium supplemented with 25 mg/l 
D-glucose, 1 mg/l BA and 0.1 mg/l IBA or IAA.  

6.6     In Vitro Storage 
of Embryogenic Cultures 

 In vitro culture technology for germplasm stor-
age is carried out in two different ways: slow- 
growth storage and cryoconservation (storage in 
liquid nitrogen). Minimal growth storage is a 
suitable option for medium-term conservation of 
species. The main advantage of this method is 
that the collection is maintained under sterile 
conditions in a controlled environment, thus 
reducing the need for subculture; the cultures can 
be rapidly recovered and propagated as required 
(Grout  1995 ). The aim of this method is to reduce 
the plant’s metabolism without affecting its phys-
iology, viability or capacity to regenerate under 
normal conditions. Cryoconservation is the long- 
term storage of biological material in liquid 
nitrogen at −196 °C (Reed  2004 ). The method is 
based on the arrest of cell division and metabolic 
processes as a result of storage at ultralow tem-
peratures (Niino and Sakai  1992 ). Both of these 
techniques are routinely used for the storage of 
numerous species, in both temperate and tropical 
zones (Reed et al.  2004 ; Engelmann  2011 ). 

 The potential use of in vitro systems for con-
servation and multiplication of germplasm col-

lections has been widely discussed in several 
reviews and feature articles (Engelmann  1997 , 
 2011 ; Reed et al.  2004 ). The application of 
in vitro techniques to germplasm storage is of 
particular interest for the conservation of plants 
such as  Camellia  spp., which are usually propa-
gated vegetatively and/or have recalcitrant seeds. 
However, to date, few studies have considered 
methods of storing somatic embryos of  C. japon-
ica , and currently used methods are generally 
only successful in the short to medium term. The 
only study concerning the cryoconservation of 
somatic embryos of  C. japonica  that we have 
found in the relevant literature states that somatic 
embryos did not survive immersion in liquid 
nitrogen in any of the treatments tested (Janeiro 
et al.  1996 ). 

6.6.1     Short- to Medium-Term 
Storage 

 In vitro slow-growth techniques are routinely 
used for medium-term conservation of numerous 
species (Ashmore  1997 ; Engelmann  2011 ). The 
goal of such techniques is to modify the physical 
environment of the culture, the medium composi-
tion or both, to slow down plant growth and thus 
increase the interval between subcultures. The 
most widely applied strategy is to maintain cul-
tures at low temperature, either in complete dark-
ness or under low irradiance (Marco-Medina and 
Casas  2012 ). These techniques are clearly useful 
because of their fl exibility, simplicity and practi-
cality, and they are the most direct way of restrict-
ing the growth and development of explants 
in vitro (Engelmann  1997 ; Turner et al.  2001 ). 
However, as with most in vitro techniques, the 
successful implementation of minimal growth 
technology requires the establishment of specifi c 
protocols for each type of explant and species 
under consideration. 

 The effects of short- to medium-term cold 
storage on the maintenance of embryogenic 
capacity and the germination and conversion of 
somatic embryos of  C. japonica  have been inves-
tigated by Janeiro et al. ( 1995 ) in three embryo-
genic lines. Newly formed cotyledonary 
secondary embryos removed from 8-week-old 
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proliferated embryo clusters were used in these 
experiments. Samples were stored for 3, 6, 9 or 12 
months at 2–4 °C. Following this treatment, the 
embryo clusters were transferred to fresh medium 
and maintained under standard conditions (16 h/8 
h photoperiod and 25/20 °C day/night) for another 
2 weeks before being examined. The authors 
reported that increasing the duration of cold stor-
age (from 3 to 12 months) decreased the fre-
quency of surviving embryo clusters and the 
mean number of surviving embryos per cluster. 
However, as already mentioned, cold storage 
improved the plantlet conversion ability. The rate 
of secondary embryogenesis during germination 
also decreased after cold storage. Taking into 
account these results, Janeiro et al. ( 1995 ) con-
cluded that cold storage of somatic embryos of  C. 
japonica  reduced their competence for secondary 
embryogenesis, but increased plant conversion 
capacity. These effects appear to refl ect a general 
cold- induced increase in the maturity of the 
embryos (Vieitez and Ballester  1995 ). 

 The capacity for secondary embryogenesis in 
plants is inversely proportional to the maturation 
state of the somatic embryo (Williams and 
Maheswaran  1986 ; Ammirato  1987 ; Wann  1988 ), 
which is also an important factor in embryo ger-
mination. These fi ndings are consistent with 
other reports stating that germination of somatic 
embryos of certain woody species requires or is 
enhanced by cold storage (Corredoira et al.  2006 , 
 2012 ). Germination may be enhanced by chilling 
due to interruption of embryo dormancy and may 
involve changes in the balance between endoge-
nous levels of abscisic acid and gibberellic acid. 
The increased maturity and germination capacity 
may also be related to increased levels of storage 
proteins in chilled embryos (Lecouteux et al. 
 1993 ; Jutsuyama et al.  2002 ).  

6.6.2     Cold Storage of Encapsulated 
Somatic Embryos 

 The potential uses for artifi cial seeds are numer-
ous and include the storage, handling and deliv-
ery of elite germplasm, as well as the production 
of hand-pollinated hybrids with reduced seed fer-
tility and genetically engineered plants with ster-

ile or unstable genotypes. The possible use of 
cold storage to preserve synthetic camellia seeds 
was investigated by Janeiro et al. ( 1997 ). In this 
study, the effects of cold storage on the 
 maintenance of embryogenic competence and 
germination of encapsulated embryos of  C. 
japonica  were determined. The encapsulated 
embryos were stored for 1 or 2 months at 4 °C in 
darkness (Fig.  6.1e ). After 1 month of cold stor-
age, the encapsulated embryos exhibited a sig-
nifi cant reduction in both survival rate and 
competence for secondary embryogenesis, 
although cold storage for 2 months had little fur-
ther effect. The rates of survival and secondary 
embryogenesis after storage of somatic embryos 
for 2 months at 4 °C were acceptable (68 %). 
However, the number of secondary embryos pro-
duced was greatly reduced. 

 Janeiro et al. ( 1997 ) also compared the sur-
vival and germination capacity of naked and 
encapsulated embryos after cold storage for 1 or 
2 months. Cold storage signifi cantly reduced the 
survival and germination of both encapsulated 
and nonencapsulated embryos and increased the 
percentage of embryos showing only radicle 
elongation. This change was particularly evident 
in naked embryos. In general, encapsulated 
embryos displayed better resistance to storage at 
4 °C than naked embryos, although chilling of 
naked embryos for 2 months reduced the germi-
nation rate to half that of non-chilled encapsu-
lated embryos. According to the authors, the fact 
that higher rate of incomplete germination was 
associated with lower plant recovery rates sug-
gested that cold storage was detrimental to shoot 
meristem development. 

 The reduced capacity for secondary embryo-
genesis of cold-stored encapsulated embryos of 
camellia appears to refl ect increased maturity, 
since their capacity for germination is higher 
than their embryogenic competence. In this 
respect, short- to medium-term cold storage of 
synthetic camellia seeds destined for germination 
appears to be feasible, if a 30–50 % fall in plant 
recovery rate is considered acceptable. However, 
cold storage alone cannot be used to maintain 
embryogenic competence, since the productivity 
of cold-stored encapsulated embryos is greatly 
reduced.   
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6.7     Concluding Remarks 

 Somatic embryogenesis technology shows a great 
potential for improvement of woody plants and 
has applications in rapid large-scale clonal propa-
gation, genetic transformation and cryopreserva-
tion of desirable select lines (Park  2002 ). Previous 
studies have shown that  C. japonica  has a consid-
erable inherent capacity for direct somatic 
embryogenesis, at least in the juvenile phase. 
This ability is particularly well illustrated by the 
production of somatic embryos from zygotic 
embryos in basal medium without the addition of 
growth regulators. Induction of somatic embryo-
genesis without exogenous auxins is relatively 
rare in woody species. The ease with which 
somatic embryos form directly on explants may 
refl ect an inherent capacity of  Camellia  species to 
produce “pre-embryogenic determined cells” 
from which somatic embryos develop. Indirect 
embryogenesis, which requires the presence of 
auxin and/or cytokinin, may involve the redeter-
mination of callus cells as “induced embryogenic 
determined cells”. Somatic embryos have also 
been initiated from non-embryogenic tissues 
such as leaf, root and stem explants excised from 
axillary shoot cultures established from germi-
nated seeds. Initial explants derived from adult 
trees have scarcely been used for somatic embryo 
induction in  C. japonica . 

 The long-term maintenance of the embryo-
genic capacity, especially by repetitive embryo-
genesis, enables the continuous supply of somatic 
embryos at an adequate multiplication rate. 
Moreover, it should be noted that in  C. japonica , 
most embryogenic systems involve direct 
embryogenesis, which theoretically guarantees 
the genetic stability that is important for preser-
vation of genetic fi delity. 

 Although there are several potential advan-
tages associated with the use of synthetic seeds 
(e.g. the possibility of long-term storage and for 
automation and commercialization purposes), 
information regarding the feasibility of encapsu-
lation in  C. japonica  is scant. The use of encapsu-
lation techniques to produce artifi cial seeds 
would open up new possibilities for handing, 
transportation and delivery of in vitro tissue cul-
tures of this species. Cold storage of somatic 

embryo clusters (2–6 months) and synthetic 
seeds (2 months) of camellia destined for germi-
nation appears feasible. However, cold treatment 
is not by itself suffi cient to maintain embryogenic 
capacity, as the productivity of cold-stored 
embryos is severely reduced. Further research 
should aim to improve cold storage and germina-
tion rates. 

 Cryopreservation ensures safe, long-term con-
servation of genetic resources of plant species 
with recalcitrant seeds, of vegetatively propa-
gated species and of biotechnology products such 
as somatic embryos, cell lines and genetically 
transformed material. In  C. japonica , none of the 
cryogenic procedures applied to somatic embryo 
cultures were successful. Further research on the 
cryopreservation of camellia embryogenic cul-
tures is required to enable long-term storage of 
clonal somatic embryos. It is our hope that the 
experience gained with other woody species will 
help in the development of protocols for cryo-
preservation of  C. japonica  somatic embryos. 

 Although transgenic technology is of enor-
mous potential application in  Camellia , trans-
genic plants have not yet been developed. As the 
species can multiply by cross-pollination and by 
outbreeding with wild relatives, there is a high 
level of diversity in the cultivated gene pool, some 
of which could be exploited in future breeding 
programmes. Future efforts should be aimed 
toward transformation of this material using 
genetic constructions that would confer resistance 
to the diseases currently threatening the species. 
Finally, research involving transgenic camellia 
must be carried out to address some of the prob-
lems faced by the  Camellia  nursery growers and 
to exploit this highly regenerative system.     
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      Somatic Embryogenesis 
and Genetic Transformation 
of Carnation ( Dianthus 
caryophyllus  L.)                     

     Anelia     Iantcheva    

    Abstract  

  The chapter summarizes the progress of somatic embryogenesis and 
genetic transformation of carnation obtained during the last 40 years. 
Factors that determine the processes of indirect and direct somatic embryo-
genesis of this ornamental plant are described and discussed. The present 
chapter outlines the current results in the fi eld and focuses on the primary 
guidelines of genetic transformation of carnation. Future applications and 
intentions identifi ed by Bulgarian research group in this direction have 
also been highlighted.  

  Keywords  

  Carnation   •    in vitro  regeneration   •   Somatic embryogenesis   •   Genetic 
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7.1         Introduction 

 The genus  Dianthus  comprises around 300 
species including  D. caryophyllus ,  D. barbatus , 
and  D. chinensis , which possess important com-
mercial value for cut fl ower production. Among 
those,  Dianthus caryophyllus  L .  is the most 
important cut fl ower plant. Carnation is one of 
the most valuable commercial cut fl owers around 

the globe. Due to its excellent storage quality, 
wide range of forms, ability to withstand long- 
distance transportation, and remarkable ability to 
rehydrate after continuous shipping, it is pre-
ferred by growers to roses and chrysanthemums 
in several fl ower-exporting countries. In many 
countries, it ranks next to rose in popularity and it 
is widely cultivated on a large scale in Italy, 
Spain, Columbia, Kenya, Sri Lanka, the Canary 
Islands, France, Holland, Germany and the 
United States. In Bulgaria, 75 % of the green-
houses designated for ornamentals are occupied 
by this crop. Commercial carnation cultivars are 
distributed in two main groups – standard SIM 
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group and spray carnation (Hughes  1993 ). 
Standard or single fl ower SIM is characterized by 
a big single fl ower with a high and solid fl ower 
stalk. Breeding of this group started in France, 
North Italy, and later on in the United States. In 
1938 American breeder W. Sim created a cultivar 
White Sim, which gives rise to many cultivars 
with worldwide distribution. Cultivars belonging 
to this group are characterized by fl ower color 
richness, but are very sensitive to the fungal 
pathogen  Fusarium oxysporum . Mediterranean 
carnation cultivars created in France and Italy are 
more resistant to  Fusarium.  Worldwide existing 
single fl ower carnation cultivars are the product 
of SIM and Mediterranean cultivars (Holley and 
Baker  1991 ). The spray carnation was created by 
Thompson in 1956 in the United States and later 
on distributed in Europe since 1964. In spray car-
nation, the axillary fl ower bud is removed and 
adventitious fl ower buds are preserved, which 
leads to the spray fl ower architecture. 

 The global cut fl ower market is maintained by 
the introduction of new improved cultivars. 
Classical breeding has long been the main route 
for generation of new traits into a wide range of 
commercial cultivars. The genetic variability 
within carnation is relatively poor; therefore, the 
breeding potential for new fl ower colors and pat-
terns as well as resistance to biotic and abiotic 
stresses is also very limited. Carnation is a vege-
tatively propagated plant, which further reduces 
its genetic pool availability. 

 The modern cell and molecular techniques 
could be regarded as an alternative and an addi-
tional complementation tool to the classical 
improvement methods of carnation. In the last 20 
years, genetic engineering opened up the possi-
bility for creation of novelty (Zuker et al.  1998 ). 
The transgenic carnations of the “Moon Series” 
composing eight shades varying from soft laven-
der pearl to violet color (Moonaqua, Moonlite, 
Moonshade, Moonvista, Moonpearl, Moonberry, 
Moonique, Moonvelvet) are the fi rst genetically 
engineered commercial fl owers in the world (dis-
tributed from 1992 to 2013 around the globe) and 
demonstrated the success of genetic manipula-
tion of fl ower color (Tanaka et al.  2005 ) through 
plant transformation. Since last 40 years plant tis-

sue culture technique focusing on ornamental 
plants; in carnation, tissue culture method begins 
with the development of micropropagation 
scheme (Kozak and Hampel  1979 ; Davis et al. 
 1977 ) and production of virus-free carnation 
plant material (Hollings and Stone  1972 ). In spite 
of the richness of carnation cultivars on the global 
market, the efforts are directed to create new 
cultivars with novel ornamental value, petal 
shape, and increased resistance against biotic and 
abiotic stress. 

 The routine application of gene transfer meth-
ods requires existence of effi cient regeneration 
procedure. The existing cultivars are character-
ized by high heterozygosity and genotypic varia-
tion is observed within even cultivars, all 
determine genotypes’ role in plant regeneration. 
In carnation, adventitious shoot formation has 
been described from different plant explants, 
e.g., shoot tips (Earle and Langhans  1975 ), petals 
(Kakehi  1979 ; Gimelli et al.  1984 ; Frey and 
Janick  1991 ), stems (Nugent et al.  1991 ), ovules 
(Demmink et al.  1987 ), anthers (Villalobos 
 1981 ), and leaf bases (Van Altvorst et al.  1994 ; 
Yantcheva et al.  1997a ). Regeneration via indi-
rect somatic embryogenesis was also reported. 
Protocols for indirect somatic embryo formation 
were reported in different varieties of carnation 
(Frey et al.  1992 ; Iantcheva et al.  2005 ; Kanwar 
and Kumar  2009 ); similarly, direct origin of 
somatic embryos was observed in a liquid 
medium of group SIM and spray carnation 
(Yantcheva et al.  1998 ; Pareek and Kothari  2003 ).  

7.2     Induction of Somatic 
Embryogenesis 

7.2.1     Type of Somatic 
Embryogenesis 

 Somatic embryogenesis is a process whereby a 
cell or group of cells originated from somatic tis-
sue form embryos. Developmental stages of 
somatic embryogenesis resemble the process of 
zygotic embryo formation. Somatic embryogen-
esis is the preferred pathway, because it offers 
large-scale potential for multiplication. It occurs 
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either in dedifferentiated cells or directly in pre-
determined embryogenic cells (Ammirato  1985 ; 
De Jong et al.  1993 ). Somatic embryogenesis in 
 Dianthus caryophyllus  is a very rarely described 
event.  

7.2.2     Indirect Somatic 
Embryogenesis of Carnation 

 The indirect somatic embryogenesis systems are 
characterized by a sequence of events that 
includes the stimulation of cell proliferation, 
dedifferentiation, acquisition of embryogenic 
competence, and the induction of embryos. 
Application of an auxin, usually 
2,4- dichlorophenoxyacetic acid (2,4-D), is an 
important treatment for the early stages, but sub-
sequent embryo development requires removal of 
exogenous auxin. One feature of indirect systems 
is that the initial activation of cell proliferation is 
temporary and physically separated from the 
induction of embryo-specifi c cell division. 

 Indirect somatic embryogenesis in carnation 
is characterized by the formation of highly dedif-
ferentiated callus tissue and was reported for the 
fi rst time in the research of Frey et al. ( 1992 ). 
Internodal callus was induced from  cvs . Scania, 
White Sim, and Sandra. A medium for induction 
of callus tissue was augmented with the auxin 
2,4-D. Later on, embryo development continued 
on medium lacking the auxin but supplemented 
with cytokinin benzyladenine (BA) or kinetin, 
which supported this process. Performed histo-
logical assay confi rmed that the somatic embryos 
originated from single cells and early embryo 
development proceeded via globular, heart- 
shaped, and torpedo stages. The reported fre-
quency of embryo conversion to plantlets was 
low and authors linked this low conversion rate to 
the lack of well-formed apical and root meristem 
of somatic embryos. This study (Frey et al.  1992 ) 
confi rmed that somatic embryos could be induced 
from internodal callus. Most of the obtained 
somatic embryos were abnormal and lacked 
either apical or root meristems, but a few embryos 
were developed successfully into valuable plants 

and acclimatized to greenhouse condition. 
Optimum embryo initiation was obtained on a 
liquid callus induction medium supplemented 
with 2.4-D for 4–6 weeks, with embryo develop-
ment occurring on 2.4-D-free medium after an 
additional month. 

 Iantcheva et al. ( 2005 ) induced callus tissue in 
dark and light conditions from leaf explants in 
two-spray Bulgarian carnation  cvs . Fea and 
Rossitza. A solid callus induction medium was 
supplemented with auxin 2,4-D in combination 
with cytokinin 6-benzylaminopurine (BAP) and 
casein hydrolysate. This combination supported 
the induction of massive embryogenic callus tis-
sue for a period of 30–60 days. Unorganized tis-
sue became visible on the surface of the explants 
and on the wounded edges 15–20 days of induc-
tion. Dark condition led to increased callus pro-
duction for both cultivars tested. The calli 
obtained in  cv . Fea were white and friable devel-
oped on the surface of the explant. In  cv . Rossitza, 
the obtained tissue was more structured and yel-
lowish and was produced mostly on the edges of 
the explant. Around 85–90 % of the explants 
reacted and no difference was observed for the 
tested cultivars. At light condition, the intensity 
of obtained callus was signifi cantly less than at 
dark. During the fi rst 30 days, the yield of callus 
tissue was very low, but later on from day 30 to 
60, the unorganized callus tissue increased pro-
fusely at dark condition for both cultivars. The 
color of tissue was also changed and varied from 
yellow to green and the structure was more com-
pact for both cultivars. The transfer of embryo-
genic callus to a medium amended with low 
cytokinin 0.05 mg/l BAP and 250 mg/l casein 
hydrolysate promoted embryo formation process 
in  cvs.  Fea and Rossitza for a period of 15–20 
days. In the case of  cv . Fea, embryogenic callus 
induced at dark condition was able to form 
embryos. On the contrary,  cv . Rossitza callus, 
induced at light, was more responsive to somatic 
embryo formation. The frequency of obtained 
embryos was 1–3 per explant for  cv . Rossitza and 
1–2 embryos per explant in  cv . Fea formed bipo-
lar structures possessing fully developed cotyle-
donary leaves and converted to plants. 
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Regenerated plants obtained from somatic 
embryos had normal phenotype and rooted easily 
in in vitro condition. 

 In an indirect embryogenesis carnation system 
(Frey et al.  1992 ; Iantcheva et al.  2005 ; Karami 
et al.  2006 ,  2007 ,  2008 ), induction of embryo-
genic callus tissue was achieved on a medium 
supplemented with synthetic auxin 2,4-D alone 
or in combination with cytokinin. Karami and 
Kordestani ( 2007 ) obtained embryogenic callus 
from two  cvs . Impulse and Sagre in the presence 
of auxin picloram at different concentrations. 
Besides the combination of auxin 2,4-D and 
cytokinin BAP, the effect of different sucrose 
concentrations on induction of embryogenic cal-
lus was investigated from petal explants in four 
carnation  cvs . Nelson, Sagre, Spirit, and Impulse 
by Karami et al. ( 2010 ). The authors found that 
high sucrose concentration promoted embryo-
genic callus induction and positively affected 
somatic embryo development with formation 
of high percentage of embryo. Karami and 
Kordestani ( 2007 ) also investigated the effect of 
sugar alcohol sorbitol on the process of embryo 
formation from callus induced with picloram. 
The authors observed positive osmotic effect of 
sorbitol on production of embryo numbers.  

7.2.3     Direct Somatic 
Embryogenesis 

 Direct somatic embryogenesis is characterized 
by the formation of embryos directly from dif-
ferentiated tissue without the apparent require-
ment of dedifferentiation stage involving 
disorganized cell proliferation. For example, the 
somatic embryogenesis system in carnation 
(Yantcheva et al.  1998 ) involved direct formation 
of embryos from young leaf explants in response 
to an induction treatment. There are two different 
models to explain this phenomenon. The fi rst 
model proposes that there are cells within the tis-
sue that are already embryogenically competent 
and require the inductive signal to trigger direct 
embryo formation (Maheswaran and Williams 
 1984 ; Williams and Maheswaran  1986 ; Carman 
 1990 ). It has also been argued that in the direct 

system, embryogenesis does not differ signifi -
cantly from the indirect procedure at the molecu-
lar level and both proceed through similar stages 
of genetic reprogramming at different rates (De 
Jong et al.  1993 ). These models have different 
explanations for cell division activation in the 
process of direct somatic embryogenesis. In the 
fi rst model, the inductive signal acts as a mitotic 
trigger and reactivates cell division in cells that 
are already competent to switch from somatic to 
embryogenic type and proceed into asymmetric 
cell division to form embryos. In the second 
model, the induction of cell proliferation is 
required for dedifferentiation, which then permits 
the acquisition of embryogenic competence in 
certain cells, just as in the indirect system. 

 Direct somatic embryogenesis in  Dianthus 
caryophyllus  is a very rarely described event. 
Protocols for direct somatic embryo formation 
were reported for a limited number of cultivars. 
The development of somatic embryos both 
through the culture of small white callus and 
directly on the leaf surface was observed by 
Nakano and Mii ( 1993 ). However, in the men-
tioned case, the regeneration effi ciency was quite 
low. Yantcheva et al. ( 1998 ) described for the fi rst 
time a system for direct formation of somatic 
embryos in liquid medium for SIM  cv . Lena and 
four spray Bulgarian carnation  cvs . Nasslada, 
Yanita, Regina, and Line 84. Later on, a very 
similar procedure was developed for the cultivars 
of economically important species of  D. caryo-
phyllus ,  D. barbatus , and  D. chinensis  (Pareek 
and Kothari  2003 ). 

 In direct somatic embryogenesis system 
described by Yantcheva et al. ( 1998 ), 35-day-old 
leaf explants were used as starting explants. The 
preparation of starting leaf tissue was also found 
to be very important. The leaves were cut into 
small 2–4 mm 2  pieces for all tested cultivars. The 
appearance of somatic embryos was recorded 
after 20–25 days of cultivation in a liquid medium 
supplemented with 1 mg/L 2.4-D, 0.2 mg/L BAP 
and 2 g/L casein hydrolysate. About 65 % of the 
explants produced globular embryos directly on 
explant surface (Fig.  7.1a ). In this system of 
direct embryo induction, the importance of age 
and size of explants for initiation of somatic 
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embryos were noted. If explants were detached 
from older donor plants originating from green-
house, the induction of somatic embryos was 
delayed and extended up to 45–50 days. When 
the size of explants was too small (~1 mm 2 ), 
these explants became brownish and failed to 
produce embryo structures. The number of 
induced somatic embryos was remarkably low 
when suspension culture was initiated from big 
leaf explants (half or one third of the leaf). In the 

optimal embryo initiation condition, the number 
of primary embryos ranged from 5–15 per explant 
and most of the embryos appeared on the cut 
edges of plant material. Most of the small explants 
(4 mm 2 ) resembled clusters. Some of the induced 
embryos detached from the explants continued to 
develop separately or remain attached to the 
starting tissues, which were defi ned as polyem-
bryos. No deviation in embryo morphology 
was detected at this stage of development. 

  Fig. 7.1    Direct somatic 
embryogenesis of carnation 
( Dianthus caryophyllus  L.). 
( a ): direct somatic embryo 
formation on explant in a 
liquid medium in  cv . Lena; 
( b ): torpedo stage embryos 
after PEG treatment in a liquid 
medium; ( c ): conversion of 
embryos and polyembryos 
from  cv . Nasslada; and ( d ): 
carnation plants regenerated 
from somatic embryos of  cv . 
Yanita       
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No signifi cant difference in the numbers of 
produced somatic embryos was also observed in 
the studied cultivars.

   In the presence of higher 2.4-D concentration 
(4 mg/L), total somatic embryo induction period 
(35 days) was reduced by 5 days. Morphology of 
embryos induced in the presence of higher con-
centration of 2,4-D were different, however the 
embryos possessed a more friable surface and 
disposed to recallus. The development of induced 
somatic embryos from globular up to torpedo 
stage was the most critical moment in this regen-
eration procedure. Development up to torpedo 
stage was observed on medium supplemented 
with polyethylene glycol (Fig.  7.1b ). The 
obtained data clearly indicated the positive effect 
of PEG at low concentrations. The addition of 1 
% (PEG) as an osmoticum and desiccative factor 
plays an important role in embryo development 
in carnation species. In the absence of PEG treat-
ment (when the suspension culture was trans-
ferred directly to a maturation medium), the 
induced globular embryos could not reach to the 
next “torpedo” stage. The embryos usually trans-
formed into hard green callus. In 1 % PEG added 
medium, somatic embryo transformation rate to 
torpedo stage varied from 40.7 % for  cv . Yanita to 
60.65 % observed in  cv . Lena. In higher level of 
PEG (2.5–5.0 %), the differentiated embryo 
structures turned brown and further development 
was stalled. Some morphological differences 
(color, shape) of “torpedo” somatic embryos 
between tested cultivars were observed. The pos-
itive effect of PEG for somatic embryo develop-
ment was later confi rmed on other observations 
(Pareek and Kothari  2003 ). The authors observed 
PEG concentration of 2.5 % was optimal for 
embryo development of tested cultivars. The 
embryo maturation from torpedo to cotyledonary 
stage was found to be genotype specifi c, 
Yantcheva et al. ( 1998 ) observed. Some of the 
cultivars like Nasslada, Yanita, and Lena required 
hormone free liquid medium amended with 
casein hydrolysate for successful conversion of 
somatic embryos to vigor plantlets. Conversion 
rate was found to be highest in  cv . Nasslada (180 
plantlets were obtained from 20 plated embryos 
and polyembryos, Fig.  7.1c ), followed by  cvs . 

Yanita (45 plantlets) and Lena (34 plantlets). In 
the case of  cv . Regina, the addition of BAP alone 
was necessary for successful embryo maturation 
and conversion to plantlets. Formation of second-
ary embryos was observed if maturation of 
embryos was performed on liquid medium added 
with cytokinin and auxin inhibitor. Plants regen-
erated from somatic embryos, for all the tested 
cultivars possess normal phenotype and were 
adapted successfully to greenhouse conditions. 
Performed biometric analyses of ten traits related 
to ornamental value of regenerants confi rmed 
normal fl ower morphology without any aberra-
tion (Fig.  7.1d ). The study of Yantcheva et al. 
( 1998 ) demonstrated direct somatic embryogen-
esis of carnation in liquid media, which has sev-
eral benefi ts and advantages:

   Regeneration via direct somatic embryogenesis 
was developed for economically important 
carnation cultivars.  

  Somatic embryo-regenerated plants had normal 
phenotype and were adapted and grown in 
green house condition successfully.  

  The established culture conditions for inducing 
secondary embryogenesis may offer the 
opportunity to exploit different gene transfer 
methods for obtaining nonchimeric transgenic 
plants.      

7.3     Genetic Transformation 
of Carnation 

 The fl ower market demands fl owers with 
improved traits, such as new colors, new shapes, 
better fragrance, and longer vase life. Every year, 
new and more attractive varieties are created by 
breeders. Unfortunately high heterozygosity and 
limited genome information restrict breeding 
programs in carnation. Genetic engineering is a 
valuable tool, currently used in classical breeding 
methods for the production of novel carnation 
varieties, and these technologies have been 
exploited to introduce new traits into commercial 
cultivars. In the last 20 years,  Agrobacterium 
tumefaciens -mediated transformation systems 
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have been developed using different plant 
explants like leaves, petals, and stems (Lu et al. 
 1991 ; Van Altvorst et al.  1995 , 1996; Yantcheva 
et al.  1997b ; Nontaswatsri et al.  2004 ). Direct 
gene transfer by using microprojectile bombard-
ment or with  Agrobacterium  was also success-
fully conducted (Zuker et al.  1995 ,  1999 ) in 
creating transgenic carnations with novel traits. 
The Moon Series composed of eight carnation 
varieties possessing soft to dark violet fl ower 
color was produced by Florigene. These newly 
obtained carnation varieties with modifi ed antho-
cyanin biosynthesis were achieved by introduc-
tion of fl avonoid 3′,5′-hydroxylase (F3′,5′ is a 
key enzyme in the synthesis of delphinidin) in 
carnation. Long vase life, which is a very impor-
tant characteristic of cut fl owers, was achieved by 
downregulation of ethylene production by anti-
sense ACC synthase (Kiss et al.  2000 ; Veres et al. 
 2005 ) and antisense ACC oxidase (Savin et al. 
 1995 ). A lot of efforts were concentrated on the 
establishment of  Fusarium oxysporum f.  sp. 
 dianthi- resistant transgenic carnation cultivars, 
and different genes like osmotin, PR-1, and chi-
tinase were introduced into susceptible varieties 
(Zuker et al.  2001 ). The same research group suc-
cessfully downregulated the fl avanone 
3- hydroxylase gene, which modifi ed carnation 
fl ower color and fragrance simultaneously (Zuker 
et al.  2002 ). 

 Together with modern biotechnological meth-
ods, in the last 5 years, researchers focused on 
structural analysis of the whole genome of carna-
tion in order to accelerate the process of molecu-
lar breeding. Genetic linkage maps of carnation 
have been constructed and were used to identify 
quantitative trait loci (QTL) responsible for resis-
tance to bacterial wilt (Yagi et al.  2006 ,  2012 ). 
Application of next-generation sequencing 
(NGS) technology and large-scale transcriptome 
analysis (RNA-seq) have also been conducted 
(Tanase et al.  2012 ). Recently, a reference genetic 
linkage map for carnation using simple sequence 
repeat (SSR) markers derived from RNA-seq 
analysis was constructed (Yagi et al.  2013 ). Thus, 
mapping QTLs with various traits will improve 
breeding programs of elite carnation cultivars 
(Table  7.1 ).

   During the last 20 years, a lot of reports for 
transgenic carnation establishment procedure 
were published; the effi ciency of successful 
transformation events is, however, low and in 
most of the cases is genotype specifi c. In pub-
lished protocols, several factors that have been 
identifi ed as affecting transformation frequency 
were discussed. In most cases, bacterial strain 
and density, period of cocultivation, selective 
pressure, and regeneration method were identi-
fi ed to be very crucial for the effi ciency of trans-
formation. Different  Agrobacterium  strains like 
AGLO, LBA 4404, and EHA 105 were used and 
bacterial density level varies widely (0.5–1 
OD 6oo ) in tested transformation experiments 
(Zuker et al.  1999 ; Nontaswatsri et al.  2004 ; 
Szoke et al.  2006 ; Arici and Koc  2009 ). The posi-
tive effect of acetosyringone in different concen-
trations was reported in different research studies 
(Nontaswatsri and Fukai  2006 ; Arici and Koc 
 2009 ). Nontaswatsri and Fukai ( 2006 ) were able 
to obtain fairly good transformation with effi -
ciency varying from 7 to 95 % depending on the 
genotype. By using different ways like effi cient 
regeneration protocol, bacterial strain, cocultiva-
tion, and application of acetosyringone, the 
authors were able to establish highly effective 
transgenic protocol. In early studies of Yantcheva 
et al. ( 1997b ), transgenic plants of carnation were 
obtained by  Agrobacterium -mediated transfor-
mation. A regeneration/transformation procedure 
was developed based on leaf base and petal as 
initial explants (Yantcheva et al.  1997a ). 
Transformation of SIM  cv . Lena and spray  cvs . 
Line 84 and Yanita was made with  Agrobacterium 
tumefaciens  C58C1 carrying a plasmid (p2260 I 
170), which contains marker genes –  npt  II and 
 hpt  encoding neomycin phosphotransferase and 
hygromicin phosphotransferase, respectively. For 
SIM  cvs . Scania and Lena and spray  cv . Nasslada, 
the  Agrobacterium tumefaciens  LBA 4404 with 
plasmid vip 104-carrying antisense of chalcone-
synthase- A gene (CHS-A) from petunia was 
used. Cultivar Regina was transformed with plas-
mid vip 165, in which marker GUS gene was 
under control of endogenous chalconesynthase-J 
( chs-J ) promoter. Transformation effi ciency var-
ied from 3.9 to 7.5 % among tested cultivars. 
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The presence of  npt  II gene in plants was 
confi rmed by PCR and Southern blot analysis. 
Downregulation of CHS-A was estimated by 
Northern blot. The main features of selected pro-
tocols for gene transfer developed for different 
carnation cultivars from SIM and spray type are 
presented in Table  7.2 .

   Histochemical GUS activity was detected in 
the fl ower buds – fl ower bed and calyx, from 
regenerated plants of  cv . Regina. Vegetatively 

propagated clones of transgenic plants from  cvs . 
Scania, Nasslada, Yanita, and Line 84 were 
evaluated for plant and fl ower morphology. 
Ten morphological traits were selected for bio-
metrical analyses in order to estimate ornamental 
value of obtained transgenic carnation plants. 
Downregulation of CHS-A gene in fl owers of 
 cvs . Scania and Nasslada was low and could be 
characterized with thin white or brighter strips 
across petals (Fig.  7.2a ). Slight visual detection 

   Table 7.1    Explant, PGRs, and somatic embryogenesis (indirect and direct) in carnation   

 Carnation ( Dianthus caryophyllus  L.) 

 Species/cultivar  Explant  PGRs for induction of SE  References 

  Indirect somatic embryogenesis  

  SIM  

  cv. Scania   IN  2.4-D  Frey et al. ( 1992 ) 

  cv. White Sim  

  cv. Sandra  

  Spray   L  2.4-D + BAP + CH  Iantcheva et al. ( 2005 ) 

  cv. Fea  

  cv. Rossitza  

  SIM   P  2.4-D + BAP  Karami et al. ( 2006 ,  2008 ,  2010 ) 

  cv. Nelson  

  cv. Sagre  

  cv. Impulse  

  cv. Spirit  

  SIM   PB  Picloram  Karami and Kordestani ( 2007 ) 

  cv. Impulse  

  cv. Sagre  

  cv. Nelson  

  Direct somatic embryogenesis  

  Dianthus  sp.  L  Antibiotics  Nakano and Mii ( 1993 ) 

  Cefotaxime  

  Penicillin G  

  Carbenicillin  

  SIM   L  2.4-D + BAP + CH  Yantcheva et al. ( 1998 ) 

  cv. Lena  

  Spray  

  cv. Nasslada  

  cv. Yanita , 

  cv. Regina  

  Line 84  

  D. caryophyllus   L  2.4-D  Pareek and Kothari ( 2003 ) 

  D. barbatus  

  D. chinensis  

   Abbreviations :  P  petiole,  PB  petiole base,  L  leaf,  IN  internode,  2.4-D  dichlorophenoxyacetic acid,  BAP  
6- benzylaminopurine,  CH  casein hydrolysate  

A. Iantcheva



115

   Ta
b

le
. 7

.2
  

  E
xp

la
nt

, r
eg

en
er

at
io

n 
m

od
e,

 b
ac

te
ri

al
 s

tr
ai

n,
 a

nd
 m

ar
ke

rs
 u

se
d 

in
 g

en
et

ic
 tr

an
sf

or
m

at
io

n 
of

 c
ar

na
tio

n   

  A
gr

ob
ac

te
ri

um
 -m

ed
ia

te
d 

ge
ne

 tr
an

sf
er

 

 Sp
ec

ie
s/

cu
lti

va
r 

 E
xp

la
nt

 
 R

eg
en

er
at

io
n 

sy
st

em
 

 B
ac

te
ri

al
 s

tr
ai

n 
 Se

le
ct

ab
le

 m
ar

ke
r 

ge
ne

 
 Sp

ec
ifi 

c 
fe

at
ur

e 
 R

ef
er

en
ce

s 

  D
. c

ar
yo

ph
yl

lu
s  

 L
ea

f 
ba

se
 

 D
ir

ec
t o

rg
an

og
en

es
is

 
 C

58
C

1 
  np

t I
I  

  –  
 va

n 
A

ltv
or

st
 e

t a
l. 

( 1
99

5 )
 

 30
 c

vs
. 

 A
G

L
O

 

  D
. c

ar
yo

ph
yl

lu
s -

SI
M

 
 L

ea
f 

ba
se

 
 D

ir
ec

t o
rg

an
og

en
es

is
 

 C
58

C
1 

  np
t I

I  
  –  

 Y
an

tc
he

va
 e

t a
l. 

( 1
99

7b
 ) 

 cv
. L

en
a 

 L
B

A
 4

40
4 

 cv
. S

ca
ni

a 

  D
. c

ar
yo

ph
yl

lu
s-

 sp
ra

y 

 cv
. R

eg
in

a 

 cv
. N

as
sl

ad
a 

 cv
. Y

an
ita

 

 L
in

e 
84

 

  D
. c

ar
yo

ph
yl

lu
s -

SI
M

 
 St

em
 

 D
ir

ec
t o

rg
an

og
en

es
is

 
 A

G
L

O
 

  np
t I

I  
 W

ou
nd

in
g 

by
 b

om
ba

rd
m

en
t 

 Z
uk

er
 e

t a
l. 

( 1
99

9 )
 

 cv
. W

S 
 E

H
A

 1
05

 

 cv
. V

is
a 

 10
0 

μM
 A

S 

 cv
. D

es
io

 
 Tw

o-
cy

cl
e 

se
le

ct
io

n 

  D
. c

ar
yo

ph
yl

lu
s-

 sp
ra

y 

 cv
. E

ila
t 

 cv
. D

ar
lin

g 

 cv
. L

io
r 

  D
. c

ar
yo

ph
yl

lu
s  

 Pe
ta

l 
 D

ir
ec

t o
rg

an
og

en
es

is
 

 C
B

E
 2

1 
  np

t I
I  

  –  
 M

ir
os

hn
ic

he
nk

o 
an

d 
D

ol
go

v 
( 2

00
0 )

 
 cv

. D
ia

 1
2 

 L
ea

f 
ba

se
 

 E
H

A
 1

05
 

  hp
t  

  D
. c

ar
yo

ph
yl

lu
s  

 N
od

e 
 D

ir
ec

t o
rg

an
og

en
es

is
 

 A
G

L
O

 
  np

t I
I  

 50
 μ

M
 A

S 
 N

on
ta

sw
at

sr
i 

an
d 

Fu
ka

i (
 20

06
 ) 

 cv
. T

an
ga

 

 cv
. K

ill
er

 

 cv
. L

au
re

lla
 

 cv
. M

as
te

r 

 cv
. O

to
ne

 

(c
on

tin
ue

d)

7 Somatic Embryogenesis and Genetic Transformation of Carnation (Dianthus caryophyllus L.)



116

Ta
b

le
. 7

.2
 

(c
on

tin
ue

d)

  A
gr

ob
ac

te
ri

um
 -m

ed
ia

te
d 

ge
ne

 tr
an

sf
er

 

 Sp
ec

ie
s/

cu
lti

va
r 

 E
xp

la
nt

 
 R

eg
en

er
at

io
n 

sy
st

em
 

 B
ac

te
ri

al
 s

tr
ai

n 
 Se

le
ct

ab
le

 m
ar

ke
r 

ge
ne

 
 Sp

ec
ifi 

c 
fe

at
ur

e 
 R

ef
er

en
ce

s 

  D
. c

hi
ne

ns
is

  
 L

ea
f 

ba
se

 
 D

ir
ec

t o
rg

an
og

en
es

is
 

 L
B

A
 4

40
4 

  np
t I

I  
  –  

 Sz
ok

e 
et

 a
l. 

( 2
00

6 )
 

 cv
. S

im
on

 

  D
. c

ar
yo

ph
yl

lu
s  

 cv
. B

ib
or

 

 cv
. I

W
S 

  D
. c

ar
yo

ph
yl

lu
s  

 L
ea

f 
se

gm
en

ts
 

 D
ir

ec
t o

rg
an

og
en

es
is

 
 E

H
A

 1
05

 
  np

t I
I  

 20
0 

μM
 A

S 
 A

ri
ci

 a
nd

 K
oc

 (
 20

09
 ) 

 cv
. T

ur
bo

 

  D
. c

ar
yo

ph
yl

lu
s  

 L
ea

f 
se

gm
en

ts
 

 In
di

re
ct

 a
nd

 d
ir

ec
t 

or
ga

no
ge

ne
si

s 
 E

H
A

 1
05

 
  np

t I
I  

 C
om

pa
re

 tr
an

sf
or

m
at

io
n 

ef
fi c

ie
nc

y 
by

 u
si

ng
 d

ir
ec

t 
an

d 
in

di
re

ct
 o

rg
an

og
en

es
is

 

 K
an

w
ar

 
an

d 
K

um
ar

 (
 20

11
 ) 

 cv
. T

em
po

 

  D
ir

ec
t 

ge
ne

 t
ra

ns
fe

r  
  D

. c
ar

yo
ph

yl
lu

s -
SI

M
 

 St
em

 
 D

ir
ec

t o
rg

an
og

en
es

is
 

 Pl
as

m
id

 D
N

A
 

 B
ar

 
 Tw

o-
cy

cl
e 

se
le

ct
io

n 
 Z

uk
er

 e
t a

l. 
( 1

99
5 )

 

 cv
. W

S 

 cv
. O

nd
in

a 

 cv
. V

is
a 

  D
. c

ar
yo

ph
yl

lu
s-

 sp
ra

y 

 cv
. L

io
r 

   A
bb

re
vi

at
io

ns
 :  A

S  
ac

et
os

yr
in

go
ne

,  n
pt

 I
I  

ne
om

yc
in

 p
ho

sp
ho

tr
an

sf
er

as
e,

  h
pt

  h
yg

ro
m

yc
in

 p
ho

sp
ho

tr
an

sf
er

as
e,

  b
ar

  p
ho

sp
hi

no
th

ri
ci

n 
ac

et
yl

tr
an

sf
er

as
e  

A. Iantcheva



117

of downregulated gene from petunia could be due 
to expression of gene in heterologous plant spe-
cies under existing sequence homology between 
genes involved in biosynthetic pathways of fl avo-
noids of two ornamental species: petunia and car-
nation. Some deviations were observed in leaf 
length and width of genetically modifi ed plants 
in comparison with controls. Transgenic plants 
from  cvs . Yanita and Line 84 also possessed 
 morphological differences from controls. 
Transgenic fl owers of Line 84 acquired white to 
light pink edges, 3–4 mm at the end of the petals 
(Fig.  7.2b ). Besides changes in fl ower color, 
decreased fl ower bud numbers and fl ower 
stalks were also observed. Differences in plant 

morphology, i.e., increased leaf length, width, 
and number of fl ower buds and fl ower stalk, were 
identifi ed in Yanita cultivar (Fig.  7.2c ).

   Recently, the same research group initiated a 
project titled “Integrated functional and compar-
ative genomics studies on the model legumes 
 Medicago truncatula  and  Lotus japonicus .” 
In this project,  M. truncatula  and  L. japonicus  are 
used for functional genomic studies for the 
establishment of a platform, which will facilitate 
the genetics and breeding of important crops 
(pea, faba bean, alfalfa, and clover) in Bulgaria. 
The project aims were to identify and understand 
functions of genes involved in plant organogenesis/
embryogenesis .  Nine genes involved in basic 

  Fig. 7.2    Genetically modifi ed 
carnation ( Dianthus 
caryophyllus  L.). ( a ): 
downregulation of CHS-A 
gene in petals of  cv . Scania 
with white or brighter strips; 
( b ): fl ower of transgenic Line 
84 with white to light pink 
edge on the end of the petals; 
and ( c ): transgenic carnation 
plant from  cv . Yanita       
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processes of plant growth and development were 
selected for experimental work (Revalska et al. 
 2011 ; Iantcheva et al.  2014 ; Boycheva et al. 
 2014 ). One of the cloned genes encoding 1- amin
ocyclopropane- 1-carboxylate oxidase contains 
InterPro domain(s) IPR005123 oxoglutarate and 
iron-dependent oxygenase MT5G085330 
(PLAZA2,5). The systematic name of enzyme 
coding by this gene is 1-aminocyclopropane- 1-
carboxylate oxygenase (ethylene forming). 
Enzymes with Fe (2+) and 2-oxoglutarate (2OG)-
dependent oxygenase domain typically catalyze 
the oxidation of an organic substrate using a 
dioxygen molecule, mostly by using ferrous iron 
as the active site cofactor and 2OG as a cosub-
strate, which is decarboxylated to succinate and 
CO 2 . In plants, Fe(II) 2OG oxygenase domain 
enzymes catalyze the formation of plant hor-
mones, such as ethylene, gibberellins, and pig-
ments anthocyanidins and fl avones. Using 
GATEWAY technology, the abovementioned 
gene was cloned in overexpression vector and 
using RNAi methodology in vector for downreg-
ulation of gene expression. The cloned comple-
mentary DNA of the investigated  M. truncatula  
gene 1-aminocyclopropane-1-carboxylate oxi-
dase (MT5G085330) showed 81 % similarity 
with Dca55566.1 1-aminocyclopropane-1- 
carboxylate oxidase  Dianthus caryophyllus  clo-
ver pink. In order to create 2OG-Fe(II) oxygenase 
RNAi construct, the 132 bp fragment from the 
2OG-Fe(II) oxygenase mRNA was used, part of 
which correspond to positions 397–437 bp of the 
Dca55566.1 (  http://carnation.kazusa.or.jp    ). 
Based on the above-described genetic transfor-
mation system, this gene was heterologously 
expressed in carnation (Yantcheva et al.  1997b ), 
and overexpressed (OE) and downregulated 
(RNAi) transgenic plants from  cv . Scania and 
downregulated transgenic plants from spray car-
nation  cv . Red Barbara were obtained. Preliminary 
biometric measurements, i.e., plant height, leaf 
length, leaf width, root, and secondary root num-
bers of in vitro plant material, were evaluated and 
compared. The obtained results of root length 
and root number indicated that OE and RNAi 
transgenic plants from  cv . Scania had longer root 
length with more numbers of roots compared to 

control carnation plants. In the case of Red 
Barbara cultivar, root length and root numbers of 
RNAi plants were more compared to control plants. 

 A gene,  DMR6 , was identifi ed from 
 Arabidopsis thaliana  (At5G24530) encoding 
2OG-Fe(II) oxygenase with unknown function. 
Induction of DMR6 transcript was detected dur-
ing  Hyaloperonospora parasitica  infection, 
which causes downy mildew disease to plants of 
family Brassicaceae and the accumulated tran-
script confi rmed the participation of this gene in 
protective responses of plant (van Damme et al. 
 2008 ). In model  L. japonicas  plant, overexpres-
sion of the  MT5G085330  gene caused long and 
well-developed root with more numbers of nod-
ules on the upper part of the root. Downregulated 
 Lotus  plants on the other hand had long and well- 
developed roots with induced nodules distributed 
along the whole length of the root, which also 
confi rmed the involvement of genes in protective 
response against infection. 

 The experimental works of upregulated and 
downregulated 2OG-Fe (II) oxygenase trans-
genic plants of carnation are in progress. The 
analyses will be concentrated on the response of 
transgenic plants to infection with different car-
nation pathogens. Further analyses will also be 
conducted with plant morphology and vase life of 
transgenic plants.  

7.4     Conclusion 

 Although it is a rare event, direct somatic embryo-
genesis is an important way to regenerate plants 
from single cells, or a small group of somatic 
cells, in carnation. One important application of 
somatic embryogenesis is rapid mass propaga-
tion of commercially valuable genotypes espe-
cially in liquid media, which is the most attractive 
use of this morphogenic pathway. Single-cell ori-
gin also permits synchronized, homogeneous, 
and stable plant material; thus, somatic embryo-
genesis is the preferred method of regeneration 
rather than organogenesis. Induction and devel-
opment of large-scale somatic embryos is easy 
and is possible in different cultivars of carnation 
groups – SIM and spray. Another important use 

A. Iantcheva

http://carnation.kazusa.or.jp/


119

is in the generation of transgenics by using direct 
somatic embryos or secondary somatic embryos. 
The development of new carnation cultivars with 
novel plant morphology, physiology, and fl ower 
characteristics will depend on successful use of 
plant tissue culture tool, molecular biology, 
genomics, and transcriptomics established in 
plants including model species.     
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    Abstract  

  Ornamental plants play a social and economic role in human society since 
antic ages, and its production consists about 78 % of total production. 
Thus, in situ and  ex situ  germplasm conservation techniques must be 
applied to preserve elite varieties. Since in situ strategies are more prone 
to environmental factors (e.g., biotic and abiotic stress) and  ex situ  
approaches are open to cross-pollination or homologous recombination 
during gamete formation, currently in vitro strategies are the good com-
plementary mechanism to avoid these problems. Among in vitro conserva-
tion techniques, cryopreservation seems to be the best candidate as it 
enables to preserve selected germplasm theoretically unlimited period of 
time with maintaining genetic stability, which is very important in orna-
mental plant cultivation. Besides, embryogenic cultures are used for 
in vitro propagation; the tissues are also utilized as target materials for 
gene transfer studies. These cultures have the potential to produce cisgenic 
or intragenic plants and cryogenic technology offers opportunities to con-
serve germplasm to introduce genes from crossable ornamental plants 
especially for cisgenesis. Thus cryopreservation also plays an important 
role in maintaining transgenic, cisgenic, or intergenic somatic embryos of 
ornamentals in a stable way. In this chapter, effi cient cryopreservation 
technique including one-step and two-step freezing methods together with 
vitrifi cation- and dehydration-based techniques for conservation of 
somatic embryos and related tissues of ornamentals is discussed.  
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8.1         Introduction 

 Today, about 157 million types of plant species 
are cultivated as ornamental plants which con-
sists 78 % of total production, and there are a lot 
of studies dealing with in vitro culture, new vari-
ety production, and germplasm conservation 
(reviewed in Rout et al.  2006 ). Ornamental plants 
play an important role in social improvement in 
many countries around the world, increasing and 
improving the quality of life with psychological 
and social benefi ts for humans (Thomsen et al. 
 2011 ). Besides their aesthetic appeal, ornamental 
plants also serve some less obvious uses such as 
for fragrance, attracting wildlife, and cleaning 
the air. In addition, decorating offi ces with orna-
mental plants can reduce the levels of discomfort 
(like cough, fatigue) and improve health (Fjeld 
et al.  1998 ), probably due to their ability to 
remove volatile organic compounds from the air 
(Dela Cruz et al.  2014 ). Moreover, ornamental 
plants have great economic value; thus, the con-
servation of valuable ornamental genetic 
resources is very important in order to meet the 
market demands (Kulus and Zalewska  2014 ). 
Traditional  ex situ  conservation strategies in 
greenhouses or fi eld conditions require intensive 
care of pot cultures (Reed et al.  2006 ); biotechno-
logical storage techniques could be utilized to 
access large material variety for breeding and 
horticultural production (Halmagyi et al.  2004 ). 
Since the plants have those benefi ts, intensive 
care must be applied to maintain the genetic sta-
bility of cultures and to conserve important orna-
mental plants of endangered nature (Swarts and 
Dixon  2009 ). Up to now, cryopreservation is 
accepted to be the most promising and valuable 
biotechnological storage technique for long-term 
preservation (Kulus and Zalewska  2014 ). 

 The combination of somatic embryogenesis 
and cryopreservation in ornamental plants allows 
to preserve high-value clonal varieties by recov-
ering quality characteristics (color, odor, etc.) by 
avoiding the risk of loss via contamination, 
human error, or somaclonal variation, associated 
with frequent culture transfer for maintenance by 
repetitive embryogenesis (George et al.  2008 ; 
Panis  2009 ). It also helps to store embryogenic 
lines from new hybrid species or transgenic 

plants (Wang et al.  2012 ). The selected genotypes 
then could be used for advanced breeding pro-
grams and commercial plantations. Interestingly, 
Mikula and coworkers ( 2011 ) demonstrated that 
cryopreserved embryogenic tissues of  Gentiana 
cruciata  had signifi cantly higher morphogenetic 
potential than the nonfrozen controls. In this 
chapter, effective cryopreservation methods for 
conservation of somatic embryos of ornamental 
plants are discussed. It should also be noted that 
as protocorm-like bodies (PLBs) is reported as 
somatic embryos for orchids (Lee et al.  2013 ), 
cryopreservation of PLBs is also included. 

8.1.1     Concepts of Cryopreservation 

 Conservation defi nes the effort for management 
and preservation of germplasm which are threat-
ened (e.g., endemic species) or valuable (e.g., 
ornamental plants) via in situ,  ex situ , or in vitro 
strategies for further utilization. While in situ 
strategies aim to conserve plant germplasm in 
their own ecosystem (e.g., national parks),  ex situ  
approaches try to preserve plants in vegetative 
forms (e.g., separated fi eld pots), seeds (mostly 
orthodox seeds according to their moisture con-
tent), or in vitro methods (e.g., plant tissue cul-
ture). Since in situ strategies are more prone to 
environmental factors (e.g., biotic and abiotic 
stress) and  ex situ  approaches are open to cross- 
pollination or homologous recombination during 
gamete production, in vitro strategies are 
employed to avoid these problems. In vitro strate-
gies are based on plant tissue culture techniques, 
which are defi ned as the usage of plant organs, 
cells, or tissues for producing new plant cells, tis-
sues, or metabolites in aseptic culture conditions. 
With this approach, it is possible to produce 
virus-free (e.g., meristem culture), genetically 
stable and clonally produced ornamental plants 
in high quantities (e.g., in vitro propagation) 
(Engelmann  2010 ). 

 The utilization of in vitro approaches for con-
servation of plant germplasm could be in two 
ways: medium- and long-term conservation. The 
former aims to decrease plant metabolism, thus 
incubating in limited growth conditions (e.g., 
storing cultures in darkness and low temperature) 
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which is widely used to conserve different plant 
germplasm including ornamental plants 
(Akdemir et al.  2010 ), while the latter aims to 
stop all metabolic reactions in liquid nitrogen 
(LN), theoretically for unlimited time. 

 Nowadays, conservation efforts have arisen 
since plant diversity is getting lost at an alarming 
rate (100–1000-fold) higher than recent past. 
Also, in situ conservation strategies are con-
strained with economic issues. For example, it is 
fi gured out that conservation of Cape Floristic 
Region of South Africa, which contains 20 % of 
the continent fl ora, costs about 330 $ per plant 
species for annum. On the contrary, 1 year con-
servation expense takes approximately 13–20 € 
for  Solanum tuberosum  and related species per 
accession for 1 year with the usage of in vitro 
tools like cryopreservation (reviewed in Li and 
Pritchard  2009 ).  

8.1.2     Cryopreservation 

 As mentioned before, cryopreservation aims to 
stop nearly all biologic reactions in vapor (−150 
°C) or liquid phase (−196 °C) of nitrogen and 
thus enables to maintain genetic stability of wide 
range of plant explants (suspension cultures, 
in vitro buds, seeds, zygotic and somatic 
embryos) without somaclonal variation theoreti-
cally to  ad infi nitum  (reviewed in Kulus and 
Zalewska  2014 ). As the concept of this book 
chapter is limited to cryopreservation of somatic 
embryos, the application of long-term conserva-
tion techniques for other plant explants of orna-
mental plants is excluded and not discussed. 

 Somatic and zygotic embryos have some com-
mon features, i.e., both are large, complex struc-
tures and formed of differentiated tissues; somatic 
embryos have generally relatively smaller size 
(several hundred μm to several mm) in compari-
son to zygotic embryos (up to 1 cm); somatic 
embryos are highly hydrated, while zygotic 
embryos have lower water content; somatic 
embryos often comprise heterogeneous structure 
in size and developmental stage, whereas zygotic 
embryos are homogenous populations. The steps 
of cryopreservation are, however, little different 
(introduction to in vitro conditions are before 

cryopreservation in somatic embryos, while 
zygotic embryos are introduced to in vitro condi-
tions after cryostorage). Moreover, the preserva-
tion of proliferation capacities of somatic 
embryos is adequate for successful post-survival, 
but in the case of zygotic embryos, the whole 
structure should be conserved for the germina-
tion (Engelmann  2010 ). 

 In cryopreservation protocols, the ultimate 
goal is to vitrify the cells and tissues by decreas-
ing their water content with cryoprotective solu-
tions (including ethylene glycol, Dimethyl 
sulfoxide (DMSO), and sucrose) or dehydration- 
based protocols (e.g., using air desiccation) to 
prevent lethal ice formation. To achieve this 
context, two different cryopreservation 
approaches are employed based on the nature of 
the explants (e.g., dehydration sensitive): (I) 
two-step freezing and (II) one-step freezing 
(Engelmann  2010 ). 

8.1.2.1     Two-Step Freezing 
 Also called as “traditional methods,” “controlled- 
rate freezing,” or “slow cooling,” this practice 
includes pre-culture of the plant material, for 
instance, somatic embryos, with low concen-
trated cryoprotectants containing medium, and 
then application of slow cooling step with cryo-
protectants before transferring to LN. The key 
points of this technique are the optimization of 
not only the time and concentration of the cryo-
protectants but also cooling rate and terminal 
temperature prior to immersion to LN. For 
instance, cooling rate should not be too fast or too 
slow; thus, a pace of 0.1–1.0 °C min −1  to −40 °C 
is used in general (Kulus and Zalewska  2014 ). 
During slow freezing, crystallization takes place 
initially in the external medium, and water fl ows 
from out of the cells to the external ice that results 
in dehydration of the samples (Engelmann  2010 ). 

 Although this two-step process is employed to 
somatic embryos, it requires specifi c instruments 
and could only be employed for cold-tolerant 
species. However, in recent years, the require-
ment of specifi c freezing apparatus is overcome 
by the usage of freezing container, Nalgene® Mr. 
Frosty, which is a nonmechanical device that 
only requires 100 % isopropyl alcohol and a 
mechanical freezer.  
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8.1.2.2     One-Step Freezing 
 The process, also called “rapid freezing,” depends 
on vitrifi cation-based methods in which a transi-
tion of intracellular water to an amorphous glass 
state occurs without ice crystallization. Therefore, 
the samples have to be suffi ciently dehydrated 
physically (under airfl ow of the laminar cabinet 
or over silica gel) or chemically (with the usage 
of vitrifi cation solutions) before immersion to 
LN. Vitrifi cation is a multistep procedure con-
taining pre-culture treatment with loading solu-
tion (a mixture of diluted nontoxic cryoprotectants 
usually contains 2 M glycerol and 0.4 M sucrose 
in MS medium), dehydration with vitrifi cation 
solution, and rapid immersion to LN. Thawing is 
followed by washing of samples in unloading 
solution (1.2 M sucrose) and culture on recovery 
media. However as naked PLBs are found to be 
very sensitive to dehydration, and vitrifi cation 
solutions could be toxic; vitrifi cation-based 
methods are broadened to include encapsulation- 
dehydration, encapsulation-vitrifi cation, and 
droplet-vitrifi cation. The encapsulation of sam-
ples in alginate beads prior to dehydration or vit-
rifi cation has benefi ts as the beads provide 
enhanced protection of materials both from 
mechanical and oxidative damage and ease of 
sample handling during pre- and post- 
cryopreservation (Teixeira da Silva et al.  2014 ). 

 The droplet-vitrifi cation technique is devel-
oped by Panis and coworkers ( 2005 ) which con-
sists of application of vitrifi cation solution in 
droplets on a strip of heat-sterilized aluminum 
foil. When the vitrifi cation treatment is over, 
strips are rapidly placed into the cryovials (one 
strip/cryovial) fi lled with LN, and the lids of the 
cryovials are closed and cryovials are plunged to 
LN. For thawing, the strips are rinsed in 10 ml 
unloading solution in a Petri dish and kept there 
for 30 min followed by their transfer to recovery 
media. Vitrifi cation-based protocols have mainly 
been used to cryostore shoot apices, but recently 
encouraging results have also been obtained with 
embryogenic tissues of several ornamental spe-
cies (reviewed in Ozudogru et al.  2010 ).    

8.2     Cryogenic Applications 
to Conserve Embryogenic 
Cultures of Ornamental 
Plants 

 Although cryopreservation was employed for  ad 
infi nitum  conservation of many economically 
important plants, there are only a limited number 
of articles published for cryopreservation of 
somatic embryos of ornamental plants. A stan-
dard cryopreservation technique comprises suc-
cessive steps including preconditioning, 
pre-culture, dehydration time or cryoprotective 
solution incubation period, cooling, thawing, and 
post-treatments (Fig.  8.1 ). As the relative sur-
vival rate after vitrifi cation cryopreservation of 
embryogenic suspension cells of ornamental 
plants like  Anthurium andraeanum  has a certain 
relationship with subculture time, type and con-
centration of osmotic regulating agent, pre- 
culture time, loading solution type and 
pretreatment time, dehydration time of PVS2, 
and thawing temperature (Wang et al.  2010 ), 
each of these steps should be optimized every 
time for different plant species and/or different 
cultivars of the same species.

8.2.1       Pre-culture 

 To achieve maximum regrowth after cryopreser-
vation, the water content of the tissue must be 
discarded to avoid ice crystal formation, which is 
lethal for the cells (Engelmann  2010 ). In litera-
ture, this pre-culture period generally employed 
via MS medium (or other optimized media) sup-
plemented with various concentrations of 
sucrose, sorbitol, or other sugar alcohols (Table 
 8.1 ). Pre-culture period could be employed with a 
particular or in combination with increased con-
centration of sugar content. For instance, 
 Anthurium andraeanum  embryogenic cell sus-
pensions were pre-cultured on ½ MS (Murashige 
and Skoog  1962 ) medium supplemented with 
0.5 M sorbitol for 2 days (Wang et al.  2010 ). 
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Differently,  Doritaenopsis  ( Phalaenopsis X 
Doritis ) embryogenic cell suspensions were pre- 
cultured on New Dogashima (ND, Tokuhara and 
Mii  1993 ) medium with 0.1 M sucrose for 1 week 
(Tsukazaki et al.  2000 ), while  Quercus suber and 
Quercus robur  cultures were incubated on semi-
solid MS medium supplemented with 0.3 M 
(Valladares et al.  2004  and Sánchez et al.  2008 , 
respectively) or 0.7 M (Fernandes et al.  2008 ) 
sucrose. In  Dendrobium  ‘Sonia-28’, PLBs were 
cultured on different sucrose concentrations 
(0.25–1 M) by several researchers (Hwa et al. 
 2009 ; Zainuddin et al.  2011 ; Ching et al.  2012 ; 
Poobathy et al.  2013b ).  Dendrobium nobile  PLBs 
were pre-cultured on 0.5 M sucrose for 2 days 
prior to encapsulation (Khoddamzadeh et al. 
 2011 ). In addition, somatic embryos of  Iris nigri-
cans  were pre-cultured on 0.75 M sucrose for 3 
days at 22 °C and 1 day on 30 °C (Shibli  2000 ), 
whereas  Clitoria ternatea  somatic embryos were 

pre-cultured on 0.75 M sucrose and 3 % DMSO 
for 1 day after encapsulation (Nair and Reghunath 
 2008 ).

   The elevation of sugar content and duration of 
time could also be used if explants like somatic 
embryos or encapsulated materials are suitable 
since both are more resistant to dehydration 
stress. For instance  Picea omorika  embryogenic 
tissues pretreated with ½ LM medium with 
0.25–1 M sucrose prior to desiccation (Hazubska- 
Przybył et al.  2012 ). In  Camellia japonica  
somatic embryos, different sucrose concentra-
tions (0.3–0.75) with different additives (DMSO, 
ethylene glycol, glycerol) could be used up to 2 h 
prior to encapsulation (Janeiro et al.  1996 ). For 
 Gentiana  species fi rst 48 h on 0.3 and 0.5 M then 
24 h on 1 M sucrose pre-culture was used (Mikula 
et al.  2008 ).  Melia azedarach  L. encapsulated 
somatic embryos were pre-cultured on MM 
medium with daily increasing sugar content 0.5, 

  Fig. 8.1    Overall design of cryopreservation methods based on encapsulation of the plant material       
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0.75, and 1 M (Scocchi et al.  2007 ).  Galanthus 
nivalis  and  elwesii  somatic embryos were pre- 
cultured for 7 days on 0.3 M for 1 day, 0.5 M for 
3 days, 0.75 M for 2 days, and 1 M for 2 days. For 
 Dendrobium  species, sucrose concentration 
could be used around 0.7 (Subramaniam et al. 
 2011 ; Mohanty et al.  2012 ,  2013 ) and 1 M (Yin 
and Hong  2009 ) or increased up to 1.2 M (Antony 
et al.  2010 ; Zainuddin et al.  2011 ; Antony et al. 
 2012 ; Antony et al.  2013 ) prior to encapsulation. 
In addition, plant growth regulators like 
6- benzylaminopurine (BAP) and 
1- naphthaleneacetic acid (NAA) could also be 
used in combination with sucrose pre-culture 
(Yin and Hong  2009 ).  

8.2.2     Cryoprotective Solution- 
Based Vitrifi cation 

 Structurally and functionally cryoprotection of 
cells during freezing and thawing stages of cryo-
preservation is usually induced artifi cially by 
treatment of permeating or non-permeating cryo-
protectants that infl uence not only ice formation 
but also activity of the electrolytes present in the 
solution. DMSO (usually %5–10) and glycerol 
(%10–20) are known as permeating compounds, 
while polyethylene glycol (PEG), sugars, and 
sugar alcohols are regarded as non-permeating 
compounds. It should also be noted that treat-
ment of cells with DMSO could have cytotoxic 
effect and should be used for short incubation 
periods and/or usual application is carried out at 
low temperature (nearly 0 °C). In general, the 
combination of permeating and non-permeating 
compounds is used together in cryoprotective 
solutions. 

 Up to now, plant vitrifi cation solution 2 
(PVS2), which is developed by Sakai and 
coworkers in 1990, is widely used in cryopreser-
vation of various plant species including orna-
mentals. The solution contains 30 % glycerol, 15 
% ethylene glycol, 15 % DMSO, and 0.4 M 
sucrose; however, it could be toxic to tissues due 
to the presence of DMSO (Suzuki et al.  2008 ). 
Thus, in order to reduce the toxic effect of PVS2 

and hence increase recovery rates, several vitrifi -
cation solutions including PVS3 (Nishizawa 
et al.  1993 ) and VSL (Suzuki et al.  2008 ) are 
developed. DMSO concentration is lowered in 
VSL (20 % glycerol, 30 % ethylene glycol, 5 % 
sucrose, %10 DMSO, 10 mM CaCl 2 ), while it is 
totally disused in PVS3 (50 % glycerol and %50 
sucrose). However, PVS2 is the most frequently 
used cryoprotective solution for cryopreservation 
of embryogenic tissues of ornamental plants. It 
could be used either at 0 °C or at room tempera-
ture. Nevertheless, 30 min at 25 °C PVS2 vitrifi -
cation in  Quercus robur  resulted in higher 
recovery rates (70 %) among other protocols like 
air desiccation and cryoprotectant mixture 
(CM, Jekkel et al.  1998 ) vitrifi cation (Martı́nez 
et al.  2003 ). With seven different genotypes of  Q. 
robur , up to 92 % viability was achieved with 
PVS2 vitrifi cation about 60 min at room temper-
ature (Sánchez et al.  2008 ). The most effi cient 
application is 0 °C due to DMSO toxicity that 
was mentioned above. The viability of different 
 Quercus  species ( Q. suber ) was 93 %, and around 
60 % germination was obtained with treatment of 
PVS2 at 0 °C for 60 min (Valladares et al.  2004 ). 
Similarly, incubation of PVS2 at 0 °C for 20 
(Hwa et al.  2009 ) and 50 min (Poobathy et al. 
 2013b ) was best in  Dendrobium  ‘Sonia-28’ 
PLBs. Moreover, incubation of PVS2 at 0 °C for 
40 min was also suitable for  Dendrobium wardia-
num  Warner (Wu and Shen  2011 ). With droplet 
freezing method, the incubation time of PVS2 
was decreased to 20 min in  Dendrobium  
‘Sonia- 28’ (Poobathy et al.  2013a ). 

 PVS2 vitrifi cation procedures could be applied 
as naked or encapsulated explants. In the case of 
naked explants, 10 min incubation with PVS2 at 
0 °C resulted with 32.1 % recovery in  Anthurium 
andraeanum  embryogenic cell suspensions 
(Wang et al.  2010 ) while PVS2 treatment was 
relatively longer (1–3 h) for  Doritaenopsis  (64 % 
regeneration, Tsukazaki et al.  2000 ). 

 Incubation time could be extended up to 
150 min using encapsulated PLBs in  Dendrobium  
Sonia-28 (Ching et al.  2012 ). Moreover, 150 min 
of vitrifi cation yielded with 89.4 % survival in 
 Dendrobium candidum  Wall ex. Lindl. (Yin and 
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Hong  2009 ). In addition, the best regrowth was 
observed in  Dendrobium chrysanthum  with 
100 min of PVS2 incubation (60 %) (Mohanty 
et al.  2013 ) and  Dendrobium nobile  with up to 
150 min at 25 or 0 °C (75.9 %) (Mohanty et al. 
 2012 ).  

8.2.3     Physical Dehydration 

 Dehydration-based methods, in which vitrifi ca-
tion of cells and tissues involve physical dehydra-
tion of cells and tissues to get rid of extra water 
content that could form ice crystals during cryo-
preservation via the usage of air desiccation and 
silica gel. 

 Dehydration period is variable depending on 
the utilization of encapsulated or naked explants. 
Three-hour desiccation under laminar fl ow cabi-
net of encapsulated explants of  Camellia japon-
ica  resulted with 69.2 % survival (Janeiro et al. 
 1996 ), while 5–6 h of dehydration yielded 68 % 
for  Gentiana tibetica  and 83 % for  Gentiana cru-
ciata  encapsulated embryogenic cell suspensions 
(Mikula et al.  2008 ). Also, it is possible to dehy-
drate encapsulated explants to 25 % water con-
tent in  Quercus suber  with obtaining more than 
90 % viability (Fernandes et al.  2008 ). For 
 Clitoria ternatea , 5 h of air desiccation was found 
to be optimal for 55 % regeneration (Nair and 
Reghunath  2008 ), whereas 1 h of laminar fl ow 
desiccation of  Dendrobium nobile  resulted in 
50.2 % regeneration (Mohanty et al.  2012 ). It is 
also reported that 3 h of desiccation on silica gel 
was enough for maximal absorbance in TTC test 
for  Dendrobium  ‘Sonia-7’ PLBs (Subramaniam 
et al.  2011 ). Encapsulation-dehydration methods 
gave relatively higher recovery in  Melia azedar-
ach  somatic embryos (36 %) in comparison with 
naked somatic embryos (30 %) (Scocchi et al. 
 2007 ). 

 Unlike encapsulation, naked explants need 
relatively shorter desiccation time in order to 
avoid over-dehydration. For instance, 1.5 h of air 
desiccation yielded more than 66 % viability in 
 Paeonia lactifl ora  Pall. somatic embryos (Kim 
et al.  2006 ).  

8.2.4     Cooling, Thawing, 
and Post-treatment 

 In order to avoid ice crystal formation, rapid 
cooling and rapid thawing must be applied for the 
samples since crystal formation is deleterious for 
the cell membrane integrity. For thawing, approx-
imately 40 °C of water bath about 1–3 min could 
be used practically. Also high sucrose concentra-
tion (e.g., MS medium supplemented with 1.2 M 
sucrose) post-treatment could be considered to 
unload cryoprotectants like PVS2 since the mix-
ture contains toxic chemicals like DMSO in 
vitrifi cation- based cryopreservation techniques. 

 The percentage of regenerated or viable 
explants is often used for assessing the viability 
rate after cryopreservation. Another viability 
assessment that is being frequently used is 
2,3,5-triphenyltetrazolium chloride test (TTC) 
(Mikula et al.  2008 ; Antony et al.  2010 ; 
Subramaniam et al.  2011 ; Ching et al.  2012 ; 
Poobathy et al.  2013b ) which is based on the 
reduction of TTC salts in mitochondria, thus 
assessing viability via absorbance of red forma-
zan at 490 nm by spectrophotometer.  

8.2.5     Genetic Stability Assessments 

 Since cryopreservation procedures result in the 
exposure of tissues to physical, chemical, and 
physiological stresses that cause cryoinjury, 
assessment of genetic stability should be per-
formed to validate newly established cryopreser-
vation protocols (Harding  2004 ). It is generally 
accepted that cryopreservation procedure itself 
does not induce any accumulative DNA polymor-
phisms; however, genetic instabilities may be the 
result of the whole culture-cryoprotection- 
regeneration process (Sánchez et al.  2008 ). 
Besides, epigenetic variation in chromatin and 
DNA methylation of gene sequences have been 
observed in plants after cryopreservation, which 
suggests altered patterns of gene expression 
(Harding  2004 ). Random amplifi ed polymorphic 
DNA (RAPD, Sánchez et al.  2008 ), simple 
sequence repeat (SSR, Fernandes et al.  2008 ), 
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and amplifi ed fragment length polymorphism 
(AFLP, Fernandes et al.  2008 ) are frequently 
used molecular techniques that are suitable for 
detecting polymorphisms in cryopreserved 
somatic embryos of ornamental plants (Kulus 
and Zalewska  2014 ). On the other hand, fl ow 
cytometry is also being increasingly used to 
detect genome content or to check ploidy level 
changes both after cryopreservation and in plant 
tissue culture. 

 In  Gentiana  species, cryopreservation did not 
affect ploidy level; however,  G. tibetica  showed 
higher DNA content after cryopreservation 
(Mikula et al.  2008 ). It was found that the changes 
in DNA content of non-cryopreserved and cryo-
preserved samples were minimal (≤0.01 pg/2C) 
in  Q. suber  (Fernandes et al.  2008 ). Genetic sta-
bility of the cryopreserved material was also con-
fi rmed by SSR. However, a few extra AFLP 
bands were detected in cryopreserved samples 
that dehydrated to 25 % water content (WC) 
which revealed that the occurrence of putative 
small mutations should not be excluded. The 
authors concluded that the optimized 
encapsulation- dehydration protocol (dehydration 
to 35 % WC) was an effi cient cryogenic method 
for recovery, survival, and genetic/morphologic 
stability of oak somatic embryos. In fi ve out of 
six lines of  Q. robur , RAPD profi les of cryopre-
served somatic embryos and regenerated plant-
lets were identical to those of the controls 
(Sánchez et al.  2008 ). Moreover, there were no 
signifi cant differences between the recovery fre-
quencies of samples retrieved from LN after 1 
week and 1 year of cryostorage. For  Dendrobium  
‘Bobby Messina’ cultures, only two polymorphic 
bands were detected by using RAPD markers and 
concluded that genetic stability was maintained 
after cryopreservation (Antony et al.  2012 ).  

8.2.6     Medium Additives 

 Activated charcoal demonstrates effi cient absorp-
tion ability; thus, it is frequently used in plant tis-
sue culture to remove phenolic compounds and 
excess amounts of plant growth regulators. With 
this ability, activated charcoal is used to promote 
somatic embryogenesis, rooting, stem induction, 

etc. (Thomas  2008 ). Other additives like antioxi-
dants could be used in order to minimize oxida-
tive damage. Addition of 0.6 mM ascorbic acid 
and 2.0 g/l activated charcoal as additives in 
recovery medium resulted with 16 % regenera-
tion in  Dendrobium  ‘Sonia-28’ cultures after 
cryopreservation (Poobathy et al.  2013b ). 
However, inclusion of 0.6 mM ascorbic acid in 
every step decreased regeneration of  Dendrobium  
Bobby Messina PLBs to 10 % (Antony et al. 
 2013 ).  

8.2.7     Biochemical and Microscopy 
Analyses 

 Cryopreservation procedures involve rapid freez-
ing, thawing, physical and chemical dehydration 
of cells or tissues, ice crystal formation which 
could disrupts cell wall and membrane integrity, 
plasmolysis and nuclear membrane damage. In 
order to observe these damages, microscopy 
analyses could be conducted. PLBs of 
 Dendrobium  ‘Sonia-28’ freezing injury were 
observed as rupture in the plasma membrane 
(Ching et al.  2012 ). Antony and colleagues 
( 2011 ) showed higher packed cell volume in 
cryopreserved cells with more homogenous cell 
population, mostly cell wall damage and nuclear 
shrinkage after cryopreservation. Somatic 
embryo production was also more rapid in cryo-
preserved cells. However, with scanning electron 
microscopy analyses of PLBs of  Dendrobium  
Bobby Messina, no difference was observed in 
comparison to stock PLB cultures, and PLBs 
remained intact (Antony et al.  2013 ). 

 This freezing damage effect could also be 
observed with biochemical tests. Zainuddin and 
colleagues ( 2011 ) noted low level of total chloro-
phyll, total soluble protein, and antioxidant activ-
ities after cryopreservation.   

8.3     Concluding Remarks 
and Future Prospects 

 Immediate goals of ornamental biotechnology 
are the production of novel fl ower color and 
shape induction, systemic virus and viroid resis-
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tance, greenhouse growth and architecture modi-
fi cation, bioreactor-based mass production of 
plantlets/organs, and secondary metabolite syn-
thesis (Teixeira da Silva  2003 ). Some of these 
goals could be achieved via the combined usage 
of somatic embryogenesis and transgenesis or 
preferably by cisgenesis (the use of recombinant 
technology to introduce genes from crossable 
donor plants, Akdemir et al.  2012 ) or intragene-
sis (introduced genes, originate from the same 
species or a crossable species), but intragenes are 
hybrid genes which can have genetic elements 
from different genes and loci (Rommens et al. 
 2007 ). Embryogenic cultures are the most com-
monly utilized target tissue for non-chimeric 
transgenics recovery (Taylor and Fauquet  2002 ). 
However, in order to use cisgenesis, ornamental 
germplasm should be conserved properly and 
indefi nitely by application of cryogenic technol-
ogy to introduce genes from crossable wild orna-
mental plants. Besides, cryopreservation also 
plays an important role in maintaining transgenic, 
cisgenic, or intergenic somatic embryos of plant 
species including ornamentals in a stable way.     
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Embryogenesis and Its Interaction 
with Brassinosteroids                     
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  Abstract  

  Plants possess a unique property called cellular totipotency which is a 
series of complex molecular and biochemical steps to produce a complete 
normal plant. Somatic embryogenesis, the most reliable and useful tool for 
in vitro plant propagation, uses this property of totipotency to regenerate a 
whole plant from competent somatic cells in the presence of endogenous 
or exogenous signals. Development of embryo from somatic cells is regu-
lated by the differential expression pattern of a myriad of genes among 
which the most important regulator is somatic embryogenesis receptor 
kinase ( SERK ) gene. Phytohormones like brassinosteroids (BRs) play 
important roles in directing the plant cells to undergo restructuring pro-
gram for differentiation, development, and organogenesis. Along with 
this, BR has been known to elicit a stress response mechanism in plants. 
SERK, a known LRR-RLK member, can form heterodimer complex with 
the main BR receptor, brassinosteroid insensitive 1 (BRI1), to induce 
BR-dependent signaling pathway. The present review encompasses the 
role of  SERK  in inducing somatic embryogenesis and its interaction with 
BR during BR signaling.  

  Keywords  

  Plant tissue culture   •   Somatic embryogenesis receptor kinase   • 
  Brassinosteroid insensitive 1  

9.1         Introduction 

 Plant embryogenesis can be classifi ed into two 
groups – zygotic embryogenesis and somatic 
embryogenesis. Zygotic embryogenesis occurs 
when two male gametes (generative nuclei) of 
the pollen grain enters the ovule and double fer-
tilization takes place where one male nucleus 
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fuses with the egg nucleus; this phenomenon is 
known as syngamy, and the other male nucleus 
fuses with polar nuclei, leading to the formation 
of endosperm. Thus, a zygote is formed which 
through postfertilization modifi cations results in 
the formation of embryo and then undergoes cell 
division and cell differentiation to form a mature 
sporophyte. 

 But somatic embryogenesis follows a differ-
ent mechanism. The plant cells have a unique 
property called totipotency, where every cell has 
the capacity to develop into a mature, functional, 
full grown form. Here all the somatic cells con-
tain the same genetic information for whole plant 
regeneration. Somatic embryogenesis utilizes 
this property of totipotency to form embryos 
from the somatic or sporophytic cells without 
undergoing gametic fusion. The embryos devel-
oped in this way are known as somatic embryos 
and are generally produced in vitro .  It is best used 
for studying the cellular and molecular mecha-
nisms of embryo formation in plants. 

 Plant growth regulators (PGRs), supple-
mented in proper combination and concentration, 
play a crucial role during the induction of in vitro 
somatic embryogenesis. 

 Development of somatic embryos, in vitro, 
can be achieved by two ways – direct and indi-
rect. Direct somatic embryogenesis does not 
involve callus formation and can be established 

from microspores, ovule, zygotic embryos, or 
even young seedlings to form somatic embryos, 
whereas indirect somatic embryogenesis requires 
an intervening callus (undifferentiated mass of 
cells) formation before giving rise to embryoids. 

 Sharp et al. ( 1980 ) and Evans and Sharp ( 1983 ) 
fi rst proposed that somatic embryogenesis can 
occur from the explants in two different types of 
cells – pre-embryogenic determined cells 
(PEDCs) and induced embryogenic determined 
cells (IEDCs). PEDCs do not require any prior 
mitotic divisions and the embryogenic pathway is 
predetermined. These cells only require the syn-
thesis of an inducer or removal of an inhibitor to 
undergo mitosis for expressing their embryogenic 
potentiality. On the contrary, IEDCs follow mitotic 
division and redifferentiation to develop their 
embryogenic status. But, both PEDCs and IEDCs 
have the potential to gain cellular totipotency, 
thereby generating somatic embryos (Fig.  9.1 ).

   Though the development process of zygotic 
embryo and somatic embryo undergoes similar 
morphological changes starting from globular 
shape to torpedo structure, there do exists some 
distinct differences among these two. While 
zygotic embryos during their course of develop-
ment consist of endosperm, suspensors, and seed 
coat, the somatic embryos are devoid of it. 

 Further, in somatic embryogenesis, bipolar 
embryos (also known as plantlet embryos) are 

  Fig. 9.1    Schematic diagram 
showing somatic 
embryogenesis       

 

S. Talapatra et al.



143

formed with distinct root and shoot apex. Also, 
the embryos do not need dessication and dor-
mancy, while cotyledons are formed as it is 
needed during zygotic embryogenesis. The 
zygotic embryos undergo maturation, dessica-
tion, and dormancy as a natural process. 

 In vitro somatic embryogenesis requires par-
ticipation of several genes, among which somatic 
embryogenesis receptor kinase ( SERK)  plays a 
signifi cant role. The present review is a critique 
of retrospective as well as recent literature on the 
multitasking gene  SERK .  

9.2     Gene Expression 
during Somatic 
Embryogenesis 

 Somatic embryogenesis illustrates the perception 
of plant totipotency by restructuring somatic 
cells toward embryogenic pathway. The complex 
developmental pathway of somatic embryogene-
sis is regulated by the differential expression pat-
tern of different genes (Chugh and Khurana 
 2002 ). A number of genes have been known to 
play signifi cant role in different stages of embryo 
differentiation. These genes are identifi ed at vari-
ous developmental stages of somatic embryogen-
esis and grouped according to their function. 
Some of the important genes involved at various 
stages of somatic embryogenesis are listed below 
(Table  9.1 ).

   Somatic embryogenesis receptor kinase, also 
known as  SERK , is one of those genes which are 
involved in the regulation of somatic embryogen-
esis at molecular level. It was fi rst isolated from 
the carrot embryogenic cells and termed as 
 Daucus carota   SERK  ( DcSERK ) (Schmidt et al. 
 1997 ). SERK protein is localized on plasma 
membrane as membrane receptor having an 
extracellular and an intracellular domain for the 
transduction of extracellular signals. SERK pro-
tein belongs to the receptor-like protein kinase 
(RLK) family. RLKs are involved in different 
signal transduction pathways during plant devel-
opment. SERK falls in the category of leucine- 
rich repeat RLKs (LRR-RLKs) which comprises 
the largest group of RLKs in the plant kingdom 
(Becraft  2002 ). On analyzing different sequences 

of SERK protein, it was observed that these pro-
teins evolved via gene duplication which gave 
rise to two existing precursors – SERK1 and 
SERK2 and SERK3, SERK4, and SERK5. These 
precursors, over time, are further duplicated and 
mutated to generate fi ve SERK members 
(Albrecht et al.  2008 ).  SERK  genes are upregu-
lated by the plant growth regulators auxin and 
cytokinin in various plants (Zhang et al.  2011 ). 
Besides playing an important role in somatic 
embryogenesis,  SERK  gene also possesses 
diverse range of functions in plant physiology 
and development. The  SERK  gene is expressed 
both in embryogenic and non-embryogenic cal-
lus cultures under in vitro conditions and also 
associated with embryogenic competence 
(Sharma et al.  2008a ,  b ; Savona et al.  2012 ). 
 SERK  is also known for its involvement in 
responses against biotic and abiotic stress condi-
tions and plays an important role in brassino-
steroid (BR) signaling (Nolan et al.  2003 ; Santos 
and Arago  2009 ). Discovery of different   SERK  
genes isolated from different plant species is tab-
ulated in chronological order in (Table  9.2 ).

9.3        Functions of  SERK  

  SERK  is one of the known genes which play an 
important role in the acquisition of embryogenic 
competence in plant cells.  SERK  genes are upreg-
ulated by auxin in some plant species and by both 
auxin and cytokinin in others (Zhang et al.  2011 ). 
Expression of  SERK  gene starts from the induc-
tion of embryogenic stage to the globular stage of 
somatic embryos, but not in the non-embryogenic 
stages.  SERK  acts as molecular marker for distin-
guishing embryogenically competent and non-
competent cells. The fusion of  SERK  promoter 
with the luciferase ( LUC ) reporter gene demon-
strated that the elongated cells in carrot, express-
ing  SERK , indeed have the ability to undergo 
somatic embryo formation (Shah et al.  2001a ). 
The fi ve members of  SERK  family in  Arabidopsis 
thaliana  ( AtSERK1–5 ) have specifi c expression in 
the nucellus, the megaspore, and embryo sac 
alongside in the stages of somatic embryogenesis 
(Shah et al.  2001b ). A connection between gene 
expression of  SERK1  and embryogenic 
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 competence was observed in  Arabidopsis thali-
ana  seedling. The callus derived from the seedling 
has been found to overexpress  AtSERK1  as well as 
exhibited 3–4 times higher embryogenic compe-
tence as compared with the wild type which indi-
cated that the protein encoded by  AtSERK1  can 
confer embryogenic competence in cultures 
(Hecht et al.  2001 ). However, in rice plants,  SERK  
expression was observed in non- embryogenic tis-
sues (Ito et al.  2005 ).  SERK  gene also helps in 

shoot embryogenesis in sunfl ower (Thomas et al. 
 2004 ), apomixes in  Poa pratensis  (Albertini et al. 
 2005 ), and formation of protocorm- like bodies in 
rose (Kedong et al.  2011 ). Apart from having a 
role in somatic embryogenesis,  SERK  genes are 
considered to play a signifi cant role in stress 
response.  OsSERK  responds against fungal infec-
tions (Hu et al.  2005 ), whereas  MaSERK  imparts 
disease resistance response in banana (Huang 
et al.  2010 ) (Table  9.3 ).

   Table 9.1    Different genes involved in somatic embryogenesis in plants   

 Gene  Function  Species studied  Reference 

  ASET1, ASET2, 
and ASET3  

 Signal transduction genes. Expressed at 
early embryogenic stages 

  Medicago sativa   Giroux and Pauls 
( 1997 ) 

  AtECP31 and 
AtECP63  

 ABA-responsive genes. Expressed in the 
torpedo stage of somatic embryo 

  Arabidopsis thaliana   Yang et al. ( 1996 ) and 
Yang et al. ( 1997 ) 

  CAM genes   Signal transduction genes. Expressed at 
different stages of embryogenesis 

  Daucus carota  and 
other plant species 

 Ling et al. ( 1991 ) and 
Periera and Zielinski 
( 1992 ) 

  Cdc2MS   Cell cycle gene. Expressed in shoots and 
auxin-induced suspension cultures 

  Medicago sativa   Hirt et al. ( 1991 ) 

  CEM1   Housekeeping gene. A globular embryo-
specifi c cDNA encodes for elongation 
factor-1α found in actively dividing cells 

  Daucus carota   Sato et al. ( 1995 ) 

  CGS103   Cell cycle gene. Glutamine synthetase. 
Expressed only in later stages of seed 
development 

  Daucus carota   Higashi et al. ( 1998 ) 

  CGS102  and 
 CGS201  

 Cell cycle genes. Glutamine synthetase. 
Expressed during the early stages of somatic 
embryogenesis and developing seeds 

  Daucus carota   Higashi et al. ( 1998 ) 

  Dcarg-1   Auxin-responsive gene. Heat shock protein. 
Detected specifi cally during early induction 
period 

  Daucus carota   Kitamiya et al. ( 2000 ) 

  DcECP31 , 
 DcECP40 ,  and 
DcECP63  

 ABA-responsive genes. Expressed in the 
torpedo stage of somatic embryo 

  Daucus carota   Chugh and Khurana 
( 2002 ), Kiyosue et al. 
( 1992 ) and Zhu et al. 
( 1997 ) 

  H3-1  and  H3-11   Housekeeping genes. Involved in somatic 
embryogenesis in response to auxin 
treatment 

  Medicago sativa   Kapros et al. ( 1992 ) 

  SERK   Signal transduction gene. Plays a role in 
acquisition of embryogenic competence in 
plant cells 

 Different plant 
species 

 Schmidt et al. ( 1997 ) 

  Small auxin 
upregulated genes  
( pJCW1 and 
pJCW2 ) 

 Auxin-responsive genes. Expressed during 
embryogenesis in soybean 

  Glycine max   Hagen et al. ( 1984 ) 

  topI   Housekeeping gene. Expressed during 
torpedo stage of somatic embryogenesis 

  Daucus carota   Balestrazzi et al. 
( 1996 ,  2001)  
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9.4        Enhancement of Somatic 
Embryogenesis 
and Expression of  SERK  
by Additive 
Supplementation In Vitro 

 Several investigations have been carried out to 
observe the effect of external physical and chemi-
cal factors on somatic embryogenesis. Casein 
hydrolysate (CH) and coconut water (CW) are 
two most signifi cant external additives used in 
plant tissue culture. CH in plant tissue culture is 
known to provide a useful source of amino acids 
to the plant cells. It is usually added in the media 
within a concentration range of 0.05–5 %. On the 
other hand, CW is an undefi ned media containing 

mixture of different amino acids, nitrogenous 
compounds, inorganic elements, organic acids, 
sugars and their derivatives, vitamins, and many 
other components. It is mostly added in the range 
of 5–20 %. 

 In  Plantago ovata , it has been observed that 
CH and CW impart a positive effect in enhancing 
somatic embryogenesis (Das Pal and Sen 
Raychaudhuri  2001 ). It was also seen that somatic 
embryogenesis and polyphenol content increased 
with the use of CH and CW (Talapatra and Sen 
Raychaudhuri 2012). Use of exogenous additives 
during somatic embryogenesis in  Momordica 
charantia  showed an increase in the mass of 
embryogenic callus, numbers of somatic embryos 
in callus tissue, and SERK expression at both 

   Table 9.2     SERK  genes isolated from different plant species in chronological order   

 Plant  Types of SERK genes  Reference 

  Daucus carota    DcSERK   Schmidt et al. ( 1997 ) 

  Dactylis glomerata    DgSERK   Somleva et al. ( 2000 ) 

  Arabidopsis thaliana    AtSERK1 – AtSERK5   Hecht et al. ( 2001 ) 

  Zea mays    ZmSERK1 – ZmSERK3   Baudino et al. ( 2001 ) 

  Medicago truncatula    MtSERK1 – MtSERK6   Nolan et al. ( 2003 ) 

  Helianthus annuus    HaSERK   Thomas et al. ( 2004 ) 

  Ocotea catharinensis    Ocotea SERK   Santa-Catarina et al. ( 2004 ) 

  Citrus unshiu    CitSERK   Shimada et al. ( 2005 ) 

  Poa pratensis    PpSERK   Albertini et al. ( 2005 ) 

  Oryza sativa    OsSERK1 – OsSERK2   Ito et al. ( 2005 ) 

  Theobroma cacao    TcSERK   Santos et al. ( 2005 ) 

  Triticum aestivum    TaSERK1 – TaSERK3   Singla et al. ( 2008 ) 

  Solanum tuberosum    StSERK   Sharma et al. ( 2008a ,  b ) 

  Cocos nucifera    CnSERK   Pérez-Núñez et al. ( 2009 ) 

  Vitis vinifera    VvSERK1 – VvSERK2   Maillot et al. ( 2009 ) 

  Musa acuminata    MaSERK   Huang et al. ( 2010 ) 

  Rosa hybrida  (ornamental)   RhSERK1 – RhSERK4   Zakizadeh et al. ( 2010 ) 

  Glycine max    GmSERK   Yang et al.  2011  

  Rosa canina  (ornamental)   RcSERK   Kedong et al. ( 2011 ) 

  Cyclamen persicum  Mill.(ornamental)   CpSERK1–CpSERK2   Savona et al. ( 2012 ) 

  Cyrtochilum loxense  (ornamental)   ClSERK   Cueva et al. ( 2012 ) 

  Ananas comosus    AcSERK1 – AcSERK2   Ma et al. ( 2012a ,  b)  

  Garcinia mangostana   Mangosteen  SERK   Rohani et al. ( 2012 ) 

  Momordica charantia    McSERK   Talapatra et al. ( 2014 ) 

  Cucurma alismatifolia  Gagnep (ornamental)   CaSERK   Sucharitakul et al. ( 2014 ) 

  Prunus salicina    PsSERK1   Jayanthi et al. ( 2014 ) 

  Prunus persica    PpSERK1   Jayanthi et al. ( 2014 ) 

  Adiantum capillus-veneris  (ornamental)   AcvSERK1   Li et al. ( 2014 ) 
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   Table 9.3    Specifi c functions of  SERK  homologs ( SERK1 ,  SERK2 ,  SERK3 ,  and SERK4 )   

 Type of 
 SERK   Plant species  Functions 

  SERK 1    Zea mays   Expressed in embryogenic as well as non-embryogenic in vitro culture with broader 
expression in reproductive tissue (Baudino et al.  2001 ) 

  Medicago 
truncatula  

 Somatic embryogenesis, in vitro rhizogenesis, formation of primary meristem in 
plants (Nolan et al.  2003 ;  2009 ; Wang et al.  2011 ) 

  Arabidopsis 
thaliana  

 Male sporogenesis (Albrecht et al.  2005 ); tapetum development and microspore 
maturation (Colcombet et al.  2005 ) 

 Expressed in procambium and immature vascular cells (Kwaaitaal and de Vries  2007 ); 
regulates organ separation in fl ower (Lewis et al.  2010 ) 

  Cyclamen 
persicum  

 Helps in maintaining stem cells in pluripotent conditions leading to totipotency and 
somatic embryo formation (Savona et al.  2012 ) 

  SERK 2    Zea mays   Expressed in embryogenic as well as non-embryogenic in vitro culture, with 
expression in all tissues including vegetative ones (Baudino et al.  2001 ) 

  Arabidopsis 
thaliana  

 Male sporogenesis (Albrecht et al.  2005 ); tapetum development and microspore 
maturation (Colcombet et al.  2005 ) 

  Ananas 
comosus  

 Organ development and abiotic stress response (Ma et al.  2012a ,  b ) 

  SERK 3    Arabidopsis 
thaliana  

 Involved in brassinosteroid- dependent and brassinosteroid- independent signaling 
pathway (Albrecht et al.  2008 ); helps in innate immunity (Albrecht et al.  2008 ); cell 
death control with  SERK 4  (Albrecht et al.  2008 ; Li  2010 ) 

  SERK 4    Arabidopsis 
thaliana  

 Cell death control with  SERK 3  (Albrecht et al.  2008 ; Li  2010 ) 

mRNA and protein levels (Talapatra et al.  2014 ). 
This provides evidence that SERK is involved in 
somatic embryogenesis. CH and CW, both the 
additives, were found to enhance somatic 
embryogenesis as well as  SERK  expression. 
Talapatra ( 2014 ) have used three different con-
centrations of both CH (1 g/L, 2 g/L, and 3 g/L) 
and CW (5 %, 10 %, and 15 %) and observed that 
2 g/L CH and 5 % CW concentration was most 
effective in enhancing somatic embryogenesis as 
well as expression of  SERK . The enhanced 
expression of  SERK  gene and protein in CH- and 
CW-treated callus validated the use of external 
additives for the production of elite variety of  M. 
charantia  with effective regeneration method 
(Talapatra   2014 ). 

 Addition of exogenous polyamines enhances 
somatic embryogenesis. The three most common 
polyamines found in higher plants are putrescine, 
spermidine, and spermine (Paul et al.  2009 ). The 
effects of exogenous polyamines in the callus 
cultures of  M. charantia  have been extensively 
studied by Paul et al. ( 2009 ). When polyamines 
were added to the embryogenic callus, it resulted 

in the increase of fresh weight and number of 
somatic embryos with putrescine imparting max-
imum effect. Hence, addition of exogenous poly-
amines has a positive correlation with the 
enhancement of somatic embryogenesis.  

9.5     Expression of  SERK  
Gene during Somatic 
Embryogenesis 

 Calluses, the dedifferentiated somatic cells 
(derived from the explant), are capable of exhib-
iting meristematic activities and, hence, are able 
to give rise to totipotent embryogenic cells which 
can lead to either organogenesis or formation of 
somatic embryo by somatic embryogenesis. 
Some of the cells of the callus have the potency to 
form plant stem cells in plant tissue culture as 
they are formed de novo and are capable of self- 
renewal leading to the formation of several deriv-
ative cells with different developmental fate. The 
embryo transition takes place from these tran-
sient stem cell aggregates having meristematic 
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features and thus can be called as pluripotent in 
nature. The stem cell aggregates depending upon 
suitable environment, can give rise to any of the 
two possible pathways: either embryogenesis or 
organogenesis. 

 In the embryogenic line, stem cell aggregates 
form totipotent pre-embryogenic aggregates 
(PEAs). These PEAs further develop into somatic 
embryos retaining the meristematic features of 
the initial stem cells present in the callus. In 
organogenic line, the stem cell aggregates having 
the meristematic activities give rise to meriste-
moids. These are clumps of cells randomly 
located within the callus containing a distinct 
nucleus and vacuoles and are smaller in compari-
son to other cells in the callus. Unlike the embryo-
genic callus, not all the cells in the meristemoids 
possess meristematic features. Only those meri-
stemoids which have grown into polarized struc-
tures retain their meristematic activity. These 
polarized structures further develop into shoot 
and root primordia. The meristemoids initially 
retain the characteristics of the stem cell from 
which they are derived. In course of time, the 

overall meristematic property is lost and becomes 
restricted only toward root and shoot formation, 
together termed as organogenesis. Thus, both 
PEAs and meristemoids show the characteristics 
of trans-amplifying cells (TACs) as they have 
derived from common stem cell aggregates and 
are capable of developing into somatic embryos 
and plant organs, respectively (Savona et al. 
 2012 ) (Fig.  9.2 ).

    SERK  gene has been known to be a marker of 
somatic embryogenesis in several model plant 
species as it enhances the embryogenic compe-
tence of the somatic cells. In  Daucus carota , 
 SERK  gene was found to make somatic cells 
competent for the formation of somatic embryos 
(Schmidt et al.  1997 ).  SERK  gene expression in 
 Dactylis glomerata  was observed during the 
induction of embryogenic cells and can be used 
as a molecular marker to track embryogenic cell 
formation. Transient  SERK  gene expression was 
seen in leaf explant and suspension culture dur-
ing early embryo development. Also shoot apical 
meristem, scutellum, coleoptiles, and coleorhiza 
showed  SERK  expression in later embryonic 

  Fig. 9.2    Schematic diagram showing embryogenic and organogenic line during somatic embryogenesis (Savona et al. 
 2012 )       
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stages. Though there is no conclusive answer, it 
can be assumed that there may be the presence of 
a member of  SERK  gene family which gives rise 
to embryonic competence to certain non- 
embryogenic tissues during developmental stages 
(Somleva et al.  2000 ).  AtSERK1  expression in 
 Arabidopsis thaliana  occurred in the cells which 
acquired embryogenic competence. It is 
expressed in somatic embryos and ovules before 
fertilization and during embryo development 
(Hecht et al.  2001 ).  CnSERK  expression in  Cocos 
nucifera  suggested that it is a potential marker of 
cell competence in somatic embryogenesis and 
helps in the induction of somatic embryo forma-
tion (Pérez-Núñez et al.  2009 ). While monitoring 
 SERK  gene expression during somatic embryo-
genesis, it has been noticed that expression of 
 SERK  increased during the callus induction phase 
in  Cyclamen persicum  and  Solanum tuberosum. 
SERK  expression did not show any variation dur-
ing embryo transition phase; however, in somatic 
embryos,  SERK  expression was upregulated. 
Apart from that, different organs of the plant like 
seeds, microtubers, leaves, and fl ower buds 
showed varied expressions of  SERK  gene. So it 
can be inferred that  SERK  gene not only helps in 
embryogenesis but also serves as a marker of 
organogenesis. SERK1 and SERK2 are usually 
the two transmembrane proteins of the SERK 
family which help the somatic cells to acquire 
embryogenic competence (Sharma et al.  2008a ,  b ; 
Savona et al.  2012 ). In  Adiantum capillus- veneris , 
an ornamental fern species, expression of 
 AcvSERK  was observed in the whole embryo 
development process but decreased during shoot 
formation. In situ hybridization of  AcvSERK1  
during green globular body (GGB)-derived 
somatic embryogenesis and in the meristematic 
callus suggests that it can be a marker for somatic 
embryogenesis and are capable to form embryos 
(Li et al.  2014 ). Talapatra et al. ( 2014 ) established 
somatic embryogenesis in  M .charantia  from leaf 
explants. Expression of  SERK  gene was deter-
mined by densitometry and real-time PCR during 
different developmental stages of somatic 
embryogenesis. It was observed that  SERK  gene 
expressed in all stages of somatic embryogene-
sis; but its expression was high during the initia-

tion of this process. To investigate the role of 
SERK protein in  M. charantia , these authors cus-
tom designed primary antibody against SERK 
protein. Expression analysis by fl ow cytometry 
revealed that  McSERK  expression was highest 
during the initial stages (globular stage) of 
embryogenesis.  McSERK  was found to be local-
ized in the plasma membrane of the embryogenic 
cells as was observed in confocal microscopic 
imaging study (Talapatra  2014 ). 

 It is still not clear how SERK helps in acquir-
ing embryogenic competence at molecular level, 
but according to Aker et al. ( 2006 ), it has been 
found SERK interacts with CDC48A protein, a 
cell cycle regulation protein. These two proteins 
co-localize and interact in certain parts of the 
plasma membrane and endoplasmic reticulum 
(ER) facing the plasma membrane. Misfolded 
SERK1 receptors bind to the N-domain of 
CDC48A protein and are degraded by protea-
somal pathway. There are many hypotheses 
regarding the interaction of SERK with CDC48. 
One of them suggests that under normal condi-
tion, CDC48A is phosphorylated by SERK1 
kinase and helps in cytokinesis and re- localization 
of CDC48A to the cell plate, thereby helping the 
cells to gain embryogenic competence during 
cell division (Rienties et al.  2005 ).  

9.6     Structure of Somatic 
Embryogenesis Receptor 
Kinase (SERK) 

 The complete sequence of  McSERK  gene from 
 M. charantia  was documented by Talapatra et al. 
( 2014 ). This gene shows high sequence similarity 
with  AtSERK1  as homolog and with  Cucumis 
SERK1  and  MtSERK1  as ortholog. Since 
 McSERK  shows similarity with these gene 
sequences, it could be conjectured that  McSERK  
has a positive infl uence during somatic 
embryogenesis. 

 SERK belongs to the Leucine Rich Repeat 
Receptor like Kinase (LRR-RLK) superfamily. It 
is known that SERK has autophosphorylation 
activity.  McSERK  contains an N-terminal signal 
peptide (SP), a leucine zipper (LZ), fi ve leucine- 
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rich repeats (LRRs), a distinct serine-proline- 
proline (SPP) domain, a transmembrane domain 
in the extracellular region followed by a kinase 
domain, and C-terminal domain in the cytosolic 
region. Since SERK is present in the transmem-
brane region, this LRR kinase transmits signal to 
the downstream molecules by forming homo- or 
heterodimer with other RLKs on ligand binding 
(Talapatra et al.  2014 ). LRR kinase is considered 
to play a crucial role in protein-protein interac-
tion (Schmidt et al.  1997 ). This dimerization 
causes the phosphorylation of the kinase domain, 
and the signal proceeds to the next molecules in 
the signal cascade.  

9.7     Molecular Modeling 
of McSERK 

 The calculated molecular mass of predicted 
McSERK protein was found to be 68.870 
KD. The three-dimensional model predicted that 
McSERK is a monomeric protein. Its LRR region 
was found to be made up of β-sheets and SPP 
domain as a coiled structure. The TM region 
showed a high degree of hydrophobicity as com-
pared to the C-terminal end of the protein. This 
modeling provided an insight into the hypotheti-
cal three-dimensional structure of McSERK, and 
it was found to be highly similar to that of BRI1- 
associated receptor kinase (BAK1) (Talapatra 
et al.  2014 ). 

 Since it is known that BRI1-associated recep-
tor kinase/somatic embryogenesis receptor 
kinase 3 (BAK1/SERK3) forms heterodimer 
with brassinosteroid insensitive 1 (BRI1), it may 
be suggested that  SERK  genes play some impor-
tant role in BR signaling.  

9.8     Interaction of SERK 
with Brassinosteroids 

 Brassinosteroids (BRs) are plant polyhydroxyl-
ated steroid hormones involved in several plant 
physiological processes like seed development 
and germination, cell division, differentiation of 
tracheary elements, and enhancement of photo-

synthesis by increasing carbon dioxide assimila-
tion and Rubisco activity (Li et al.  2005 ; Vriet 
et al.  2012 ; Gruszka  2013 ). Further it has a broad 
response toward stress physiology especially abi-
otic stress like oxidative, salt, drought, and ther-
motolerance (Oh et al.  2012 ; Gruszka  2013 ). 

 In BR signaling, BR ligand is received by a 
transmembrane polypeptide receptor, brassino-
steroid insensitive 1 (BRI1), which forms a 
hetero- receptor complex with SERK and leads to 
abiotic stress response. BRI1, belonging to the 
large family of LRR-RLKs, is a 1196 amino acid- 
long protein comprising N-terminal signal pep-
tide, extracellular LRR domain, single-pass 
transmembrane domain, cytoplasmic juxtamem-
brane domain (also having kinase activity 
domain), and a C-terminal domain in the cyto-
plasmic side (Friedrichsen et al.  2000 ; Geldner 
et al.  2007 ). It has been observed that full activa-
tion and functioning of BRI1 on ligand binding 
requires formation of heterodimers with any of 
the four members of SERK family, particularly 
with BRI1-associated receptor kinase/somatic 
embryogenesis receptor kinase (BAK1/SERK3) 
(Albrecht et al.  2008 ; Gou et al.  2012 ). Usually 
SERK5 is not involved in the interaction with 
BRI1 as there is a mutation in one of the amino 
acids residue which deters its kinase activity for 
phosphorylation (Gou et al.  2012 ). 

 When a BR ligand binds, autophosphorylation 
event takes place in the activation loop within the 
kinase domain. Further, BR activity is enhanced 
by phosphorylation in the juxtamembrane and 
C-terminal domain (Tang et al.  2010 ). Also a con-
formational change is induced in the extracellular 
LRR domain of BRI1, thereby revealing the 
dimerization interface so that the co-receptor can 
bind in the kinase domain for transphosphoryla-
tion to take place. All these events lead to the 
removal of auto-inhibition of BRI1 C-terminal 
domain and release BKI1 (BRI kinase inhibitor 1) 
protein allowing the formation of receptor com-
plex with BAK1/SERK3. On binding to the BRI1, 
BAK1/SERK3 gets activated through phosphory-
lation in their activation loop by BRI1. The SERK 
in turn phosphorylates the juxtamembrane and 
C-terminal domain of BRI1, thereby allowing full 
functional activation of the kinase domain, lead-
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ing to the expression of BR-responsive genes. In 
the absence of BR ligand, BRI1 forms a homodi-
mer where the cytoplasmic domain interacts with 
the membrane- anchored protein BKI1 and hence 
restricts the interaction of the kinase domain and 
reciprocal phosphorylation between BRI1 and 
BAK1/SERK3. Without BAK1, BR signaling 
does not take place as BRI1 alone is incapable of 
phosphorylating the downstream molecules. 
Hence, two important proteins, BES1 and BZR1, 
responsible for the expression of BR-responsive 
genes, remain inactive (through phosphoryla-
tion), being unable to enter the nucleus and fail-
ing to regulate the expression of BR-responsive 
genes (Gou et al.  2012 ) (Fig.  9.3 ).

   Figure  9.3  gives us a bird’s-eye view of inter-
action between SERK and brassinosteroids. 
Interaction of SERK1 and SERK3, also known as 
BAK1 (brassinosteroid insensitive 1-associated 
kinase 1) along with BRI1 (brassinosteroid insen-
sitive 1) in the presence of BR, comes under 

BR-dependent pathway (Li et al.  2002 ; Nam and 
Li  2002 ; Karlova et al.  2006 ). But in the case of 
BR-independent pathways, association between 
SERK3/BAK1 and FLS2 (fl agellin-sensing 2), a 
binding receptor of fl g22 in FLS2 pathway, pro-
vides innate immunity to plants (Chinchilla et al. 
 2007 ; Heese et al.  2007 ). In other BR-independent 
pathways, interaction of SERK3 (BAK1)/SERK4 
(BKKI) and BIR1 (BAK1-interacting receptor- 
like kinase) that activated signal transduction 
pathways leads to cell death control (He et al. 
 2007 ; Gao et al.  2009 ), and involvement of 
SERK1/SERK2 with EMS1 (ethyl methanesul-
fate 1)/EXS mediates another development and 
controls male sporogenesis (Canales et al.  2002 ; 
Albrecht et al.  2005 ; Zhao et al.  2002 ; Colcombet 
et al.  2005 ). 

 BR-responsive genes are involved in several 
plant growth and development processes. Some 
of the genes are also related to plant stress 
responses. According to Yuxin et al. ( 2001 ), genes 
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  Fig. 9.3    Role of SERK in BR-dependent and BR-independent signaling pathway       
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which are involved in stress physiology are 
cyclophilin genes, putative protein kinase, and 
heat shock proteins (HSP90s). These genes are 
also associated with transcriptional regulation 
and BR signal transduction. Recent investigations 
have shown that HSP90 is directly involved with 
this pathway. Two isoforms of HSP90 found to be 
associated with other proteins of the pathway are 
HSP90.1 and HSP90.3. Both of them interact 
with brassinosteroid insensitive 2 (BIN2) in the 
cytoplasm upon BR ligand binding, thereby inac-
tivating BIN2 (Samakovli et al.  2014 ). Shigeta 
et al. ( 2014 ) observed that HSP90.3 can also form 
a complex with BRI1 EMS SUPPRESSOR1 
(BES1) in vitro. These facts suggest that HSPs 
play a crucial role in the regulation of BR signal 
transduction pathway (Samakovli et al.  2014 ; 
Shigeta et al.  2014 ).  

9.9     Conclusion 

 Somatic embryogenesis is massively used for the 
propagation of plants with high commercial 
value and their use in research for plant breeding 
and crop improvement. It is a well-coordinated 
series of developmental changes, governed by a 
group of factors which changes the fate of a 
somatic cell to form embryo followed by the for-
mation of a complete plant. Somatic 
 embryogenesis is associated with a number of 
factors and the active participation of various 
regulatory genes. It is very clear from the present 
review that plant growth regulators, when supple-
mented in a proper combination and concentra-
tion in the culture medium, induces somatic 
embryogenesis receptor kinase ( SERK ) gene that 
switches on the signal for embryo formation. 
 SERK  is a member of the receptor kinase gene 
family and is reported to be the prime member 
for initiating the restructuring program of somatic 
embryogenesis in a variety of plant species. 
 SERK  remains as a gene family consisting of fi ve 
different members in plants. It has been observed 
that  SERK  expression is increased during the ini-
tiation of embryo formation and reduces with the 
maturation of embryo. SERK protein also forms 

complex with other receptor kinases like brassi-
nosteroid insensitive 1 (BRI1) and gets involved 
in the developmental and stress-responsive path-
ways. BRI1 mainly forms heterodimer with 
SERK3 and after the full functional activation of 
the kinase domain induces the expression of 
brassinosteroid- responsive genes.     
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    Abstract  

  The cyclamen is a member of the family Primulaceae and consists of 22 
species, originated from the Mediterranean Basin. Due to inbreeding 
depression, abortive zygotic embryo formation, and varying ploidy levels, 
vegetative production is frequently selected as the preferred form of prop-
agation by breeders. Somatic embryogenesis is a highly effective method 
to produce cyclamen plants vegetatively. Somatic embryo formation in 
cyclamen is affected by genotype, source of explant, medium content, 
plant growth regulators, and their concentrations and culture conditions. 
Somatic embryos can be multiplied effi ciently by repetitive or secondary 
embryogenesis on MS without plant growth regulators. The obtained 
somatic embryos can be used to produce synthetic seeds for clonal plant 
propagation and to protect valuable or rare cyclamen genetic resources. 

 Mutation breeding is a useful method to improve crops. Heavy-ion 
beam irradiation in mutation breeding can be used to produce new variet-
ies of cyclamen. However, ion beams have not been suffi ciently character-
ized in terms of mutagens for plant. Cryopreservation is also becoming a 
very important way for long-term storage of plant genetic resources, and 
effective cryopreservation protocols have been developed for many of 
plant species. Cryopreservation requires a minimum of space and low 
level of maintenance. In this chapter, we discussed and reviewed the prog-
ress of in vitro research on cyclamen.  
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10.1         Introduction 

 The genus  Cyclamen  was traditionally classifi ed 
in the Primulaceae family, was briefl y reclassi-
fi ed as a Myrsinaceae family member (Grey- 
Wilson  2003 ), but has returned to the Primulaceae 
(The Plant List  2015a ). All 116 species (The 
Plant List  2015b ) except for one have been well 
established in cultivation, and some are easy to 
cultivate (Grey-Wilson  2003 ).  Cyclamen persi-
cum  Mill. is an important pot fl ower (Schwenkel 
and Winkelmann  1998 ). It is traditionally propa-
gated by seed despite the lack of homogeneity of 
some cultivars, the existence of inbreeding 
depression, and the high cost of hybrid seeds 
(Ruffoni et al.  2000 ). Mass propagation by tissue 
culture is thus an effective propagation method 
for  Cyclamen  (Takamura and Miyajima 1997). 
Micropropagation of  Cyclamen  through organo-
genesis and somatic embryogenesis is established 
reported protocols (Schwenkel and Grunewaldt 
 1998 ; Kreuger et al.  1995 ; Dillen et al.  1996 ; 
Schwenkel and Winkelmann  1998 ). 

 As with other ornamental plants, cyclamen 
breeding is performed by classical hybridization 
methods and phenotypic selection, based on the 
identifi cation of novel morphological characters 
(Çürük et al.  2015 ), but these methods take more 
time to develop new cultivars (Sugiyama et al. 
 2008 ). Classical cyclamen breeding is very diffi -
cult because of inbreeding depression, different 
ploidy levels, and abortive embryo formation 
(Jalali et al.  2012 ). Conventionally, cyclamen is 
propagated by seeds that are produced by manual 
pollination and are therefore expensive (up to 
0.20 €/seed) (Kocak et al.  2014 ). Due to inbreed-
ing depression (Affre and Thomson  1999 ), the 
production of an F 1  cyclamen hybrid from paren-
tal lines is diffi cult (Jalali et al.  2012 ). Therefore, 
breeders pay great attention to vegetative produc-
tion in breeding programs. Also, if carried out 
effectively and economically, vegetative propa-

gation can allow breeders to produce clonal vari-
eties that allow for the selection of plants with 
superior characteristics (Jalali et al.  2012 ). 
Cyclamen tends to be mass propagated by cut-
tings or separation of tubers; therefore, in vitro 
tissue culture provides an important alternative to 
traditional vegetative reproduction, and the 
development of new  Cyclamen  varieties has been 
possible through the use of biotechnological 
methods (Jalali et al.  2012 ). 

 Somatic embryogenesis (SE) is a valuable 
tool in plant biotechnology and can be utilized in 
a number of ways (Zimmerman  1993 ; Yang and 
Zhang  2010 ): (1) for large-scale clonal propaga-
tion of elite cultivars, it can serve as a substitute 
approach to conventional micropropagation (2) 
as a tool in genetic improvement programs, SE 
via callus or secondary SE can be an effective 
receptor tissue for application in genetic transfor-
mation, and (3) it provides a model system for 
expanding knowledge on molecular, regulatory, 
and morphogenetic events related to plant 
embryogenesis.  

10.2     Somatic Embryogenesis 

 SE is the process by which somatic cells develop 
through several stages of embryogeny, resulting 
in whole plants. An effi cient vegetative propaga-
tion in cyclamen is possible by using in vitro cul-
ture, but reports are restricted to the wild species 
 C. persicum  (Karam and Al-Majathoub  2000a ,  b ) 
and its cultivars (Hohe et al.  2001 ). Although SE 
and/or organogenesis in  C. persicum  has been 
reported by several groups (Kiviharju et al.  1992 ; 
Takamura et al.  1995 ; Takamura and Tanaka 
 1996 ; Schwenkel and Winkelmann  1998 ; Seyring 
et al.  2009 ; Jalali et al.  2010a ,  b ; Yang and Zhang 
 2010 ), the frequency of plant regeneration from 
somatic embryos is low. Hybrids of a number of 
species combinations have been obtained by 
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using embryo rescue (Ishizaha  2008  and refer-
ences therein), which is able to overcome hybrid 
inviability by cultivating hybrid embryos in vitro 
to prevent abortion. Another aim of SE is to 
establish a protocol for the production of syn-
thetic seeds that can replace generative propaga-
tion (Lyngved et al.  2008 ; Sharma et al.  2013 ). 
Other more specialist applications include the 
production of high-value compounds by somatic 
embryos grown in bioreactors (Dunwell et al. 
 2008 ). Seyring et al. ( 2009 ) investigated SE in  C. 
africanum  Boiss. and Reut.,  C. cilicium  Boiss. 
and Heldr.,  C. coum  Mill.,  C. hederifolium  Ait., 
 C. persicum  Mill., and  C. purpurascens  Mill. 
using the protocol developed by Schwenkel and 
Winkelmann ( 1998 ). After an 8–12 week period, 
callus was observed from all explant types (young 
leaves, petioles, fl ower buds, and peduncles), and 
after 3–7 months structures formed, some of 
which were somatic embryo-like structures 
(SELS). Somatic embryos developed in all spe-
cies, but not all explants of all species could 
induce somatic embryos. 

10.2.1     Direct and Indirect Somatic 
Embryogenesis 

 Somatic embryos can differentiate either directly 
from the explant without an intervening callus 
phase or indirectly after a callus phase, referred 
to as direct somatic embryogenesis (DSE) and 
indirect somatic embryogenesis (ISE), respec-
tively (Sharp et al.  1980 ; Yang and Zhang  2010 ). 
It is believed that both processes are extremes of 
one continuous developmental pathway (Carman 
 1990 ). The main factors involved in each path-
way depend on the source and physiological state 
of the explant employed and the type and concen-
tration of the plant growth regulators (PGRs). 
Explants from which DSE is most likely to occur 
include microspores (microsporogenesis), 
ovules, zygotic and somatic embryos, and seed-
lings (Malik et al.  2007 ; Yang and Zhang  2010 ; 
Żur et al.  2015 ). Among the two forms of SE, ISE 
has been the most extensively studied and used in 
transformation and somatic hybridization (Li 
et al.  2006 ; Yang and Zhang  2010 ). 

 During ISE in  Cyclamen , both embryogenic 
and non-embryogenic callus are present. It is 
usually easy to distinguish between both callus 
forms on the basis of morphology and color. 
Embryogenic callus has nodular features and a 
smooth surface, and the embryogenic cells that 
form somatic embryos are characterized gener-
ally as small and isodiametric in shape. These 
cells have large and densely stained nuclei and 
nucleoli and are densely cytoplasmic with small 
vacuoles, thick cell walls, and a higher metabolic 
activity, while non-embryogenic callus is rough, 
friable, and translucent (Jimenez and Bangerth 
 2001 ; Yang and Zhang  2010 ). Somatic embryos 
in  Cyclamen  species can be easily distinguished 
from adventitious shoots because embryos do not 
have any connection to callus (Nadja et al. 2010). 
In our unpublished studies, we observed differ-
ences between  Cyclamen  species in terms of the 
shape and color of callus. Callus obtained from 
 C. hederifolium  and  C. persicum  is soft, and the 
structure of callus is more transparent than that of 
 C. coum  and  C. cilicium . On the other hand,  C. 
coum  and  C. cilicium  callus is more compact and 
opaque than callus from  C. hederifolium  and  C. 
persicum . 

 Terakawa et al. ( 2008 ) observed that somatic 
embryos formed directly from the leaf segments 
when placed onto somatic embryo formation 
medium consisting of MS (Murashige and Skoog 
 1962 ) supplemented with 4 mg/L 
2,4- dichlorophenoxy acetic acid (2,4-D), 
0.1 mg/L kinetin, 3 % (w/v) sucrose (pH 5.8), 
and 0.2 % Gelrite and incubated in the dark at 
25 °C. After 3 months, somatic embryos that 
formed directly on the surface of the leaf seg-
ments were transferred to test tubes containing 
PGR-free MS liquid medium supplemented with 
3 % (w/v) sucrose (Fig.  10.1 ; Tables  10.1 ,  10.2 , 
and  10.3 ).

10.2.2           Developmental Stages 
of Somatic Embryos 

 Theoretically, the development of a zygotic 
embryo can be divided into two stages: an initial 
morphogenetic stage and a second metabolic 
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stage characterized by biochemical activities 
(Yang and Zhang  2010 ). In addition, during the 
morphogenetic stage, zygotic embryo develop-
ment in dicots can be divided into four general 
sequential stages: globular-shaped, heart- shaped, 
torpedo-shaped, and cotyledonary stages (Yang 
and Zhang  2010 ). As the zygotic coequal, 
somatic embryos pass through various morpho-
logical stages: the proembryogenic masses orga-
nize into a typical globular embryo, which 
progresses through heart- and torpedo-shaped 

stages. At the cotyledonary stage, instead of 
entering developmental arrest, the embryos 
develop a shoot meristem and the seedling grows. 
Unlike their zygotic counterpart, somatic 
embryos are easily separable, culture conditions 
can be controlled, and the lack of material is not 
a restricting factor for experiments (Kawahara 
and Komamine  1995 ; Yang and Zhang  2010 ). SE 
formation in  C. persicum  takes place in 3 months, 
globular-shaped somatic embryos form in 4 
months, heart-shaped somatic embryos form 

  Fig. 10.1    Direct and indirect somatic embryogenesis in  Cyclamen persicum        
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   Table 10.1    In vitro shoot induction in  Cyclamen  spp. in different media and PGR conditions   

 Species  Type of explant  Basal medium  PGR  Growth condition(s)  References 

  C. persicum  
Mill. 
(Vuurbaak) 

 Etiolated 
petiole 

 1/3 MS  NAA 
(0.037 mg l −1 ) + 
BA (0.23 mg l −1 ) 

 25 °C, dark or light 
(2300 lux), 20 °C, 
and 16 h 

 Ando and 
Murasaki 
( 1983 ) 

  C. persicum  
Mill. 
(Vuurbaak) 
and (Victoria) 

 Etiolated 
petiole 

 1/3 MS  NAA 
(0.037 mg l −1 ) + 
BA (0.23 mg l −1 ) 

 20 °C, dark, shoot 
and root formation 
in 16-h photoperiod, 
2500 lux 

 Murasaki and 
Tsurushima 
( 1988 ) 

  C. persicum  
Mill. 

 Lamina, 
petiole, and 
peduncle 

 1/3 MS or 
Nitsch + 
15–30 g l −1  
sucrose + 8 g l −1  
agar 

 IAA or NAA 
(0–1 mg l −1 ) + 
BAP or Kin 
(0.5–1 mg l −1 ) 

 20 °C, 12-h 
photoperiod, 2000 
lux 

 Schwenkel and 
Grunewaldt 
( 1988 ) 

  C. persicum  
Mill. 

 Young leaf  MS + 60 g l −1  
sucrose + 8 g l −1  
agar 

 BA (4 mg l −1 ) + 
Kin (4 mg l −1 ) + 
NAA (3 mg l −1 ) 

 18 °C, dark for 
shoot induction, 
5000–6000 lux for 
rooting 

 Dillen et al. 
( 1996 ) 

 Wild  C. 
persicum  Mill. 

 Leaf disc, 
petiole, petal, 
and peduncle 

 1/3 MS + 
30 g l −1  sucrose 
+ 8 g l −1  agar 

 NAA (0.1 mg l −1 ), 
TDZ (0.022 or 
0.22 mg l −1  
depending on 
explant type) 

 22 °C, dark  Karam and 
Al-Majathoub 
( 2000b ) 

 Wild  C. 
persicum  Mill. 

 Aseptic in vitro 
leaf from 
microshoot 

 1/2 MS + 8 g l −1  
agar 

 NAA (0.1 mg l −1 ) 
+ TDZ 
(0.22 mg l −1 ) 

 22 °C, dark  Karam and 
Al-Majathoub 
( 2000a ) 

  C. persicum  
Mill. (concert) 

 Tuber, leaf, and 
petiole 

 MS + 30 g l −1  
sucrose + 8 g l −1  
agar 

 NAA (1 mg l −1 ) + 
BA (1 mg l −1 ) or 
TDZ (0.9 mg l −1 ) 

 22–24 °C, 16-h 
photoperiod, 50 mol 
m −2 s−1  light 

 Abu-Qaoud 
( 2004 ) 

  C. mirabile  
lamina 

 Petiole, root, 
intact tuber, 
and tuber 
section 

 MS, 1/2 MS, 
30 g l −1  sucrose 
+ 8 g l −1  agar 

 IAA (0.1 mg l −1 ) + 
Kin (0.5 mg l −1 ) or 
NAA (0.5 mg l −1 ) 
+ Kin (0.5 mg l −1 ) 

 24 °C, dark, or 16-h 
photoperiod 

 Yamaner and 
Erdag ( 2008 ) 

      Table 10.2    Tuber formation in various species of  Cyclamen    

 Species  Type of explant  Basal medium  PGR  Growth conditions  References 

  C. persicum  
Mill. (Vuurbaak) 

 Cotyledon  1/2 MS  NAA (1.9 mg l −1 )  Undefi ned  Fukui et al. 
( 1988 ) 

 Wild  C. 
persicum  Mill. 

 Root explant  1/2 MS + 
30 g l −1  
sucrose 

 BA (1 mg l −1 )  22 °C, dark  Karam and 
Al-Majathoub 
( 2000a ) 

  C. persicum  
Mill. (concert) 

 Leaf explant  MS  TDZ 
(0.4–0.9 mg l −1 ) 

 22–24 °C, dark  Abu-Qaoud 
( 2004 ) 

  C. mirabile   Tuber  MS, 1/2 MS  BA (2 mg l −1 ) + 
NAA (0.1 mg l −1 ) 

 24 ± 1 °C, 16-h 
photoperiod 

 Yamaner and 
Erdag ( 2008 ) 
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1 month later (fi fth month), and for torpedo, it 
took for an additional 1 month (sixth month), 
while cotyledonary stage formation is complete 
by the end of seventh month (Fig.  10.2 , 
Table  10.4 ).

10.3          Factors Affecting Somatic 
Embryogenesis 

10.3.1     Genotype 

 The genotype is most likely the most important 
factor affecting SE in  Cyclamen . Kocak et al. 
( 2014 ) observed embryogenic potential of differ-
ent genotypes of  C. persicum  when cultured on 
MS supplemented with 2.0 mg/L 2,4-D and 
0.8 mg/L 6-(y,y-dimethylallylamino)purine 
(2iP). In cyclamen, the in vitro response also 

depends on the genotype (Takamura and Tanaka 
 1996 ; Schwenkel and Winkelmann  1998 ) sug-
gesting the genetic control of regeneration abil-
ity. Takamura and Miyajima (1997) observed the 
differentiation of somatic embryos in four out of 
13 cyclamen cultivars, while Schwenkel and 
Winkelmann ( 1998 ) tested 30 genotypes for their 
in vitro reaction and found that 29 genotypes 
were able to regenerate somatic embryos 
(Tables  10.2 ,  10.3 , and  10.4 ).  

10.3.2     Source of Explant 

 In  Cyclamen , a variety of explants (leaves, peti-
oles, ovules, ovaries, etiolated petioles, and leaf 
callus) have been used to induce SE. The choice 
of explant is an important factor in the induction 
of SE. Karam and Al-Majathoub ( 2000a ) 

  Fig. 10.2    Somatic embryogenesis in  Cyclamen persicum . ( a ) Globular somatic embryo, ( b ) heart-shaped somatic 
embryo, ( c ) torpedo-shaped somatic embryo, ( d ) plantlets regenerated  via  somatic embryogenesis       
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observed that the greatest regeneration percent-
age (88 %) of cyclamen somatic embryos was 
obtained on leaves with midrib tissue. Ando and 
Murasaki ( 1983 ) observed that the regenerative 
potential of petioles in cyclamen was superior 
to those of normal, non-etiolated petioles. 
Petiole explants followed by ovary explants 
formed the callus on callus induction medium 
(Kocak et al.  2014 ). However, ovary and ovule 
explants tended to take longer to induce callus 
than the leaves and petioles (Kocak et al.  2014 ). 
Kiviharju et al. ( 1992 ) showed that petioles and 
peduncles produced very homogenous callus, in 
terms of color and morphology. Karam and 
Al-Majathoub ( 2000a ) noted that peduncle and 

petal explants formed most callus on half-
strength MS medium containing 0.22 mg/L 
thidiazuron after 8 weeks of culture. Jalali et al. 
( 2010b ) showed that most callus formed from 
leaf explants on half-strength MS containing 
2 mg/L 2,4-D and 0.1 mg/L kinetin. Kocak et al. 
( 2014 ) compared the embryogenic potential of 
different  C. persicum  explants when cultured on 
MS with 2.0 mg/L 2,4-D and 0.8 mg/L 2iP 
(Fig.  10.3 ). Petioles formed more callus than 
the ovule and leaf explants, with average callus 
formation as follows: 34.3 %, 30.16 %, 26.6 %, 
and 15.6 % from petioles, ovaries, ovules, and 
leaves, respectively (Kocak et al.  2014 ) 
(Tables  10.2 ,  10.3 , and  10.4 ).

  Fig. 10.3    Regeneration stages in  Cyclamen persicum . Leaves ( a ), petioles ( b ), ovules ( c ), and ovaries ( d ); somatic 
embryo formation on each explant ( a1 ,  b1 ,  c1 , and  d1 , somatic embryos);  a2 ,  b2 ,  c2 , and  d2 , plantlets       
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10.3.3        Preparation of Explants 

 Explants must be disinfected from microorgan-
isms to provide effective and uncontaminated 
growth during tissue culture. For this purpose, 
different sterilization protocols must be devel-
oped for  Cyclamen  species. In the protocol devel-
oped by Kocak et al. ( 2014 ) for  C. persicum , 
explants were washed under tap water for 20 min, 
then placed in 0.1 % HgCl 2  for 5 min, sterilized 
in 70 % ethanol for 1 min, rinsed in sterile dis-
tilled water (SDW), dipped in 30 % Domestos ®  
(NaOCl, 4.5 % v/v) for 20 min, and fi nally rinsed 
fi ve times and maintained in SDW until explant 
preparation. 

 In order to sterilize all explants from  C. 
hederifolium ,  C. coum ,  C. pseudibericum ,  C. 
mirabile ,  C. cilicium , and  C. graecum , explants 
were washed under tap water for 20 min;  C. 
hederifolium  was treated with 0.1 % HgCl 2  for 
10 min;  C. pseudibericum ,  C. mirabile ,  C. 
cilicium , and  C. graecum  were treated with 0.1 % 
HgCl 2  for 20 min; and  C. coum  was treated with 
0.1 % HgCl 2  for 30 min. Then explants were 
washed with SDW and then treated with 0.4 % 
AgNO 3  for 10 min. Explants were rinsed three 
times with SDW, dipped in 70 % ethanol for 
1 min, rinsed in SDW, dipped in 30 % Domestos ®  
(NaOCl, 4.5 % v/v) for 20 min, and then fi nally 
rinsed fi ve times and maintained in SDW until 
explant preparation (unpublished data).  

       Table 10.4    Somatic embryogenesis of wild  Cyclamen  species   

 Species 
 Type of 
explants 

 Callus induction 
media 

 Somatic 
embryogenesis 
media 

 Growth 
conditions for 
embryo 
induction  Reference 

  C. cilicium ,  C. coum , 
 C. graecum , 
  C. hederifolium ,  C. 
persicum ,  C.  
  purpurascens ,  and C. 
rohlfsianum  

 Petiole, leaf  (1) LS + 50.0 g l -1  
sucrose + 2.0 g l -1  
gellan gum + 2,4-D 
(1.0 mg l-1) + Kin 
(0.1 mg l-1) 
 (2) MS + 60.0 g l -1  
sucrose + 3.0 g l -1  
gellan gum + 2,4-D 
(5.0 mg l -1 ) + Kin 
(0.1 mg l -1 ) 

 Same medium 
without PGRs 

 –  Furukawa 
et al. ( 2001 ) 

 18 wild  Cyclamen  
species 

 Petiole and 
leaf 

 MS + 30 g l -1  
sucrose + 3 g l -1  
gellan gum 

 Same medium 
without PGRs 

 –  Furukawa 
et al. ( 2002 ) 

  C. africanum  Boiss. 
and Reut.,  C. cilicium  
Boiss. and Heldr.,  C.  
  coum  Mill.,  C. 
hederifolium  Ait., 
  C. persicum  Mill.,  C. 
purpurascens  Mill. 

 Young leaf, 
petiole, 
fl ower bud, 
peduncle 

 1/2 MS + 2 mg l -1  
2,4-D + 0.8 mg l -1  
2iP + 3.7 g l -1  
Gelrite, dark, and 
25 ºC 

 PGR-free MS 
medium 

 16 weeks, 
dark, 23 ºC 

 Seyring et al. 
( 2009 ) 

  C. coum   Leaf  1/2 MS + 0.8 mg l -1  
2,4-D + 0.5 mg l -1  
BA for 4–6 months 
and later 1/2 MS + 
2 mg l -1  2,4-D + 
0.8 mg l -1  2iP 

 Six media with 
different PGRs, 
calcium, activated 
charcoal, and 
NH 4 NO 3  content 

 4 weeks, dark, 
24 ºC 

 Prange et al. 
( 2010b ) 

  C. graecum ,  C. 
mirabile ,  C. alpinum  

 Cotyledon, 
tuber, and 
root from 
aseptic 
seedling 

 1/2 MS + 2.0 mg l -1  
2,4-D + 0.8 mg l -1  
2iP and 3.7 g l -1  
Gelrite in dark at 
24 ± 1 ºC 

 Six media 
differing in PGRs, 
calcium, activated 
charcoal, and 
NH 4 NO 3  content 

 8 weeks, dark, 
22–24 ºC 

 Prange et al. 
( 2010a ) 
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10.3.4     Plant Growth Regulators 

 SE formation on cultured  Cyclamen  explants is 
dependent upon the exogenous application of an 
auxin and its concentrations.   Winkelmann 
observed most effective SE formation from the 
leaves and petioles of  C. persicum  on ½ MS con-
taining 0.8 mg/L 2iP and 2 mg/L 2,4- D. In our 
unpublished research, the capacity of SE of  C. 
cilicium ,  C. pseudibericum ,  C. hederifolium ,  C. 
parvifl orum , and  C. mirabile  was investigated 
using leaf and petiole explants. The most effec-
tive PGR concentration for both explants in  C. 
cilicium  was 2 mg/L 2,4-D and 1.5 mg/L 2iP. The 
most effective SE of  C. pseudibericum  was 
2 mg/L 2iP and 2 mg/L 2,4-D for leaves and 
2.5 mg/L 2iP and 1 mg/L 2,4-D for petioles. The 
most effective SE in  C. mirabile  and  C. hederifo-
lium  was possible on ½ MS added with 2 mg/L 
2iP and 2 mg/L 2,4-D. 

 Abscisic acid (ABA) has been reported to play 
an active role in SE through the acquisition of 
embryogenic competence and in developing 
embryo (Kikuchi et al.  2006 ), i.e., in facilitating 
somatic embryo maturation (Othmani et al.  2009 ; 
Sholi et al.  2009 ), improving somatic embryo 
quality by increasing desiccation tolerance, and 
preventing precocious germination in higher 
plants (Rai et al.  2011 ). ABA may serve as one of 
the interesting alternatives in increasing the rate 
of induction in cyclamen SE (Table  10.2 ,  3 ,  4 ).   

10.4     Proteomic Analysis 
of Somatic Embryogenesis 

 Proteomic studies are a powerful tool for moni-
toring the physiological status of cells and tissues 
under specifi c developmental conditions (Rose 
et al.  2004 ). A proteomic analysis of zygotic and 
somatic embryos of  C. persicum  was performed 
by Winkelmann et al. ( 2006 ) in which the infl u-
ence of storage protein composition of zygotic 
and somatic embryos on seed and germination 
physiology was studied. A total of 200 protein 
spots were detected in zygotic and somatic 
embryos (IPG, pH 3–10), and 26 proteins in 83 
spots were identifi ed by nano-LC-MS/MS (Bian 

et al.  2010 ). To understand the function of abun-
dant proteins in the proteomes of somatic 
embryos in  Cyclamen , identifi ed proteins were 
categorized into groups either by gene ontology 
or by sequence and conserved domain homology 
with other known proteins.  

10.5     Mutation Breeding 

 Mutation breeding has a very important and 
established place in agriculture. Moreover, 3,000 
mutant crop varieties have been produced over 
the past 60 years (Mutant Variety Database, Joint 
FAO/IAEA Programme). Most of those varieties 
were created using ionizing radiation, especially 
gamma rays. High-energy ion beams that are 
generated by accelerators have been shown to 
have greater biological effects than gamma rays. 
Increasing evidence suggests that ion beams can 
effi ciently induce mutations (Tanaka et al.  2010 ). 

 Mutation breeding can induce a forceful 
change in the target organism and shorten the 
period required for breeding new varieties 
(Kozgar and Khan  2012 ). Mutations created by 
irradiation, gamma rays, X-rays, and neutrons 
have been used mainly for mutation breeding 
(Sugiyama et al.  2008 ). Heavy-ion beam irradia-
tion has also attracted increasing attention as a 
new mutation method as it induces plant mutants 
at a high frequency, shows broad mutation spec-
trum, and produces novel mutants (Tanaka  1999 ). 
Fast neutron radiation is also a technique that has 
not yet been applied to  Cyclamen  but may be a 
useful form of inducing variants (Falusi et al. 
 2013 ). 

 The effect of  12 C 6  ion beam irradiation on SE 
from  Cyclamen persicum  callus was examined by 
Sugiyama et al. ( 2008 ) using scapes obtained 
from potted plants. Callus was exposed to a  12 C 6  
ion beam at doses ranging between 10 and 80 Gy. 
The fresh weight of somatic embryos produced 
was determined. The initial trial showed that 
mutant callus, somatic embryos, and plantlets 
could not be obtained. In a second trial, tubers 
were irradiated at 4–16 Gy to examine the effect 
of radiation dose on tuber viability. Two petal 
color mutants were obtained at 12 Gy indicating 
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that mutations induced by heavy-ion beam irra-
diation can be a useful means of obtaining varia-
tion in fl ower characteristics in a short period of 
time.  

10.6     Cryopreservation 

 Cryopreservation allows for the storage of living 
cells, tissues, or organs at ultralow temperatures, 
usually in liquid nitrogen at −196 °C, ceasing cell 
division and metabolic activity, and the preserva-
tion of important germplasm without the loss of 
genetic stability (Benson  2008 ). The storage of 
ornamental plant material via cryopreservation 
has multiple advantages including low mainte-
nance costs, reduced space, minimum loss of 
materials by contamination and human error, and 
a longer storage period (Teixeira da Silva et al. 
 2015 ). Preserving genetic resources by cryo-
preservation is a benefi cial way to protect endan-
gered or wild species. 

 To date, two cyclamen cryopreservation pro-
tocols exist. Winkelmann et al. ( 2004 ) cryopre-
served embryogenic suspension cultures of  C. 
persicum . Different cryoprotectants (0.09, 0.2, 
0.4, or 0.6 M sucrose or 0.4 M sorbitol) were 
tested during pre-culture, and 0.6 M sucrose 
resulted in the highest rate of regrowth (75 %). 
Additional pretreatment with 0.6 M sucrose and 
10 % DMSO for 1 day positively affected 
regrowth. The optimal time of exposure to 0.6 M 
sucrose was 2–4 days, and regrowth rates of 
cryopreserved and unfrozen callus were similar. 

 In another study by Winkelmann et al. ( 2004 ), 
with the aim of producing synthetic embryos 
from globular somatic embryos of  C. persicum , 
two encapsulation systems (conventional algi-
nate beads and alginate hollow beads) were 
tested. The percentage germination of alginate 
beads was as high as that for control embryos 
(97 %), but germination was delayed. Hollow 
beads showed lower germination percentage 
(71 %). When stored at 4 °C, the viability of 
encapsulated and nonencapsulated somatic 
embryos was reduced although the speed of ger-
mination was increased by incorporating medium 
into the capsules in both capsule types.  

10.7     Conclusion 

 Early research on cyclamen SE generally focused 
on hormonal regulation, and new methods were 
developed to produce a wider range of  Cyclamen  
species using SE. SE studies on cyclamen were 
initiated in the 1990s. In addition, mutation 
breeding, classic breeding, identifi cation of sec-
ondary metabolites, and molecular characteriza-
tion (e.g., Çürük et al.  2015 ) have also been 
studied. SE in cyclamen usually consists of two 
culture steps: (1) induction of embryogenic callus 
and somatic embryos in medium with an auxin or 
with an auxin and a low concentration of cytoki-
nin and (2) germination of somatic embryos from 
callus in medium without PGRs. Detailed proto-
cols for SE of  C. persicum  are now routine 
(Prange et al.  2010a ,  b ; Winkelmann  2010 ; Jalali 
et al.  2012 ). Although relatively widespread 
research has been conducted on germination, 
encapsulation and desiccation tolerance of 
somatic embryos (Winkelmann et al.  2003 ), 
genetic instability in somatic embryos (Borchert 
et al.  2007 ), and secondary SE (You et al.  2011 ; 
Jalali et al.  2012 ), asynchronous development 
and malformation (Rode et al.  2011 ; Jalali et al. 
 2012 ) are still problems that need to be 
overcome.     
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    Abstract  

  Rose ( Rosa  spp.) is not only an important ornamental plant, but also an 
economical crop. It contains thousands of cultivars and has been grown 
throughout the world. As most rose cultivars suffer from biotic and abiotic 
stress, it is necessary and signifi cant to improve the ornamental or agro-
nomic traits. Genetic engineering provides an effi cient and convenient 
way for overcoming these problems. Somatic embryogenesis is widely 
utilized for plant regeneration and genetic transformation; it is also usually 
utilized to perform the genetic manipulation in plant molecular breeding. 
Up to now, somatic embryogenesis and genetic transformation have been 
applied successfully in many plant species including woody and herba-
ceous plants. There is some information reporting transgenic roses with 
altered fl ower colors, increased disease resistance, or with modifi ed agro-
nomic traits. This chapter discusses somatic embryogenesis, the factors 
infl uencing somatic embryogenesis, and the protocol to realize plant 
regeneration via somatic embryogenesis in rose. The chapter also reviews 
 Agrobacterium- mediated genetic transformation, the factors controlling 
transformation, and the overall protocol to obtain transgenic mediated by 
cyclic secondary somatic embryogenesis. This somatic embryogenesis 
and  Agrobacterium- mediated genetic transformation may provide a 
 feasible effective method to gene functional studies and gene engineering 
breeding in  Rosa sp.  in future.  
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11.1         Introduction 

 Rose, distributing widely around the world, is not 
only an important ornamental plant but also eco-
nomical crop. It includes many species, such as 
 Rosa hybrida ,  Rosa rugosa, Rosa multifl ora , and 
several others. Roses, with different species, have 
their own particular advantages and have general 
applications to our life, such as medicinal func-
tions, esthetically attractive fl owers, and often 
with powerful fragrance. It also has some defi -
ciencies like short fl owering, thorniness, suscep-
tible to disease, etc. The traditional breeding 
ways have great limitations in eliminating these 
weaknesses, which need a long time and high 
cost. Traditionally, rose improvement has 
depended on sexual hybridization and selection, 
together with identifi cation of natural mutations. 
Most desirable “modern rose cultivars” do not 
belong to a single rose species, but are complex 
hybrids derived from multiple species through 
conventional breeding (Gudin  2000 ). However, 
breeding of roses using these traditional methods 
is restricted due to the limited gene pool, distant 
interspecifi c hybridization with incompatibility 
issue and varying ploidy among species. 
Furthermore, the balance of factors determining 
plant growth and development are commonly 
altered by sexual crossing and selection proce-
dures, thereby giving rise to unpredictable prog-
eny types (Bao et al.  2012 ). 

 The genomic era is now under way for 
Rosaceae. In the past decade, advances in genom-
ics and bioinformatics of Rosaceae have provided 
new options to identify useful genes responsible 
for disease resistance, recurrent fl owering, fra-
grance production, and fl ower color development 
(Hattendorf and Debner  2006 ; Ahmadi et al. 
 2008 ; Zhang et al.  2012 ; Verde et al.  2013 ). These 
resources also provide a range of opportunities for 
rose improvement by transgenic approaches. 

Genetic engineering technology, a highly desir-
able breeding strategy for the genetic improve-
ment of plant genotype, provides an opportunity 
to overcome the restrictions of conventional 
breeding as the technique can facilitate the intro-
duction and modifi cation of valuable traits with-
out altering the overall quality of the target variety 
within a short time frame. Therefore, there was a 
great excitement and expectation when the fi rst 
establishment of genetic transformation system of 
rose was reported (Firoozabady et al.  1994 ). Since 
the fi rst report, several genetic transformation 
protocols using reporter genes or genes of interest 
have been reported in various rose varieties 
(Dohm et al.  2001 ,  2002 ; Li et al.  2002b ; Kim 
et al.  2004 ; Katsumoto et al.  2007 ; Chen et al. 
 2010 ; Vergne et al.  2010 ; Zakizadeh et al.  2013 ). 

 Among various in vitro tissue culture systems, 
somatic embryogenesis is the effi cient tool for 
plant regeneration. It has widely been used in 
germplasm preservation (de Sliva et al.  2014 ), 
rapid propagation (de Wit et al.  1990 ; Murali 
et al.  1996 ; Bao et al.  2012 ), genetic transforma-
tion (Vergne et al.  2010 ; Xing et al.  2014a ,  b ; Wu 
et al.  2015 ), and in vitro mutant induction (Isabel 
et al.  1996 ). Somatic embryogenesis regeneration 
pathway provides a more integrated and resilient 
material than organogenesis-obtained plants 
(Rout et al.  1991 ). Furthermore, somatic embryo 
cells have the totipotency, which can be easier to 
differentiate into complete plants, so somatic 
embryo usually is utilized as the better genetic 
transformation materials than the other plant tis-
sues, especially for plants with high diffi culty in 
transformation. 

 In this chapter, the somatic embryogenesis, 
the factors controlling somatic embryogenesis, 
and the protocol to realize plant regeneration via 
somatic embryogenesis in rose are reviewed. 
 Agrobacterium- mediated genetic transformation, 
various factors infl uencing the success of trans-
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formation, and the protocol in obtaining trans-
genic are also discussed. This somatic 
embryogenesis and  Agrobacterium- mediated 
genetic transformation may provide a feasible 
effective method to gene functional studies and 
gene engineering breeding in  Rosa sp .  

11.2     Somatic Embryogenesis 
and Plant Regeneration 

 Somatic embryogenesis is usually developed via 
a direct or indirect pathway. In direct somatic 
embryogenesis, primary embryos develop 
directly on the surface of organized organ or tis-
sue. Alternatively, indirect somatic embryogene-
sis occurs through an intermediate step involving 
callus formation or a cell suspension culture (Bao 
et al.  2012 ). Somatic embryogenesis has been 
regarded to be an effi cient method in plant regen-
eration and genetic engineering in several woody 
species (Gaj  2004 ; Tian et al.  2008 ; Prakash and 
Gurumurthi  2010 ; Vergne et al.  2010 ; Paul et al. 
 2011 ). Based on existing documentations, 
somatic embryogenesis is the potential effective 
method of micropropagation in  Rosa . Successful 
establishment of regeneration systems by somatic 
embryogenesis has been reported in many rose 
species in the past years (Li et al.  2002a ; 
Estabrooks et al.  2007 ; Vergne et al.  2010 ; Bao 
et al.  2012 ; Xing et al.  2014a ). Although the 
somatic embryos have been induced, the effi -
ciency of somatic embryogenesis is low; it is 
essential and necessary to establish a highly effi -
cient system of somatic embryogenesis. A cycle 
of secondary somatic embryogenesis has been 
proved to be a convenient method to make sec-
ondary somatic embryo proliferation and germi-
nation; it also provides a good source of raw 
materials for further experiments. Secondary 
somatic embryo induction is also easier and sim-
pler than primary embryos (Li et al.  2002a ; Bao 
et al.  2012 ). In addition, several experimental 
analyses showed that secondary somatic embryos 
are the best acceptor for genetic transformation 
in gene engineering breeding. 

11.2.1     Factors Affecting Primary 
Somatic Embryogenesis 

 Somatic embryogenesis in vitro depends tightly 
on different factors, such as genotypes, type of 
plants, environment (including light, tempera-
ture, sugars, PGRs, agar, and other additives), 
and other factors. All these factors affect primary 
somatic embryo development (shown in Fig. 
 11.1 , step 1).

11.2.1.1       Genotype 
 Somatic embryogenesis has been reported to be 
induced in varied plant species, while most of 
them still limited to genotype. Even in the same 
genera, there is great difference in the induction 
frequency of somatic embryos and optimal cul-
ture conditions are needed (Norma and Chen 
 1989 ; Marchant et al.  1996 ; Maximova et al. 
 2002 ; Bao et al.  2012 ; Xing et al.  2014a ). In  Rosa  
species, signifi cant difference also exists among 
the different cultivars. de Wit et al. ( 1990 ) 
reported that somatic embryogenesis was suc-
cessfully induced in only 2 cultivars out of 7 dif-
ferent cultivars tested. Murali et al. ( 1996 ) also 
reported 2 cultivars of successful somatic 
embryogenesis although 22 different cultivars of 
rose were utilized. The difference in somatic 
embryogenesis may be due to complexity of 
genetic background, although reports demon-
strate varied somatic embryogenesis ability with 
appropriate condition.  

11.2.1.2     The Types of Explants 
 Various types of explants have been confi rmed to 
have the capability of somatic embryogenesis in 
specifi c rose cultivar. The age and developmental 
stage and the physiological state of the explants 
signifi cantly affect somatic embryogenesis. 
Generally, the explants with low level of differen-
tiation are easier to induce somatic embryos than 
those with high level. The induction of somatic 
embryos occurs directly or indirectly from roots, 
leaves, stems, and immature zygotic embryos; 
petioles and petals are also proved to be effi cient 
in many  Rosa  species (Rout et al.  1991 ; Sarasan 

11 Somatic Embryogenesis and Agrobacterium-Mediated Genetic Transformation…



172

et al.  2001 ; Li et al.  2002a ; Kim et al.  2003 , 
 2009b ; Kaur et al.  2006 ). The comparison studies 
using different types of explants illustrate that 
young leaf is the best material for direct induc-
tion of somatic embryos (Bao et al.  2012 ; Xing 
et al.  2014a ).  

11.2.1.3     The Plant Growth 
Regulator (PGR)  

 It is universally acknowledged that PGRs are 
the essential factor of somatic embryogenesis in 
many plant species. Only a limited number of 
cases reveal somatic embryo induction directly 
on specifi c explants without PGRs (Evans et al. 
 1981 ; Kim et al.  2003 ). The auxin and cytokinin 
were commonly applied in promoting somatic 
embryos; the types and concentration of PGRs 

are, however, different in different cultivars and 
explants. In  Rosa  species, 2,4-D, NAA, pCPA, 
and 2,4,5-T are usually used as auxin, while 
commonly used cytokinin are BA, kinetin, and 
zeatin. Among those, high concentrations of 
2,4-D are usually applied to induce embryonic 
tissues in rose (Marchant et al.  1996 ; Hsia and 
Korban  1996 ; Kaur et al.  2006 ; Kim et al. 
 2009a ). Other studies indicated that the combi-
nation of high concentration of auxin (2,4-D) 
with cytokinin (BA, kinetin, etc.) can promote 
the formation of embryogenic calluses, while 
2,4-D used alone produced somatic embryos 
directly on leafl et. In addition, the concentration 
of PGRs needed to be decreased in the matura-
tion of somatic embryos (Bao et al.  2012 ; Xing 
et al.  2014a ).  

  Fig. 11.1    Schedule map of the strategy to generate trans-
genic plant in  Rosa rugosa  or  Rosa bybrida  developed in 
our lab. Step 1: The development of primary somatic 
embryos from in vitro culture rose young leaf. Step 2: 
Repeated cycle proliferation of secondary somatic 

embryos. Step 3: Transformed secondary embryos harbor-
ing  GUS  reporter gene. Step 4: Plantlets regenerated from 
non-transformed or transformed secondary embryos. 
Note: Part of photos derived from our previous reports 
(Xing et al.  2014a ,  b )       
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11.2.1.4     Light and Temperature 
 In rose somatic embryogenesis, darkness is noted 
to be superior for primary somatic embryo induc-
tion than light condition (Murali et al.  1996 ; Kim 
et al.  2003 ; Kaur et al.  2006 ; Estabrooks et al. 
 2007 ). Chen et al. ( 2014 ) found that red light 
treatment (7.2 μmol m −2 s −1 ) generated more num-
bers of embryos from embryogenic calli, pro-
moted storage protein synthesis, and increased 
somatic embryogenesis in China rose. Under 
light, explants turned brown and inclined to form 
calli; light also stimulated embryo proliferation 
and maturation of secondary somatic embryos. 
The optimal light condition has been confi rmed 
is 14–16 h photoperiod, 20–40 μmol m −2  s −1  
intensity. There are few reports that discussed the 
infl uence of temperature on embryogenesis. It 
was found that low-temperature treatment 
enhanced the germination of somatic embryos in 
some cultivars of rose (Rout et al.  1991 ; Roberts 
et al.  1995 ; Marchant et al.  1996 ).  

11.2.1.5     Carbohydrate 
 Carbohydrate not only provides the requirements 
of carbon sources but also infl uences the osmotic 
pressure of the culture medium. High concentra-
tion of carbohydrate imposes a high osmotic 
stress, which has been reported to promote 
somatic embryos formation (Agarwal et al.  2004 ; 
Bao et al.  2012 ). Glucose and sucrose are usually 
used to induce somatic embryos in  Rosa sp . 
Glucose promoted the formation of somatic 
embryos, and it is superior to sucrose, while 
medium supplemented with sucrose is advanta-
geous to secondary embryo germination and the 
plantlet growth (Bao et al.  2012 ).  

11.2.1.6     Basal Medium 
 In previous studies, MS (Murashige and Skoog 
basal medium), SH (Schenk and Hildebrandt 
basal medium), and WPM (Woody plant medium) 
medium were all employed as the basal medium 
in the induction and development of somatic 
embryos in  Rosa sp.  (Marchant et al.  1996 ; 
Estabrooks et al.  2007 ; Kim et al.  2009a ,  b ; Bao 
et al.  2012 ). Of which, MS medium has been 
widely used in somatic embryogenesis, when 
leafl ets, petioles, zygotic embryos, and immature 

zygotic embryos were used as explants (de Wit 
et al.  1990 ; Kim et al.  2003 ,  2009a ; Kaur et al. 
 2006 ). The comparative analysis of MS and 
WPM medium indicated that somatic embryo 
was only induced in MS on leafl et and petiole 
explants (Estabrooks et al.  2007 ). Marchant et al. 
( 1996 ) successfully induced somatic embryos 
when culturing petiole and root explants on SH 
medium, and the induction effect of SH was 
noted to be superior to MS. Kim et al. ( 2009b ) 
also obtained embryogenic calluses and somatic 
embryos from root explants on SH medium. 
These demonstrated that SH medium is suitable 
for somatic embryogenesis with root explants, 
and MS medium is more responsive with leafl et, 
petiole, and zygotic embryo explants.  

11.2.1.7     The Additives 
 Antioxidants (dithioerythritol, charcoal, silver 
nitrate) and amino acids (L-proline) are com-
monly considered to promote the induction of 
somatic embryos. The browning of explants 
decreased with the presence of antioxidants; the 
antioxidants also reduced somatic embryogene-
sis effi ciency in other investigated cases (Pinto 
et al.  2008 ). L-proline promotes somatic embryo-
genesis, especially the primary somatic embryo-
genesis through promoting organic nitrogen 
supply and in resisting against possible stress. 
L-proline also promotes the formation of abnor-
mal embryos in later stage of embryo maturation 
(Marchant et al.  1996 ; Kaur et al.  2006 ).   

11.2.2     Maintenance and Germination 
of Secondary Somatic 
Embryos 

 Cycle secondary somatic embryogenesis pro-
vides an effective method to maintain embryos, 
growing for long term, and the secondary somatic 
embryos still have the ability of regeneration in 
rose. Li et al. ( 2002a ) fi rst reported the successful 
proliferation and germination of somatic embryos 
in  Rosa hybrida . Subsequently, the proliferation 
and maturation of secondary embryos succeeded 
in many rose species (Vergne et al.  2010 ; Bao 
et al.  2012 ; Xing et al.  2014a ). In addition, 
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 secondary somatic embryos also proved to be the 
optimal material for genetic transformation in 
rose. In our laboratory, repeated secondary 
somatic embryos of rose have been successfully 
used in genetic transformation after cycle prolif-
eration for about 3–4 years (shown in Fig.  11.1 , 
step 2). 

 PGRs play an important role in secondary 
somatic embryogenesis. Low concentration of 
auxins alone or in combination with cytokinins is 
suitable for somatic embryo proliferation and 
germination. Several studies demonstrated that 
auxin-free or low concentration of 2,4-D contrib-
utes to the development and germination of 
somatic embryos. BA is the most potent PGR for 
somatic embryo germination in many rose culti-
vars. GA 3 , IAA, and TDZ are also important in 
stimulating the emergence of buds (Rout et al. 
 1991 ; Kintzios et al.  1999 ; Bao et al.  2012 ). 
Sarasan et al. ( 2001 ) indicated that BA and 
methyl laurate both promoted the development 
and increased frequency of bipolar embryo ger-
mination in hybrid rose. After shoot bud appear-
ance, shoot elongation was observed on those 
medium amended with BA and NAA or PGR- 
free medium. Rooting was achieved by culturing 
on low PGR or PGR-free medium (Table  11.1 ).

11.2.3        Molecular Mechanism 
of Somatic Embryogenesis 

 It is generally known that somatic embryo has the 
cellular totipotency. Somatic embryogenesis 
involves dedifferentiation and redifferentiation of 
cells through the complex molecular interactions. 
The procedure of somatic embryogenesis is 
always accompanied by the changes of the 
endogenous substances and the expression of 
embryonic related gene. Advanced molecular 
techniques lead to the identifi cation of some mas-
ter genes in somatic embryogenesis with the aid 
of bioinformatic tools. Li et al. ( 2014 ) found that 
somatic embryogenesis receptor kinase ( SERK) , 
arabinogalactan proteins (AGPs), and members 
of the WUS-related homeobox protein family 
may play important roles in the early stage of 
somatic embryogenesis of  Picea balfouriana  by 

transcriptome analysis. In cotton, the hormone 
responsive genes, signal transduction pathway 
(SERKs), and transcription factors (AP2/ERF, 
WUS, AGL15) are found associated with somatic 
embryogenesis (Yang and Zhang  2010 ). Despite 
the fact that many genes and pathways are 
involved in SE, very few genes were functionally 
characterized. Beside the level of PGRs, soluble 
protein and other endogenous substances are also 
altered along with somatic embryogenesis. The 
addition of arabinogalactan proteins with PGRs 
to the somatic embryogenesis medium may be 
very effi cient in inducing or promoting somatic 
embryos. 

 Some candidate genes of somatic embryogen-
esis had been identifi ed and assigned to specifi c 
chromosome regions in some plants; it lead us to 
summarize that genotype is the decisive factor 
for the induction of primary somatic embryos. 
The optimal environment promoting those 
embryo-related gene expressions is also the key 
factor in inducing and improving somatic 
embryogenesis effi ciency. Although most species 
of plants have the potential to produce somatic 
embryos, the sensitivity and diffi culty level of 
induction of somatic embryos are different. In 
rose plants, the embryos are induced successively 
demonstrating that the optimal conditions acti-
vate the expression of embryo-related genes, 
which later stimulate the induction of somatic 
embryos.  

11.2.4     Effi cient Protocol of Somatic 
Embryogenesis in  Rosa  sp. 

11.2.4.1     Establishing of Sterile 
Shoots 

 In our previous experiments, the somatic embryos 
had been induced directly from the in vitro leaves 
of  R. rugosa ,  R. hybrida , and  R. multifl ora , 
respectively. The sterile shoots, which provided 
the reliable source of leaves for induction of 
somatic embryos, should be proliferated fi rst. 
The optimal protocols of proliferating shoots are 
the same for the three kinds of  Rosa sp.  devel-
oped in authors’ laboratory. The robust and vig-
orous stems without leaves were selected and 
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washed under running water for 30 min. The 
stems were cut into single nodal sections (approx. 
4 cm in length), then subsequently immersed in 
70 % (v/v) ethanol for 30 s, 0.1 % (w/v) mercuric 
chloride for 12 min, and rinsed three times with 
sterile distilled water. One (1) cm length of stem 
fragment was cut from each end of the nodal sec-
tions and discarded, and the remaining explants 
were placed onto MS (Murashige and Skoog 
basal medium) medium supplemented with 0.5 
mg/l BA, 0.01 mg/l NAA, 30 g/l sucrose, and 7.5 
g/l agar. After sprouting, the shoots were excised 
and subcultured every 4 weeks on the same fresh 
medium to maintain the growth and proliferation 
of shoots. All the cultures were incubated at 
24 ± 2 °C, under a 14 h photoperiod with a light 
intensity of 20–40 μmol m −2  s −1  provided by cool 
white fl uorescent lights (detail reference to Bao 
et al.  2012 ).  

11.2.4.2    Primary Somatic 
Embryogenesis 

 Unexpanded leaves, applied for primary somatic 
embryo induction directly, were excised from the 
in vitro culture sterile shoots. Then, the com-
pound leaves were divided into three or fi ve sepa-
rate leafl ets with the respective petioles present. 
All the abaxial surface of leafl ets was placed 
down onto the MS medium containing 30 g/l glu-
cose and 3.0 mg/l Phytagel. The optimal medium 
supplemented with 2,4-D alone stimulated 
somatic embryos formation for  R. hybria  and  R. 
multifl ora . The medium with combinations of 
kinetin and 2,4-D is suitable for the induction of 
somatic embryos of  R. rugosa  directly. 
Supplementation of kinetin (0.05 mg/l) and 2,4-D 
increased the frequency of somatic embryo 
induction than using 2,4-D alone for  R. rugosa . 
However, the high concentration of 2,4-D (3.0–
4.0 mg/l) is indispensability in the formation of 
somatic embryos of the three  Rosa spp . from 
leafl ets. All the cultures were incubated at 24 ± 2 
°C, under darkness for 2 months, and subcultured 
onto the same fresh medium every 4–5 weeks 
(shown in Fig.  11.1 , step1).  

11.2.4.3    Proliferation 
and Maintenance 
of Secondary Somatic 
Embryos 

 Although the rate of primary somatic embryo ini-
tiation was low (4–5 %), secondary somatic 
embryos could be effi ciently induced from pri-
mary embryos. Cultured on MS medium supple-
mented with 30–45 g/l glucose, 1.0 mg/L 2,4-D, 
and 0.01–0.05 mg/L BA, secondary somatic 
embryos at all stages like globular, heart, and 
cotyledonary somatic embryos were observed 
without browning and abnormal morphology. 
Generally, the added BA promoted secondary 
somatic embryo proliferation, but usually the 
proliferated somatic embryos turned green and 
germinated as the concentration of BA increas-
ing. In addition, it was observed that cyclic sec-
ondary somatic embryos developed vigorously 
and proliferated well in the weak light (light 
intensity of 10–20 μmol m −2  s −1 ). The strong light 
causes a negative effect on embryo proliferation 
like easier germination and abnormal embryos in 
 R. multifl ora  and  R. Rugosa.  All the cultures were 
maintained for about 3–4 years in this medium by 
continuously subculturing on same fresh medium 
every 4–5 weeks at 24 ± 2 °C (shown in Fig.  11.1 , 
step 2).  

11.2.4.4    Secondary Somatic Embryos 
Germination and Plantlets 
Regeneration 

 Maturated and germinated somatic embryos were 
observed by transferring the somatic embryos to 
germination medium. In the three  Rosa  species, 
BA is the essential PGR for the germination of 
somatic embryos. The combination of 0.5 mg/l 
BA and 1.0 mg/l TDZ promoted the germination 
of somatic embryos than used BA alone in  R. 
hybrida  and  R. multifl ora  species. In medium 
containing 1/2 MS and BA alone, the highest ger-
mination frequencies of somatic embryos were 
obtained in  R. rugosa . When the cotyledonary 
secondary somatic embryos were transferred to 
the germination medium, the cotyledons or the 
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whole embryo turned green and showed sprout-
ing. The embryo regenerated plantlets of  Rosa sp . 
were cultured under light for 2–3 months on the 
shoots elongation and rooting medium (Table 
 11.2 ), later transferred to the mixture soil consist-
ing of turf soil + garden soil + sand (2:2:1; v/v/v) 
and then grown in the greenhouses.

11.3          Genetic Transformation 
via Somatic Embryos 

 Genetic transformation is a convenient and effi -
cient method for the studies of gene function, and 
it improves the specifi c characters without chang-
ing other traits. In the past studies, the effective 
systems of genetic transformation had been 
established in many herbal and woody plants. 

11.3.1     Genetic Transformation 
in  Rosa  sp. 

 The  Agrobacterium- mediated transformation is 
proved to be the most effi cient and successful 
method used widely. In  Rosa  species, the trans-
genic plants have been obtained from  R. rugosa, 
R. hybrida, R. chinensis  and other rose through 
 Agrobacterium- mediated transformation (Table 
 11.3 ). Though microprojectile bombardment 
(Marchant et al.  1998a ) and PEG-mediated pro-
toplast transformation (Schum and Hofmann 
 2001 ) were documented, the effi ciency of trans-
formation is low.  Agrobacterium- mediated trans-
formation is proved to be the most effective 
approach for rose.

   Marchant et al. ( 1998a ) successfully per-
formed transformation using embryogenic callus 
of rose by microprojectile bombardment. It 
resulted in production of transgenic plants and 
the effi ciency of transformation is 15.6 % higher 
than the effi ciency of  Agrobacterium- mediated 
transformation. While in this experiment, 2–6 
copies of target gene had been inserted to the rose 
genome. The fi rst rose  Agrobacterium- mediated 
transformation was reported by Firoozabady 
et al. ( 1994 ) via somatic embryogenesis pathway 
in  Rosa hybrida  cv. Royalty. Since then, the suc-
cessful establishment of  Agrobacterium- 
 mediated transformation system had been 
reported continuously in rose. In addition, the 

   Table 11.2    MS medium added with various PGR levels 
for somatic embryo germination and plant development in 
rose   

 Species  Medium type  Composition 

  R. rugosa 
‘Bao white’  

 Germination 
medium 

 1/2 MS + 1.0 mg/L 
BA + 30 g/L 
glucose + 3.0 g/L 
Phytagel 

 Shoots 
elongation 
medium 

 MS + 0.5 mg/L 
BA + 0.01 mg/L 
MAA + 30 g/L 
glucose + 7.5 g/L agar 

 Rooting 
medium 

 1/2MS + 0.5 mg/L 
IBA + 30 g/L 
glucose + 7.5 g/L agar 

  R. hybrida  
‘ Samantha ’ 

 Germination 
medium 

 MS + 0.5 mg/L 
BA + 1.0 mg/L 
TDZ + 30 g/L 
glucose + 3.0 g/L 
Phytagel 

 Shoots 
elongation 
medium 

 1/2 MS + 0.05 mg/L 
NAA + 30 g/L 
glucose + 7.5 g/L agar 

 Rooting 
medium 

  R. multifl ora 
var. carnea  

 Germination 
medium 

 MS + 0.5 mg/L 
BA + 1.0 mg/L 
TDZ + 30 g/L 
glucose + 3.0 g/L 
Phytagel 

 Shoots 
elongation 
medium 

 MS + 0.5 mg/L BA+ 
0.01 mg/L NAA + 30 
g/L glucose + 3.0 g/L 
Phytagel 

 Rooting 
medium 

 1/2MS + 0.5 mg/L 
IBA + 30 g/L 
glucose + 7.5 g/L agar 
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method of PEG-mediated protoplast transforma-
tion had been reported by Schum and Hofmann 
( 2001 ) using  GFP -gene as reporter and obtained 
stable transformation. Currently, many attempts 
have been made to improve the effi ciency of 
transformation, and some target genes have been 
inserted to the rose genome in improving the 
agronomic traits.  

11.3.2     Factors Affecting 
 Agrobacterium -Mediated 
Transformation 

 The two aspects are mainly involved in 
 Agrobacterium- mediated transformation: (1) 
transforming ability of a gene into target genome 
by  Agrobacterium  and (2) regenerating ability of 
a transformed cell (Juturu et al.  2015 ). Factors 
involved in these two steps include genotype, the 
type, and stage of acceptors, the  Agrobacterium  
strain, the method of regeneration (somatic 
embryogenesis or organogenesis), pre-cultivation 
and cocultivation method, infection time, the 

concentration of bacteria, and additives (such as 
osmotic treatment reagent, acetosyringone). 
Establishing a high-effi cient plant regeneration 
system is the important prerequisite of successful 
genetic transformation, and then fi nding out the 
optimal combination condition of the above fac-
tors is also helpful to improve the effi ciency of 
transformation. 

11.3.2.1    Type of Acceptors 
 Somatic embryos and embryogenic callus are the 
best receptors applied for genetic transformation 
because of easy regeneration and less mosaic 
nature. In fact, the plant tissues (leaf, stem, peti-
ole, root, fl ower, etc.) have been used for trans-
formation, but attempts were found unsuccessful 
in obtaining normal transgenic plants with stable 
expression of target gene (Firoozabady et al. 
 1994 ; Li et al.  2002b ). Li et al. ( 2002b ) fi rst 
reported on developing a transformation protocol 
for rose using a secondary somatic embryogene-
sis system. In this experiment, embryogenic cal-
lus, leaf, and undifferentiated callus were used as 
explants for transformation. Ultimately, the 

    Table 11.3    Transformation systems used in representative rose plant   

 Species  Explants 
 Agrobacterium 
strains  Transformed gene 

 Effi ciency of 
transformation  References 

  R. hybrida  
‘Careful 
Beauty’ 

 Embryogenic 
callus 

 GV3101 ( A. 
tumefaciens ) 

  GUS   9 %  Li et al.
( 2002b ) 

  R. hybrida  
‘Royalty’ 

 Embryogenic 
callus 

 LBA4404 (  A. 
rhizogenes ) 

  GUS   Over 100 transgenic 
plants obtained 

 Firoozabady 
et al. ( 1994 ) 

  R. hybrida  
‘Anny’ 

 Somatic embryos  LBA 4404 ( A. 
tumefaciens ) 

  Phosphinothricin 
acetyltransferase 
(PAT)  

 10 transgenic 
plantlets obtained 

 Borissova et al. 
( 2005 ) 

  R. hybrida  
‘Saltze Gold’ 

 3 transgenic 
plantlets obtained 

  R. hybrida  
‘Tineke’ 

 Embryogenic 
callus 

 LBA 4404 ( A. 
tumefaciens ) 

  GFP   6.6–12.6 % calluses 
with GFP expression 

 Kim et al. 
( 2004 ) 

  R. hybrida  
‘Linda’ 

 Embryogenic 
callus 

 AGL1 ( A. 
tumefaciens ) 

  P   SAG12   -ipt   10 %  Zakizadeh 
et al. ( 2013 ) 

  Rosa chinensis  
‘Old Blush’ 

 Somatic embryos  EHA105 ( A. 
tumefaciens ) 

  GUS   3–9 %  Vergne et al. 
( 2010 ) 

  R. rugosa  ‘Bao 
white’ 

 Somatic embryos  EHA105 ( A. 
tumefaciens ) 

  GUS   11.40 %  Xing et al. 
( 2014a ) 

  FT   Transgenic plantlets 
obtained 

 Xing et al. 
( 2014b ) 

  R. canina   PLBs 
(protocorm-like 
bodies) 

 GV3101 ( A. 
tumefaciens ) 

  GUS   Transgenic plantlets 
obtained 

 Bi et al. ( 2012 ) 
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groups obtained 10 transgenic rose plants via 
embryogenic callus transformation. The result 
clearly indicated that the use of embryogenic cal-
lus as explant is superior to leaf, callus, and other 
tissues in rose.  

11.3.2.2    Antibiotics 
in Transformation 

 Antibiotics like cephalosporin, kanamycin, and 
hygromycin are commonly used for select 
resistant plants, and the concentration of antibi-
otics affected transformation effi ciency (Xing 
et al.  2014a ,  b ). In rose transformation, antibi-
otics may have an inhibitory effect on callus 
induction from plant organs under long expo-
sure of antibiotics selection pressure, and the 
developed putative transgenic callus may lose 
the ability to differentiate into embryogenic 
callus and unable to convert into a plantlet. Li 
et al. ( 2002b ) noted that carbenicillin com-
pletely inhibited shoot regeneration from leaf, 
undifferentiated callus, and embryogenic callus 
in  Rosa hybrida  ‘Carefree Beauty’. Using suit-
able carbenicillin and cefotaxime antibiotics 
foe specifi c rose species, Vergne et al. ( 2010 ) 
established a transformation system of  R. chi-
nensis  using primary somatic embryo explants, 
and transformation effi ciency ranged between 
three and nine percent. Xing et al. ( 2014a ) fi rst 
developed a stable and effi cient  Agrobacterium-
 mediated transformation protocol using sec-
ondary somatic embryo explants in  R. rugosa ; 
the transformation effi ciency was 11.4 %. The 
results indicated that secondary somatic 
embryos as explants could improve the effi -
ciency of transformation with its potent ability 
of regeneration.  

11.3.2.3     Agrobacterium  Strains, 
Concentration, 
and Infection Time  

 The use of  Agrobacterium  strains like GV3101 
(Li et al.  2002b ), LBA4404 (Borissova et al. 
 2005 ), AGL1 (Zakizadeh et al.  2013 ), and 
EHA105 (Xing et al.  2014a ,  b ) has been reported 
in the development of transgenic rose (Table 
 11.3 ). These results have shown that the diversity 
of  Agrobacterium  strains and plasmids have no 

signifi cant difference in transformation. The 
 Agrobacterium  density and cocultivation time 
played an important role in the frequency of 
transformation. The high frequency of resistant 
embryos was obtained with  Agrobacterium  den-
sity (OD 600 ) 0.2 ~ 0.6, of which the somatic 
embryos were inoculated for 30–60 min in bacte-
rial suspension, then cocultivated for 48 h (Li 
et al.  2003 ; Borissova et al.  2005 ; Xing et al. 
 2014a ). The long time of inoculation and cocul-
ture with bacteria may lead to decrease transfor-
mation effi ciency. In rose transformation, the 
cocultivation medium was usually supplemented 
with acetosyringone (AS) to enhance the trans-
formation effi ciency. There are many studies that 
show that phenolic substance like AS can activate 
the vir gene and guide the T-DNA transferred to 
plant genome. 

 Many rose cultivars are known to be recalci-
trant to transformation, so fi nding a solution to 
improve the transformed effi ciency is necessary. 
Micro trauma treatment (Georgiev et al.  2011 ), 
drying treatment (Pollin et al.  2006 ), antioxidants 
(Dan  2008 ), surfactant utilization (Liu et al. 
 2008 ), and other methods had been reported to 
improve transformed effi ciency in many species. 
Till today, all transformation protocols published 
in roses proved that embryogenic callus and 
somatic embryos both are appropriate explants 
for transgenic plant production. No matter which 
explants are used, induction of secondary somatic 
embryogenesis is especially important for trans-
formation and can be applied for a wide range of 
rose species.   

11.3.3      Agrobacterium- Mediated 
Transformation via Somatic 
Embryos in  Rosa  spp. 

 In our present study, an effi cient  Agrobacterium- 
 mediated transformation system via repetitive 
secondary somatic embryogenesis had been 
developed in  R. hybrida  ‘Samantha’ and  R. 
rugosa  ‘Bao white’(Fig.  11.1 ). The effective 
methods of genetic transformation are recom-
mended as follows (Ning et al.  2012 ; Xing 
et al.  2014a ). 
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11.3.3.1    Bacterial Preparation 
 Bacterial cells are cultured in liquid LB (Luria- 
Bertani) medium supplemented with antibiotic 
(kanamycin is usually used) and then incubated 
in shaker incubator at 28 °C and 200 rpm for 
about 8–12 h until the optimal OD 600  of bacteria 
(0.4–0.6). Bacterial cells are harvested in liquid 
MS supplemented with 100–200 μM/L aceto-
syringone and then incubated about 2 h.  

11.3.3.2     Agrobacterium  Infection 
 The globular stage somatic embryo clumps were 
immersed in bacterial suspension liquids for 
40–60 min. Subsequently after dried on a steril-
ized fi lter paper, the tissues were cocultivated 
with  Agrobacterium  for 2–3 d in the cocultivation 
medium under darkness. The cocultivation 
medium is the secondary somatic embryo prolif-
eration medium supplemented with 100–200 
μM/L acetosyringone.  

11.3.3.3    Selection and Regeneration 
 After cocultivation, somatic embryos were trans-
ferred into selection and proliferation medium. 
After 2 months slection on proliferation mediu-
mon, the antibiotic-resistant somatic embryos 
were seperatedand transferred to germination 
medium for 2 months. The antibiotic-resistant 
shoots were subcultured onto selection and shoot 
elongation medium for 1 month. Vigorously 
growing antibiotic-resistant shoots were trans-
ferred to selection rooting medium for 1 month 
for rooting. When the positive plantlets rooted, 
transferred them to the soil and grown in the 
greenhouse. During selection process, explants 
were subcultured to a fresh selection medium 
once every 2–4 weeks. The medium, used for 
selection and regeneration, were the same as sec-
ondary somatic embryo proliferation, germina-
tion, shoot elongation, and root induction medium 
except for supplementing with different concen-
trations of antibiotic.  

11.3.3.4    Identifi cation of Transgenic 
Plants 

 GUS assay, GFP expression assay, and Southern 
blotting are effi cient and frequently used meth-

ods in establishing a system of genetic transfor-
mation. GUS assay can identify the positive 
plants directly through histochemical stain when 
 GUS  is used as the reporter gene. If  GFP  is used 
as reporter gene, the positive plants could be 
examined by observation under a fl uorescence 
microscope. Southern blotting has been used to 
detect the copy number of target gene in plants. 
The detailed process of identifi cation refers to 
our previous articles (Xing et al.  2014a ,  b ).   

11.3.4     Transgenic Research 
in  Rosa  spp. 

 Breeding of rose cultivars with fungal disease 
resistance is the dream of all the rose breeders. Up 
to now, several successful rose improvements 
against fungal disease resistance was published, 
which focused primarily on black spot and pow-
dery mildew diseases. The black spot disease, 
powdery mildew, downy mildew, and rust are 
most widespread and pernicious fungal diseases 
in  Rosa  species. Marchant et al. ( 1998b ) success-
fully applied transformation procedure to intro-
duce a rice gene, encoding a basic (class I) 
chitinase into the black spot-susceptible rose 
( Rosa hybrida  L.) cv. Glad Tidings. Bioassays 
demonstrated that expression of the chitinase 
transgene reduced the severity of black spot 
development by 13–43 % (Marchant et al.  1998b ). 
Subsequently, according to  Agrobacterium-
 mediated transformation protocol, different com-
binations of three antifungal resistance genes 
encoding a class 1 chitinase and a type 1 ricosome 
inhibiting protein from barley as well as the T4 
lysozyme gene were introduced into two garden 
rose cultivars by Dohm et al. ( 2001 ). The results 
showed that the severity of black spot disease 
development was reduced by 60 %. On the other 
hand, in the study of powdery mildew resistance, 
an antimicrobial protein gene,  Ace-AMP1 , was 
introduced into  Rosa hybrida  cv. Carefree Beauty 
via  Agrobacterium -mediated transformation by 
Li et al. ( 2003 ). Transgenic rose lines inoculated 
with conidial spores showed enhanced resistance 
to powdery mildew (Li et al.  2003 ). 
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 The suitable growth temperature for roses was 
20–28 °C. Defoliation will happen and many 
branches will perish at low temperature. Chen 
et al ( 2010 ) successfully introduced the 
 MtDREB1C  gene, isolated from  Medicago trun-
catula , driven by the Arabidopsis rd29A pro-
moter into China rose. It was observed that the 
transgenic line exhibited markedly increased 
freezing tolerance in comparison to untrans-
formed controls, without any obvious morpho-
logical or developmental abnormality. 

 Although modern roses ( Rosa hybrida ) 
resulted from extensive hybridization of wild 
rose species have various fl ower colors, violet to 
blue fl ower varieties are not created by rose 
breeders through traditional methods due to the 
absence of delphinidin-based anthocyanins 
(Holton and Tanaka  1994 ). Now, genetic trans-
formation technology provided the opportunity 
for breeders to create blue roses. By downregu-
lating the endogenous dihydrofl avonol 
4- reductase ( DFR ) gene and overexpressing the 
 Iris × hollandica DFR  gene and the viola  F3'5'H  
gene in rose, Katsumoto et al. ( 2007 ) created 
roses with blue hues fl owers which could not be 
achieved by hybridization breeding. 

 Rose was the most popular cut fl ower. Leaf 
senescence and the release of ethylene are some 
of the signifi cant problems for cut fl ower preser-
vation during postharvest handling of roses. 
Transformation of rose plants with fusion gene, 
ligating SAG12 promoter from  Arabidopsis  to 
the  ipt  gene from  A. tumefaciens  ( PSAG12-ipt ), 
resulted in signifi cantly delayed leaf senescence 
and increased ethylene resistance due to specifi c 
upregulation of the  ipt  gene under senescence 
promoting conditions (Zakizadeh et al  2013 ).   

11.4     Future Perspectives 

 In recent years, signifi cant progress has been 
made in the area of rose molecular biology. A 
large number of genomic, transcriptional, and 
functional annotated sequences can be obtained 
from the genome database for Rosaceae (GDR) 
(  http://www.rosaceae.org/node/1    ). In addition to 
these, several resources of roses have been devel-

oped, including the expressed sequence tag 
(EST) database, cDNA libraries, and microarrays 
(Ogata et al.  2005 ; Foucher  2009 ; Hirata et al. 
 2012 ). These resources provide rose breeders and 
researchers with a range of opportunities for the 
rose improvement as well as the analysis of gene 
function by transgenic approaches. Using effi -
cient transformation systems described above to 
develop roses with varies agronomic traits 
appears to be a feasible approach. Transgenic 
approaches are likely to become routine for the 
elucidation of gene function by overexpression, 
suppression, or complementation testing in the 
appropriate genetic background (Yamada et al. 
 2012 ). 

 Up to now, almost all the successful develop-
ment of transformation systems published 
focused on rose cultivars. In  Rosa , there are many 
other economically important species, such as 
 Rosa rugosa  and  Rosa damasica  which are the 
major material of rose essential oil as well as 
 Rosa laevigata  and  Rosa roxburghii , which are 
important medical materials. To our best 
acknowledge, the investigation of transformation 
system of these species have not yet been 
reported. Therefore, there is great expectation 
when the successful transformation system of 
many other rose species will be established, and 
much work is needed to establish the transforma-
tion system for specifi c rose so that it can be use-
ful to a range of genotypes. Somatic 
embryogenesis, widely used in transformation 
system of rose cultivars (Kim et al.  2004 ; Chen 
et al.  2010 ; Katsumoto et al.  2007 ; Zakizadeh 
et al.  2013 ), appears to be a feasible approach to 
achieve the regeneration of transgenic plants in 
other rose species. 

 To fulfi ll the economical and scientifi c 
research requirements, genetic engineering is 
taking an important role in enhancing rose toler-
ance to biotic and abiotic stresses, adding desir-
able traits and determining gene function. In the 
near future, rose genetic transformation will not 
be a diffi cult task. Along with this, evaluation of 
the potential risk of transgenic plants for environ-
ment needs to be made. When the consumers 
accept genetically engineered roses, transgenic 
rose commercialization will become a reality, 
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which will introduce more desirable traits into 
commercially important  Rosa  species.     

   References 

    Agarwal S, Kanwar K, Sharma DR (2004) Factors affect-
ing secondary somatic embryogenesis and embryo 
maturation in  Morus alba  L. Sci Hortic 102:359–368  

    Ahmadi N, Mibus H, Serek M (2008) Isolation of an 
ethylene- induced putative nucleotide laccase in minia-
ture roses ( Rosa hybrida  L.). J Plant Growth Regul 
27:320–330  

                  Bao Y, Liu GF, Shi XP, Xing W, Ning GG, Liu J, Bao MZ 
(2012) Primary and repetitive secondary somatic 
embryogenesis in  Rosa hybrid  ‘Samantha’. Plant Cell 
Tiss Org Cult 109:411–418  

    Bi L, Liu F, Dong A (2012) Establishment of genetic 
transformation system in protocorm like-body (PLB) 
of  Rosa canina . Acta Agric Nucl Sin 26:270–274  

      Borissova A, Hvarleva T, Bedzhov I, Kondakova V, 
Atanassov A, Atanassov I (2005)  Agrobacterium  
mediated transformation of secondary somatic 
embryos from  Rosa hybrida  L. and recovery of trans-
genic plants. Biotechnol Biotechnol Equip 19:70–74  

      Chen R, Lv J, Liu R, Xiong X, Wang T, Chen S, Guo L, 
Wang H (2010) DREB1C from  Medicago truncatula  
enhances freezing tolerance in transgenic  M. truncat-
ula  and China Rose ( Rosa chinensis  Jacq.). J Plant 
Growth Regul 60:199–211  

    Chen JR, Wu L, Hu BW, Yi X, Liu R, Deng ZN, Xiong 
XY (2014) The infl uence of plant growth regulators 
and light quality on somatic embryogenesis in China 
Rose ( Rosa chinensis  Jacq.). J Plant Growth Regul 
33:295–304  

    Dan Y (2008) Biological functions of antioxidants in plant 
transformation. In Vitro Cell Dev Biol Plant 
44:149–161  

     Dohm A, Ludwig C, Schilling D, Debener T (2001) 
Transformation of roses with genes for antifungal pro-
teins. Acta Hortic 547:27–33  

    Dohm A, Ludwig C, Schilling D, Debener T (2002) 
Transformation of roses with genes for antifungal pro-
tein to reduce their susceptibility to fungal diseases. 
Acta Hortic 572:105–111  

        Estabrooks T, Browne R, Dong ZM (2007) 2, 4, 
5-Trichlorophenoxyacetic acid promotes somatic 
embryogenesis in the rose cultivar ‘Livin’ Easy’ ( Rosa 
sp. ). Plant Cell Rep 26:153–156  

    Evans DA, Sharp WR, Flick CE (1981) Growth and 
behavior of cell cultures. In: Thorp TA (ed) Plant tis-
sue culture – methods and application in agriculture. 
Academic Press, New York, pp 45–113  

       Firoozabady E, Moy Y, Courtney-Gutterson N, Robinson 
K (1994) Regeneration of transgenic rose ( Rosa hyb-
rida ) plants from embryogenic tissue. Nat. Biotech 
12:609–613  

    Foucher F (2009) Functional genomics in Rose, genetics 
and genomics of  Rosaceae . Plant Genet Genomics 
Crop Model 6:381–392  

    Gaj MD (2004) Factors infl uencing somatic embryogen-
esis induction and plant regeneration with particular 
reference to  Arabidopsis thaliana  (L.) Heynh. Plant 
Growth Regul 43:27–47  

    Georgiev MI, Ludwig-Müller J, Alipieva K, Lippert A 
(2011) Sonication-assisted  Agrobacterium  rhizogenes 
mediated transformation of  Verbascun xanthophoeni-
ceum  Griseb. for bioactive metabolite accumulation. 
Plant Cell Rep 30:859–866  

    Gudin S (2000) Rose: genetics and breeding. Plant Breed 
Rev 17:59–189  

    Hattendorf A, Debner T (2006) Cloning and characteriza-
tion of resistance gene analogs from roses. Abstr Int 
Rosaceae Genomics Conf 3:72  

    Hirata H, Ohnishi T, Ishida H, Tomida K, Sakai M, Hara 
M, Watanabe N (2012) Functional characterization of 
aromatic amino acid aminotransferase involved in 
2-phenylethanol biosynthesis in isolated rose petal 
protoplasts. J Plant Physiol 169:444–451  

    Holton TA, Tanaka Y (1994) Blue roses-a pigment of our 
imagination? Trends Biotechnol 12:40–42  

     Hsia C, Korban SS (1996) Organogenesis and somatic 
embryogenesis in callus cultures of  Rosa hybrida  and 
 Rosa chinensis minima . Plant Cell Tiss Org Cult 
44:1–6  

    Isabel N, Boivin R, Levasseur C, Charest P, Bousquet J, 
Tremblay FM (1996) Occurrence of somaclonal varia-
tion among somatic embryo-derived white spruces 
( Picea glauca , Pinaceae). Am J Bot 83:1121–1130  

    Juturu VN, Mekala GK, Kirti PB (2015) Current status of 
tissue culture and genetic transformation research in 
cotton ( Gossypium spp. ). Plant Cell Tiss Org Cult 
120:813–839  

      Katsumoto Y, Fukuchi-Mizutani M, Fukui Y, Brugliera F, 
Holton TA, Karan M, Nakamura N, Yonekura- 
Sakakibara K, Togami J, Pigeaire A, Tao G, Nehra NS, 
Lu C, Dyson BK, Tsuda S, Ashikari T, Kusumi T, 
Mason JG, Tanaka Y (2007) Engineering of the rose 
fl avonoid biosynthetic pathway successfully generated 
blue-hued fl owers accumulating delphinidin. Plant 
Cell Physiol 48:1589–1600  

         Kaur N, Pati PK, Sharma M, Ahuja PS (2006) Somatic 
embryogenesis from immature zygotic embryos of 
 Rosa bourboniana  Dsep. In Vitro Cell Dev Biol Plant 
42:124–127  

        Kim SW, Oh SC, Liu JR (2003) Control of direct and indi-
rect somatic embryogenesis by exogenous growth 
regulators in immature zygotic embryo cultures of 
rose. Plant Cell Tiss Org Cult 74:61–66  

      Kim CK, Chung JD, Park SH, Burrell AM, Kamo KK, 
Byrne DH (2004)  Agrobacterium tumefaciens  medi-
ated transformation of  Rosa hybrida  using the green 
fl uorescent protein ( GFP ) gene. Plant Cell Tiss Org 
Cult 78:107–111  

       Kim SW, Oh MJ, Liu JR (2009a) Somatic embryogenesis 
and plant regeneration in zygotic embryo explant cul-
tures of rugosa rose. Plant Biotechnol Rep 
3:199–203  

       Kim SW, Oh MJ, Liu JR (2009b) Plant regeneration from 
the root-derived embryonic tissues of  Rosa hybrida  L. 
cv. Charming via a combined pathway of somatic 

11 Somatic Embryogenesis and Agrobacterium-Mediated Genetic Transformation…



184

embryogenesis and organogenesis. Plant Biotechnol 
Rep 3:341–345  

     Kintzios S, Manos C, Makri O (1999) Somatic embryo-
genesis from mature leaves of rose ( Rosa sp. ). Plant 
Cell Rep 18:467–472  

       Li X, Krasnyanski S, Korban SS (2002a) Somatic embryo-
genesis, secondary somatic embryogenesis, and shoot 
organogenesis in  Rosa . Plant Physiol 159:313–319  

         Li X, Krasnyanski S, Korban SS (2002b) Optimization of 
the  uidA  gene transfer into somatic embryos of rose 
via  Agrobacterium tumefaciens . Plant Physiol 
Biochem 40:453–459  

      Li XQ, Gasic K, Cammue B, Broekaert W, Korban SS 
(2003) Transgenic rose lines harboring an antimicro-
bial protein gene,  Ace-AMP1 , demonstrate enhanced 
resistance to powdery mildew ( Sphaerotheca pan-
nosa ). Planta 218:226–232  

    Li Q, Zhang S, Wang J (2014) Transcriptome analysis of 
callus from  Picea balfouriana . BMC Genomics 
15:553  

    Liu SJ, Wei ZM, Huang JQ (2008) The effect of co- 
cultivation and selection parameters on Agrobacterium 
mediated transformation of Chinese soybean varieties. 
Plant Cell Rep 27:489–498  

          Marchant R, Davey MR, Lucas JA, Power JB (1996) 
Somatic embryogenesis and plant regeneration in 
Floribunda rose ( Rosa hybrida  L.) cvs. Trumpeter and 
Glad Tidings. Plant Sci 120:95–105  

     Marchant R, Davey MR, Lucas JA, Lamb CJ, Dixon RA, 
Power JB (1998a) Expression of a chitinase transgene 
in rose ( Rosa hybrida  L.) reduces development of 
blackspot disease ( Diplocarpon rosae  Wolf). Mol 
Breed 4:187–194  

     Marchant R, Power JB, Lucas JA, Davey MR (1998b) 
Biolistic transformation of rose ( Rosa hybrida  L.). 
Ann Bot 81:109–114  

    Maximova SN, Alemanno L, Young A, Ferriere N, Traore 
A, Guiltinan MJ (2002) Effi ciency, genotypic variabil-
ity, and cellular origin of primary and secondary 
somatic embryogenesis of  Theobroma cacao  L. In 
Vitro Cell Dev Biol Plant 38:252–259  

       Murali S, Sreedhar D, Lokeswari TS (1996) Regeneration 
through somatic embryogenesis from petal-derived 
calli of  Rosa hybrida  L. Arizona (hybrid tea). 
Euphytica 91:271–275  

    Ning GG, Xiao X, Lv HY, Li X, Zuo Y, Bao MZ (2012) 
Shortening tobacco life cycle accelerates functional 
gene identifi cation in genomic research. Plant Biol 
14:934–943  

    Norma LT, Chen X (1989) Genotype specifi city of the 
somatic embryogenesis response in cotton. Plant Cell 
Rep 8:133–136  

    Ogata J, Kanno Y, Itoh Y, Tsugawa H, Suzuki M (2005) 
Anthocyanin biosynthesis in roses. Nature 
435:757–758  

    Paul S, Dam A, Bhattacharyya A, Bandyopadhyay TK 
(2011) An effi cient regeneration system via direct and 
indirect somatic embryogenesis for the medicinal tree 

 Murraya Koenigii . Plant Cell Tiss Org Cult 
105:271–283  

    Pinto G, Silva S, Park YS, Neves L, Arauujo C, Santos C 
(2008) Factors infl uencing somatic embryogenesis 
induction in Eucalyptus globulus Labill.: basal 
medium and anti-browning agents. Plant Cell Tiss Org 
Cult 95:79–88  

    Pollin LD, Liang H, Rothrock RE, Nishii M, Diehl DL, 
Newhouse AE, Nairn CJ, Powell WA, Maynard CA 
(2006)  Agrobacterium -mediated transformation of 
American chestnut ( Castanea dentata  (Marsh.) 
Borkh.) somatic embryos. Plant Cell Tiss Org Cult 
84:69–78  

    Prakash MG, Gurumurthi K (2010) Effects of type of 
explant and age, plant growth regulators and medium 
strength on somatic embryogenesis and plant regener-
ation in  Eucalyptus camaldulensis . Plant Cell Tiss Org 
Cult 100:13–20  

    Roberts AV, Yoloya K, Walker S, Mottley J (1995) 
Somatic embryogenesis in  Rosa spp . In: Jain S, Gupta 
P, Newton R (eds) Somatic embryogenesis in woody 
plants, vol 2. Kluwer, Dordrecht, pp 277–289  

        Rout GR, Debata BK, Das P (1991) Somatic embryogen-
esis in callus culture of  Rosa hybrida  L. cv. Landora. 
Plant Cell Tiss Org Cult 27:65–69  

     Sarasan V, Roberts AV, Rout GR (2001) Methyl laurate 
and 6-benzyladenine promote the germination of 
somatic embryos of a hybrid rose. Plant Cell Rep 
20:183–186  

     Schum A, Hofmann K (2001) Use of isolated protoplasts 
in rose breeding. Acta Hortic 547:35–44  

    Sliva JAT, Zeng S, Galdiano RF, Dobranszki J, Cardoso 
JC, Vendrame WA (2014) In vitro conservation of 
 Dendrobium  germplasm. Plant Cell Rep 
33:1413–1423  

    Tian CW, Chen Y, Zhao XL, Zhao LJ (2008) Plant regen-
eration through protocorm-like bodies induced from 
rhizoids using leaf explants of  Rosa spp . Plant Cell 
Rep 27:823–831  

   Verde I, Abbott AG, Scalabrin S, Jung S, Shu S, Marroni 
F (2013) The high-quality draft genome of peach 
( Prunus persica ) identifi es unique patterns of genetic 
diversity, domestication and genome evolution. Nat 
Genet Nat Genet 45:1–10  

           Vergne P, Maene M, Gabant G, Chauvet A, Debener T, 
Bendahmane M (2010) Somatic embryogenesis and 
transformation of the diploid  Rosa chinensis  cv. Old 
Blush. Plant Cell Tiss Org Cult 100:73–81  

      Wit JC, Esendam HF, Honkanen JJ, Tuominen U (1990) 
Somatic embryogenesis and regeneration of fl owering 
plants in rose. Plant Cell Rep 9:456–458  

    Wu J, Liu C, Seng S, Khan MA, Sui J, Gong B, Liu C, Wu 
C, Zhong X, He J, Yi M (2015) Somatic embryogene-
sis and  Agrobacterium  mediated transformation of 
 Gladiolus hybridus  cv. ‘Advance Red’. Plant Cell Tiss 
Org Cult 120:717–728  

                   Xing W, Bao Y, Luo P, Bao MZ, Ning GG (2014a) An 
effi cient system to produce transgenic plants via cyclic 

Y. Shen et al.



185

leave-originated secondary somatic embryogenesis in 
Rosa rugosa. Acta Physiol Plant 36:2013–2023  

        Xing W, Wang Z, Wang XQ, Bao MZ, Ning GG (2014b) 
Over-expression of an FT homolog from Prunus 
mume reduces juvenile phase and induces early fl ow-
ering in rugosa rose. Sci Hortic 172:68–72  

    Yamada T, Takagi K, Ishimoto M (2012) Recent advances 
in soybean transformation and their application to 
molecular breeding and genomic analysis. Breed Sci 
61:480–494  

    Yang X, Zhang X (2010) Regulation of somatic embryo-
genesis in higher plants. Crit Rev Plant Sci 29:36–57  

        Zakizadeh H, Lutken H, Sriskandarajah S, Serek M, 
Muller R (2013) Transformation of miniature pot-
ted rose ( Rosa hybrida  cv. Linda) with  P   SAG12   -ipt  
gene delays leaf senescence and enhances resis-
tance to exogenous ethylene. Plant Cell Rep 
32:195–205  

    Zhang Q, Chen W, Sun L, Zhao F, Huang B, Yang W, Tao 
Y, Wang J, Yuan Z, Fan G, Xing Z, Han C, Pan H, 
Zhong X, Shi W, Liang X, Du D, Sun F, Xu Z, Hao R, 
Lv Y, Zheng Z, Sun M, Luo L, Cai M, Gao Y, Wang J, 
Yin Y, Xu X, Cheng T, Wang J (2012) The genome of 
 Prunus mune . Nat Commun 3:1318      

11 Somatic Embryogenesis and Agrobacterium-Mediated Genetic Transformation…



187© Springer India 2016 
A. Mujib (ed.), Somatic Embryogenesis in Ornamentals and Its Applications, 
DOI 10.1007/978-81-322-2683-3_12

      Embryogenesis in Ornamental 
Monocots: Plant Growth 
Regulators as Signalling Element                     

     A.     Mujib     ,     Muzamil     Ali    ,     Dipti     Tonk    ,     Tasiu     Isah    , 
and     Nadia     Zafar   

        A.   Mujib      (*) •    M.   Ali    •    D.   Tonk    •    T.   Isah    •    N.   Zafar    
  Cellular Differentiation and Molecular Genetics 
Section, Department of Botany ,  Hamdard University , 
  New Delhi   110062 ,  India   
 e-mail: amujib3@yahoo.co.in  

  12

    Abstract  

  The process of in vitro embryogenesis has several basic and applied appli-
cations especially in fast and mass propagation of elite ornamental germ-
plasm. In this chapter, somatic embryogenesis is described in two 
important ornamental plants. The select plants  Gladiolus  and  Caladium  
are the monocot genera, belonging to the family Iridaceae and Araceae in 
which in vitro embryogenesis were investigated. Indirect somatic embryo 
formation was noticed in both the plants on tuber/rhizome callus. Although 
the synthetic auxin 2,4-D is a good signalling element in inducing embryos, 
the amendment of NAA and BAP improved embryogenesis and embryo 
numbers. The single use of BAP (0.5–1.0 mg/) was also effective in trig-
gering embryogenesis; the embryo number was, however, low. The signal-
ling and molecular role of auxin, cytokinin, GA 3  and ABA in regulating 
somatic embryogenesis is briefl y summarised. The origin, embryo struc-
ture and development are very similar, so was the requirement of plant 
growth regulator (PGR). The embryo structure and development was 
investigated morphologically, by using scanning electron microscopy 
(SEM) and is presented. The addition of 0.5 mg/l GA 3  was noted to be 
very effi cient in promoting embryo maturity; the infl uence of ABA in 
embryo maturation is also discussed. The technique of making synthetic 
seed in  C. bicolor  was made and is described briefl y. The regenerative 
medium for obtaining plants from synthetic seeds was identifi ed after stor-
age at low temperatures (0 and 4 °C). The somatic embryos/synthetic 
seeds germinated into plantlets on 0.5 mg/l BAP-added medium and the 
regenerated plants are very similar to the mother plants. This and similar 
in vitro embryogenesis studies may help in building phylogenetic tree of 
near or distantly related taxonomic plants/plant groups.  
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12.1         Introduction 

 Ornamentals are large groups of plants com-
prises of bedding-, fl owering-, foliage/house-, 
and plants producing cut-fl owers. These groups 
of fl oriculture plants are often annuals and peren-
nials in nature. Beside ornamental applications, 
plants are cultivated for cosmetic/perfume uses 
and in pharmaceutical industry. Flowers are used 
in various social ways: garland-making, decora-
tion and for religious ceremonies. The fl oral 
industry is booming at a fast pace with an esti-
mated turnover of over Rs. 1000 crore in India in 
2006 (Singh  2011 ). A total area of over 1.26 lakh 
ha is under fl ower production covering 
Maharashtra, Karnataka, Tamil Nadu, Andhra 
Pradesh and West Bengal provinces (Singh 
 2009 ). The fl oriculture export mostly comprises 
of dry fl owers, fresh cut fl owers, bulbs and foli-
age plants (Singh  2009 ). Dry fl ower is the pri-
mary fl oriculture export materials contain 
Dahlias, marigold, roses, lilies, helichrysum, etc. 
(Singh  2009 ). Some of the fl owers are air-dried 
and used; examples are poppy seeds, roses, 
 Delphinium , larkspur, lavender, African mari-
gold, strawfl ower, globe amaranth, lotus pod, 
etc. (Sarkar  2010 ). Flower crops are also grown 
for essential oil production, which includes rose, 
jasmine, tuberose, etc.  Rosa damascene  is exclu-
sively cultivated for extraction of essential oils, 
rose water, attar and gulkand. Marigold pig-
ments are widely used for the extraction of natu-
ral dye like xanthophylls exploited in poultry 
industry to enhance the meat colour and yolk of 
eggs, used in food and textile industry as well. 
Besides, seedlings, fl ower-budded plants, rooted 
cuttings, bulbs, tubers and rhizomes, annual 
seeds are used in commercial plant/fl ower pro-
duction for home, garden and corporate land-
scaping purposes. 

  Gladiolus  is a perennial bulbous ornamental 
plant belonging to the family Iridaceae. The 
genus is distributed to Asia, Mediterranean 
Europe, South Africa and tropical Africa. The 
centre of diversity is in the Cape Floristic Region 
(Goldblatt and Manning  1998 ). The genus 
 Gladiolus  comprises of about 260 species and the 
World Checklist of Selected Plant Families rec-
ognises 276 species (Ohri and Khoshoo  1986 ). 
The  Gladiolus  fl owers are multi-coloured, pink 
to reddish, light purple with white, white to 
cream and orange to red in colour. The giant 
fl ower spikes cultivated for commercial applica-
tions are the results of hybridisation and selection 
and perhaps the result of genetic manipulation 
effort. Gladioli have been extensively hybridised 
and a wide range of ornamental fl ower colours 
are available. The important hybrid groups have 
been obtained by hybridisation involving four or 
fi ve different species followed by selection, e.g., 
Grandifl orus, Primulines and Nanus. These 
groups of  Gladiolus  produce cut fl owers. 
Cytologically, most of the species of  Gladiolus  
are diploid (2 n  = 30 chromosomes), but the 
hybrids of Grandifl ora are tetraploid (2 n  = 4x = 60 
chromosomes) as the parental species  Gladiolus 
dalenii  is tetraploid and produced a wide array of 
hybrids including Grandifl ora (Krahulcová  2003 ; 
Elena et al.  2012 ). 

  Caladium  is an immensely valuable horticul-
tural plant, used as potted and landscape plant. 
These araceous species are seen as indoor, deco-
rative plant in offi ces and in houses. The 
 Caladiums  are widely distributed and the genera 
are primarily localised to New World Tropics 
(Bown  1988 ). It contains 12 different species and 
with over 2000 cultivars (Wilfret  1986 ,  1993 ). 
The identifi cation of cultivars is often diffi cult 
since the leaves show similar morphology, stria-
tion and pigment. These variable leaf size, shape 
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and colouration add ornamental value to 
 Caladiums.  The  Caladium  is recognised to be a 
poisonous plant, causes nausea and vomiting and 
diarrhoea, damages cornea and causes severe 
burning of mouth and throat when parts of the 
plant are eaten (Hostetler and Schneider  2004 ; 
Graeme  2011 ). 

  C. bicolor  (Ait.) Vent. is quite widespread 
from Costa Rica to northern Argentina, and it is 
found in India, Bangladesh, Africa, Indian island 
and Pacifi c Oceans and in Caribbean island. In 
 Caladium,  a high degree of chromosomal diver-
sity was noted and a recent study indicates 
2 n  = 18, 20, 24, 26, 30, 34 and 38 chromosomes 
in squashed root tip cells (Cao and Deng  2014 ). 
Plant with 2 n  = 28 chromosome number was also 
noted in tissue culture-regenerated  Caladium  
(Mujib et al.  2008 ). These plants are propagated 
asexually by dividing storage organs (rhizome, 
corm and bulb) and are multiplied convention-
ally by corm cutting and leaf clipping (Memon 
 2012 ). While propagation, the mother corm pro-
duces a limited number of daughter corms, 
which take a couple of season more to mature 
and produce natural long fl owering spike. The 
storage underground tissues of ornamentals are 
sensitive to diseases of diverse nature (Massey 
 1928 ; Sinha and Roy  2002 ). The underground 
organs also show dormancy that lowers conven-
tional multiplication rate. Fast multiplication of 
propagules is the most important problem in 
ornamental bulbous plants. Seed propagation is 
not practised as it shows sterility, often with poor 
seed germination (owing to self-incompatibili-
ties), causing heterogeneity and progeny varia-
tions. Lately, modern biotechnological 
approaches/plant tissue culture has been suc-
cessfully used in multiplying plants for novel 
elite cultivars, besides generating the possibility 
of raising new and improved cultivars.  Gladiolus  
and  Caladium  are important ornamentals show-
ing a very low rate of multiplication convention-
ally. In vitro technique is a convenient alternative 
in augmenting multiplication for which two 
common methods are used: (a) direct regenera-
tion of plantlets from explants and (b) plant 
regeneration through callus via organogenesis 
and/or somatic embryogenesis.  

12.2     Choice of Explants 

 The in vitro plant regeneration is signifi cantly 
infl uenced by the following few factors: (a) the 
composition of culture medium, (b) the choice 
and appropriate concentrations of plant growth 
regulators (PGRs), (c) the genetic makeup of 
mother plant and (d) the choice of explants. In 
 Gladiolus,  a variety of explants such as shoot tip, 
meristem, leaf base, infl orescence stalk, cormlet, 
corm piece, etc., have been used for establishing 
culture and later for plantlet regeneration 
(Fig.  12.1a–e , Table  12.1 ). The corm piece and 
infl orescence stalk are the choice of explants in 
several studied experiments (Nagaraju and 
Parthasarthy  1995 ; Babu and Chawla  2000 ; Nhut 
et al.  2004 ; Xu et al.  2009 ).

    In  Caladium  the rhizome/tuber and leaf petioles 
have been used as experimental materials. These 
explants were dissected into 3–4 mm long pieces 
before inoculation. Shoot meristem (Ali et al. 
 2007 ), mature leaf (Ahmed et al.  2002 ), etc. were 
also used as explant for initiating in vitro culture 
and for large-scale plant regeneration (Table  12.2 ).

12.3        Callus Induction 
and Involvement of PGRs 

 The role of PGRs in inducing callus is well estab-
lished in different groups of plants. In gladiolus, 
a monocot genus, MS amended with 2,4-D was 
observed to be very effi cient for inducing callus; 
the use of NAA, dicamba and picloram was ear-
lier noted to be very effi cient in promoting callus 
(Emek and Erdag  2007 ; Kamo and Joung  2007 ; 
Aftab et al.  2008 ). In our  Gladiolus  study, corms 
were used as explant on 2,4-D-amended MS 
medium. The explants showed early swelling and 
callus started to appear from the cut end of 
explants within 10 days of incubation. Of the 
various concentrations tested 0.5–2.0 mg/l 2,4-D 
induced profuse callus. This synthetic auxin was 
noted to be very important in inducing callus in 
several investigated plants (Su et al.  2009 ; Feher 
 2015 ). The increased activity of 2,4-D has been 
noted to be due to its better stability during 
culture process (Covington and Harmer  2007 ). 
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The callus was reddish yellow, compact, nodular 
structure with sticky gumish appearance. The 
addition of BAP (0.5–1.0 mg/l) in NAA (0.5–
1.0 mg/l) supplemented medium was noted to be 
very promotive for callus induction. 

 In  C. bicolour , callus was induced from rhi-
zome and leaf petiole on 0.5–2.0 mg/l 2,4-D added 
MS with variable intensities. The rhizome- induced 
callus was yellow, hard, compact and nodular 
structure showing moderate in vitro growth on 
NAA/BAP-amended medium. The use of 2,4-D 
was noted to be ineffective for callus propagation 
as it showed necrosis on callus surfaces. Leaf-
induced callus was friable and fast growing. Callus 
induction frequency and growth was high on 

medium amended with 0.5 mg/l NAA and 0.5 mg 
/l BAP, followed by a treatment with 1.0 mg /l 
NAA and 0.5 mg/l BAP (data not shown).  

12.4     Somatic Embryo Formation 

 In  Gladiolus , within 3–4 weeks of incubation, 
embryo started to appear on callus surface, the 
embryo formation was quite high on NAA + BAP- 
added medium, maximum being in 0.5 mg/l 
NAA + 2.0 mg/l BAP (Table  12.3 ), followed by 
0.25 mg/l NAA + 1.0 mg/l BAP; the high level of 
PGRs was observed to be inhibitory. Several indi-
vidual PGRs like 2,4-D, IAA and NAA were 

  Fig. 12.1    ( a ) Embryogenic callus, ( b ) somatic embryos at different stages, ( c ) germinating somatic embryos in MS 
medium, ( d ) regenerated plantlets and ( e ) transplanted plant in pot (bar: A, B: 0.5 cm; C, D and E:1.0 cm)       

 

A. Mujib et al.



191

   Table 12.1    Various explants, medium and PGRs used for developing callus and plant regeneration in  Gladiolus    

 Explant 
 Medium and PGRs 
used 

 Mode of regeneration (organogenesis/
embryogenesis  References 

 Axillary buds  MS, 0.5 mg/l BAP  Organogenesis, corm formation  Dantu and 
Bhojwani ( 1995 ) 

 Terminal and lateral buds  MS, 1.0 mg/l BAP  Shoot multiplication by direct 
organogenesis 

 Sen and Sen ( 1995 ) 

 Leaf and lateral bud  MS, 1.0 mg/l BAP  Somatic embryogenesis via callus  Emek and Erdag 
( 2007 ) 

 Corm, leaf, whole plants  MS, 2.0 mg/l 
2,4-D 

 Somatic embryogenesis via callus  Stefaniak ( 1994 ) 

 Seed or germinated 
seedlings 

 MS, 2.0 mg/l 
2,4-D 

 Somatic embryo from callus  Racosy-Tican et al. 
( 2012 ) 

 Cormlets  MS, 3.0 mg/l 
TDZ+ 0.2 mg/l 
BAP 

 Somatic embryo from callus and genetic 
transformation with  gus  and  hpt  genes 

 Wu et al. ( 2015 ) 

 Corm, style, ovary and 
stamen 

 MS, 6.0 mg/l TDZ  Embryogenic callus and regeneration  Xu et al. ( 2009 ) 

 Corm  MS, 18 μM 
2,4-D+ 0.5 μM 
BA 

 Callus, suspension and plant regeneration 
(organogenesis) 

 Nasir et al. ( 2013 ) 

 Cormlet  MS, 0.5 μM + 0.5 
zeatin 

 Callus, cell suspension, somatic 
embryogenesis and plant regeneration 

 Remotti ( 1995 ) 

 Infl orescence  MS, 4.0 mg/l BAP  Cormlet and plantlet regeneration  Memon ( 2012 ) 

   Table 12.2    Various explants, medium and PGRs used in producing callus and regeneration in  Caladium    

 Explant 
 Medium and PGRs 
used 

 Mode of regeneration (organogenesis/
embryogenesis  References 

 Rhizomes  MS, 2.0 mg/l 2,4-D;  Callus induction  Mujib et al. ( 1991 , 
 1996 ,  2008 )  MS, 0.5 mg/l 

BAP + 1.0 mg/l NAA 
 Somatic embryogenesis 

 Young leaf, petiole  MS, 0.1 mg/l 
2,4-D + 0.5 mg/l 
BAP; 

 Callus  Li et al. ( 2005 ) 

 MS, 2.0 mg/l 
BAP + 0.2 mg/l NAA 

 Organogenesis and genetic transformation 
with  Lc  gene 

 Corm, leaf petiole  MS, 0.8 mg/l 
2,4-D + 1.0 mg/l 
kinetin 

 Direct organogenesis  Sakpere and 
Adebona ( 2007 ) 

 Shoot meristem  MS, 1.0 mg/l 
BAP + 0.25 mg/l 
BAP 

 Direct shoot formation organogenesis  Ali et al. ( 2007 ) 

 Explants  MS, 1.0 mg/l BAP+ 
1.0 mg/l NAA 

 Direct organogenesis  Ahmed et al. ( 2002 ) 

 Leaf  MS, 2.0 mg/l BAP 
+0.6 mg/l NAA 

 Direct tubercles formation  Li et al. ( 1981 ) 
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added to medium and tested their ability in form-
ing embryos. Except 2,4-D, none of the NAA and 
IAA level was noted to be stimulatory in forming 
embryos. Structurally, the embryos were whitish, 
globular or roundish structures, often clustered in 
a common callus mass. The embryo progressed 
to mature embryo with the formation of a notch. 
Beside typical embryo structures, variation in 
embryo forms, i.e. elliptical, ovoid and other 
shapes, was observed. Some of them had reduced 
hypocotyls and well-developed shoot axis. In 
 Gladiolus,  no secondary embryo was formed on 
primary somatic embryos. The use of 2,4-D, 
which induced secondary embryos in several 
investigated plants, was observed to be ineffec-
tive in developing secondary embryos. Similarly, 
in the combination of 0.5 mg/l NAA and 2.0 mg/l 
BAP, which produced primary somatic embryos 
in numbers, no secondary embryo formation was 
noted; the single use of BAP and kinetin was also 
noted to be ineffective.

   In  Caladium , 3–4 weeks old callus started to 
induce embryos on medium amended with 0.5–
1.0 mg/l 2,4-D; the embryo forming ability was 
even more on 0.5 mg/l BAP and 0.5 mg/l NAA- 
added medium (Table  12.4 ). At initiation stage, 
the embryos were white globular/ovoid struc-
tures; later the embryos took bipolar appearance 

with green apical, cotyledonary end – and a root 
axis. The cotyledonary end shows pointed apex 
with swollen base. In  Caladium,  the secondary 
embryogenesis programme was switched off as 
no secondary embryo was formed.

12.4.1       The Somatic Embryo 
Development Pathway 

 The origin of somatic embryos takes place in two 
different ways: in direct method, the embryos are 
formed directly on cultured explant itself without 
any development of callus. This type of embryo 
formation was reported in numerous ornamental 
plants such as  Chrysanthemum , lily,  Hippeastrum , 
 Eucharis , carnation, orchid, etc. (Liu et al.  1997 ; 
Ma and Liu  2003 ; Mujib et al.  2007 ; Jiang et al. 
 2008 ; Gow et al.  2009 ). On the other hand, 
somatic embryos are developed on embryogenic 
callus, derived from a variety of explants. This 
indirect way of formation of embryo on callus is 
much more frequent and is observed in several 
investigated plants including ornamentals (Chen 
et al.  1999 ; Fereol et al.  2002 ; Jiang and Zhang 
 2007 ). In this present study, somatic embryos 
were formed indirectly on callus mass both in 
 Gladiolus  and in  Caladium.   

   Table 12.3    Embryogenesis and embryo numbers in  Gladiolus , MS medium was added with different PGRs   

 2,4-D  NAA  IAA  BAP  % embryogenesis 
 No of embryos/callus 
mass 

 0.5  0.0  0.0  0.0  85.62 ± 6.43b  6.28 ± 1.08d 

 1.0  0.0  0.0  0.0  88.15 ± 4.42a  6.45 ± 1.04d 

 2.0  0.0  0.0  0.0  41.66 ± 4.76d  3.36 ± 0.08e 

 0.0  0.5  0.0  0.0  0.0 h  0.0 g 

 0.0  1.0  0.0  0.0  0.0 h  0.0 g 

 0.0  2.0  0.0  0.0  0.0 h  0.0 g 

 0.0  0.0  0.5  0.0  0.0 h  0.0 g 

 0.0  0.0  1.0  0.0  0.0 h  0.0 g 

 0.0  0.0  2.0  0.0  0.0 h  0.0 g 

 0.0  0.0  0.0  0.5  17.66 ± 1.22e  3.33 ± 0.99e 

 0.0  0.0  0.0  1.0  16.35 ± 1.23f  2.48 ± 0.06f 

 0.0  0.0  0.0  2.0  7.55 ± 1.89 g  2.46 ± 0.05f 

 0.0  0.25  0.0  1.0  87.50 ± 5.33a  9.33 ± 1.11b 

 0.0  0.5  0.0  1.0  75.00 ± 4.99c  7.66 ± 1.20c 

 0.0  0.5  0.0  2.0  74.89 ± 4.57c  14.33 ± 2.08a 
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12.4.2     Scanning Electron Microscopy 
of Somatic Embryos 

 SEM examination of embryo bearing callus of 
 Gladiolus  revealed somatic embryos of various 
stages developed on callus surfaces, presented in 
Fig.  12.2c, d . The induced embryos were formed 
as a heterogeneous mass; the number of globular 
embryos was low, however. The somatic embryos 
were smooth, often clustered. SEM of embryo-
genic callus also revealed long cylindrical 
embryo structure without distinct notches. In 
 Caladium,  SEM investigation also shows the 
same embryo morphology with pointed cotyle-
donary end and swollen base and a long root axis. 
The somatic embryos turned green later and ger-
minated into plantlets.

12.4.3        Signalling Role of Auxin/2,4-D 
in Somatic Embryogenesis 

 The infl uence of PGR is very crucial in impact-
ing somatic embryogenesis. In most investi-
gated cases, auxin and cytokinin are added 
together. In horticulturally important plants, 
2,4-D, one of the important PGRs, has been 
widely employed and was reported in a number 
of important ornamental plants like  Begonia  

(Castillo and Smith  1997 ), Lily (Liu et al.  1997 ), 
 Euphorbia  (Zhu et al.  2004 ),  Chrysanthemum  
(Mandal and Datta  2005 ) and  Crinum  (Mujib 
et al.  2006 ). In this study, the infl uence of vari-
ous PGRs on somatic embryo formation and 
later on plant regeneration was studied. In 
 Gladiolus,  various auxins (2,4-D, IAA and 
NAA) were amended in medium and only 2,4-D 
at low to moderate levels induced somatic 
embryos while the other two auxins did not have 
much infl uence on in vitro embryogenesis. This 
synthetic auxin was noted to be very crucial for 
the induction of callus in both the two plants on 
which somatic embryos were formed. Somatic 
embryogenesis has been triggered by several 
internal and external factors of which 2,4- D, a 
unique signalling element, amended to medium 
in initiating embryos is well established (Gaj 
 2004 ; Feher  2015 ). 2,4-D is a synthetic auxin 
showing strong PGR/auxin-like activities; it 
also induces stress in culture, which triggers the 
in vitro embryogenesis process (Song  2013 ). 
For embryo development, 2,4-D needs to be 
withdrawn from the medium, and this removal 
of auxin (2,4-D) induces YUC gene expression 
and produces a key enzyme (fl avin monooxy-
genase), which helps in biosynthesis of endog-
enous IAA in cultured tissues (Bai et al.  2013 ), 
and this also favours polar transport of IAA 

   Table 12.4    Embryogenesis and embryo numbers in C. bicolor, MS medium was added with different PGRs   

 2,4-D  NAA  BAP  % embryogenesis  No of embryos/callus mass 

 0.5  0.0  0.0  62.25 ± 3.43b  2.18 ± 0.56e 

 1.0  0.0  0.0  38.65 ± 2.23d  3.25 ± 1.11d 

 2.0  0.0  0.0  21.66 ± 4.44e  1.68 ± 0.23f 

 0.0  0.5  0.0  0.0i  0.0 h 

 0.0  1.0  0.0  0.0i  0.0 h 

 0.0  2.0  0.0  0.0i  0.0 h 

 0.0  0.0  0.5  12.64 ± 1.26f  1.26 ± 0.12 g 

 0.0  0.0  1.0  13.33 ± 2.22 g  1.88 ± 0.32f 

 0.0  0.0  2.0  4.25 ± 0.32 h  1.76 ± 0.67f 

 0.0  0.5  0.5  76.22 ± 3.65a  7.65 ± 1.12a 

 0.0  1.0  0.5  62.18 ± 4.43b  6.85 ± 2.08b 

 0.0  0.5  1.0  48.66 ± 3.34c  5.88 ± 1.06c 

  Values are means ± standard errors of three replicates; within each column, means followed by the same letter are not 
signifi cantly different at  p  ≤ 0.05 according to DMRT  
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(Su et al.  2009 ). Both the two events are thought 
to play a central role in developing embryos in 
culture (Nawy et al.  2008 ). At the same time, the 
addition of 2,4-D imposes abiotic stress on tissue, 

which infl uence various facets of auxin homeosta-
sis including storage and transport of endogenous 
auxin and induces synthesising transcription fac-
tors (Tognetti et al.  2012 ; Gliwicka et al.  2013 ).  

  Fig. 12.2    ( a ) Synthetic seeds of  Caladium  showing germination, ( b ) regenerated plantlets, ( c ) scuetellar stage, ( d ) 
coleoptilar stage of embryo in  Gladiolus  (bar: A, B = 1 cm; C, D = 200 μm)       
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12.4.4     Molecular Role of Cytokinins 
in Somatic Embryogenesis 

 The relationship between cytokinins with 
embryogenesis is not always direct as cytokinin 
has often been amended along with auxin in 
inducing embryos (Gaj  2004 ). In ornamental 
plant  Euphorbia , a subtle ratio of auxin and cyto-
kinin is necessary in triggering embryogenesis 
(Zhu et al.  2004 ). The high auxin-cytokinin ratio 
promoted somatic embryo formation in  Begonia  
(Castillo and Smith  1997 ) and Cyclamen 
(Takejiro et al.  1995 ) whereas a high cytokinin 
and auxin ratio induced somatic embryogenesis 
in apple (Da et al.  1996 ). Two or more number of 
auxins with cytokinin or multiple cytokinins with 
single auxin have also been added to obtain 
somatic embryos in a number of studied materi-
als (Chen and Su  2006 ; Xin et al.  2006 ; Jiang and 
Zhang  2007 ). Cytokinin alone was also amended 
in medium and was noted to be active in inducing 
embryos (Iantcheva et al.  1999 ; Mujib and Samaj 
 2006 ). In these studied plants like  Caladium,  
0.5 mg/l BAP was noted to be very effi cient in 
developing embryos. The embryogenesis per-
centage and embryo numbers increased on NAA 
containing BAP-added medium. However, NAA 
alone in medium (without BAP) did not have any 
infl uence in developing embryos. Francis and 
Sorrell ( 2001 ) reported that the used PGRs con-
trol cell cycle and expression of genes, the two 
most important steps of embryogenesis. 
Cytokinin is also reported to regulate cyclin gene, 
which controls cell cycle passage during division 
(Jiménez and Thomas  2006 ). The role of auxin in 
expressing gene during embryogenesis is known 
for quite some times (Zhu and Perry  2005 ; Su 
et al.  2009 ), but cytokinin-regulated gene expres-
sion investigation is still not too many. In 
 Medicago truncatula  leaf somatic embryogene-
sis, ethylene-mediated transcription factor AP2/
ERF synthesis was described in auxin- and 
cytokinin- added condition (Mantiri et al.  2008 ). 
Single use of cytokinins is also reported to be an 
important signalling element, promoting  WUS  
expression during somatic embryogenesis and 
shoot meristem establishment as WUS-encoded 
transcription factor was detected in early embryo-

genic cell fate in investigated cellular systems 
including  Arabidopsis  (Su et al.  2009 ; Gordon 
et al.  2009 ). Here, in these two plants, a link is 
established between cytokinin and embryogene-
sis, but at what level the cytokinin acts is still not 
known; similar gene expression mechanism may 
be operational in acquiring embryogenic 
competenance.  

12.4.5     Secondary Somatic 
Embryogenesis: Is It 
Genetically Controlled or 
Acquired? 

 Adventives or secondary somatic embryos are 
often formed on primary embryo structures, and 
this phenomenon has been noticed in a number of 
plants especially in dicots (Junaid et al.  2007 ; 
Karami et al.  2007 ). In these studied genera, sec-
ondary somatic embryos were not formed on pri-
mary embryos, amended with PGRs in which 
primary embryos were routinely induced. The 
embryo-bearing callus were kept on medium for 
extended period of time (without regular sub- 
culturing), provided a condition of stress, did not 
induce secondary or adventive embryos. It is 
therefore believed that the genetic make-up deter-
mines secondary embryogenesis process and 
external PGRs application in medium or stress 
did not have much infl uence on secondary 
embryogenesis unlike primary embryogenesis.  

12.4.6     Maturation of Somatic 
Embryos and PGRs’ 
Involvement 

 The maturation and fast embryo germination is a 
key in getting plantlets in numbers, and it partly 
depends upon the number of embryos induced 
and the quality of embryos. The formation of 
aberrant embryos and frequent induction of 
embryonal budding or secondary embryos restrict 
embryo maturation and delay embryo germina-
tion process. Besides, induced somatic embryos 
show dormancy, similar to zygotic embryos, 
which also limits embryo germination rate. In 
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recent time, a large number of compounds/tech-
niques such as abscisic acid (ABA), GA 3 , sugars, 
sugar alcohol, polyethylene glycol (PEG), acti-
vated charcoal (AC), low temperature treatment, 
etc., are amended to medium as to improve 
embryo maturation and in promoting embryo 
germination (Lipaska and Konradova  2004 ; 
Robichaud et al.  2004 ). Here, the embryos of 
 Gladiolus  were cultured on MS medium contain-
ing salts, vitamins and inositol but without PGRs 
for embryo maturation. In other experiments, the 
medium was amended with 0.25–1.0 mg/l 
abscisic acid (ABA) and 0.25–1.0 mg/l gibberel-
lic acid (GA 3 ). The added GA 3  into the medium 
improved embryo quality (promoted embryo 
sizes and turned embryos green at the tips), which 
later germinated into plantlets. The embryo mat-
uration frequency was maximum on 0.5 mg/l 
GA 3 -supplemented medium, followed by 
1.0 mg/l GA 3  treatment. Embryo maturity 
improved with time and about 62. 15 % embryos 
matured on 0.5 mg/l GA 3 -amended medium at 
the end of 8 weeks. The addition of ABA to MS 
was noted to be less effi cient and had a very little 
infl uence on embryos (morphophysiologically). 
The embryo maturation percentage was relatively 
low, which varied from 12.15 to 18.75 % range. 
In hybrid chestnut, similar response, i.e. poor 
embryo germination, was noted in ABA-added 
medium (Vieitez  1994 ). Conversely, the require-
ment of ABA was known to be essential during 
somatic embryogenesis especially in  Arabidopsis  
(Su et al.  2012 ; Bai et al.  2013 ). In some conifer-
ous plants too, ABA improved embryo quality 
and facilitated embryo maturation process (Lelu- 
Walter et al.  2008 ; Maruyama et al.  2007 ). The 
medium fortifi ed with GA 3  especially at 0.5–
1.0 mg/l signifi cantly improved somatic embryo 
sizes and facilitated photosynthetic pigment syn-
thesis, a good sign of embryo maturation prior to 
plantlet development. The synthesised pigments 
improve photosynthetic ability and produce cel-
lular energy reserves in the form of various sug-
ars, lipid, triglycerides and protein, required 
during embryo germination. ABA/GA 3  ratio is 
currently known to be directly interlinked with 
 LEC  gene expression during embryo/seed matu-

ration (Braybrook and Harada  2008 ). This  LEC  
gene ( LEC1, LEC2 ) and other associated genes 
like  FUS3  form a regulatory network and help to 
make building storage reserve during the course 
of embryo maturation and cotyledon develop-
ment (Harada  2001 ; Santos-Mendoza et al. 
 2008 ).  

12.4.7     Somatic Embryo Germination 
and Plantlets Regeneration 

 In  Gladiolus , 2,4-D induced callus and embryos, 
but plantlet regeneration was not achieved on this 
medium. The embryo bearing calluses were 
transferred to a variety of BAP- and NAA- 
amended media for their ability to germinate into 
plantlets. Almost in all tested levels somatic 
embryo germinated into plantlets, maximum 
plantlet regeneration was noted on 0.5 mg/l BAP 
containing medium, followed by 1.0 mg/l 
BAP. Somatic embryo germination was also 
pretty high on 0.5 BAP- and 0.25–0.5 mg/l NAA- 
added medium. The individual shoots were later 
transferred to medium added with IBA and NAA 
(0.5, 1.0 and 2.0 mg/l) for the induction of roots. 
Both the two auxins promoted roots, but the 
infl uence of IBA was more compared to NAA, 
and 1.0 and 2.0 mg/l of IBA were noted to be 
more effi cient in promoting roots. 

 Beside somatic embryogenesis, plant regen-
eration was achieved in  Caladium  on MS medium 
added with 0.5–4.0 mg/l BAP and 0.5–2.0 mg/l 
NAA. Before shoot bud emergence, upper sur-
faces of rhizome calli showed green patches from 
which tiny shoot buds formed. The shoot forming 
ability of callus was quite high and almost all 
PGR combinations especially amended with 
NAA and BAP induced shoots at variable num-
bers and frequency, maximum being at 0.5 mg/l 
BAP and 1.0 mg/l NAA. Single use of BAP at 
0.5 mg/l BAP was equally effi cient in producing 
shoots. Typical somatic embryos are bipolar 
structure with distinct shoot and root end that 
later converted into plantlets with no separate 
root induction step is necessary. Many of the 
embryos, however, did not have adequate root 
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axes nor had less developed root ends. In such 
conditions induction of roots is necessary. Of the 
various PGRs tested, 0.25–2.0 mg/l IBA and 
NAA (0.25–2.0 mg/l) were observed to be very 
promotive for developing roots. The embryo- 
derived plantlets with shoot and root grew nor-
mally in medium. The shoots originated through 
organogenetic way upon transfer on NAA- and 
IBA-added medium produced roots at variable 
numbers; the infl uence of IBA at 2.0 mg/l was 
more on rooting.   

12.5     Encapsulation and Storage 
of Synthetic Seeds at Low 
Temperature 

 The rapid loss of genetic diversity can be pro-
tected by fast multiplication of elite, endangered 
plants with ability of germplasm by employing in 
situ and in vitro conservation methods. Since 
1980s, the encapsulation methodology has been 
receiving attention as a good alternative for stor-
age of germplasm (Danso and Ford-Lloyd  2003 ; 
Rai et al.  2009 ). Synthetic seeds are prepared by 
using somatic embryos/other explants with artifi -
cial protective layer, which can serve as true 
seeds (Cangahuala-Inocente et al.  2007 ). The 
protocol of synthetic seed production by encap-
sulating plant parts in  C. bicolor  was made 
(Fig.  12.2a, b ) and is described. The suitable 
medium for obtaining plantlets from synthetic 
seeds after short-term storage at low tempera-
tures (0 and 4 °C) was also optimised. A variety 
of alginate and calcium chloride levels were 
tested in making synthetic beads and 3.0 % 
sodium alginate and 100 mM calcium chloride 
combination was noted to be very effi cient in 
making synthetic bead, followed by 3.0 % sodium 
alginate + 125 mM calcium chloride treatment. 
The combinations of NAA and BAP were effi -
cient in recovering plants from synthetic seeds of 
which 1.0 mg/l BAP + 0.5 mg/l NAA produced 
maximum plantlets, followed by 0.50 mg/l 
BAP + 1.0 mg/l NAA treatment. The encapsu-
lated somatic embryos were cultured and kept at 
low temperatures (0 and 4 °C) for storage of 

 Caladium  germplasm. We noted that the preser-
vation at 4 °C was much more effi cient than the 
conservation at 0 °C (data not shown). The 
encapsulated embryos stored at 4 °C for 6 weeks 
showed fairly good germination (58.66 %) in 
developing plants; the germination ability was, 
however, declined with time. Recovery of plant-
lets of synthetic seeds was poor, stored at 0 °C, 
and the germination percentage was very low 
when the synthetic seeds were kept for longer 
period of time. The germinated plantlets, how-
ever, grew well and are morphologically very 
similar to parent plants.  

12.6     Concluding Remarks 

 Ornamentals especially the bulbous/tuberous 
plants are propagated vegetatively, which is a 
very slow process. By using somatic embryogen-
esis, the rate of multiplication can be augmented 
several-fold as was observed in many plant gen-
era like orchids,  Coffea , etc. (Belarmino and Mii 
 2000 ). Comparing to direct regeneration or 
organogenesis, plants regenerated through 
somatic embryogenesis show both roots and 
shoots as the embryos are bipolar structure, 
avoiding root induction stage. 

 Somatic embryogenesis is regarded a unique 
mechanism for studying cellular differentiation. 
It has several basic and applied applications. The 
external and internal triggers including the genes/
homologues of genes, which regulate in vitro 
embryogenesis are known at least partially in 
other groups of plants, but there is very little 
information in ornamentals, unfortunately. How 
a somatic cell acquires embryogenic competence 
in response to PGRs, stress and with related 
molecular signal is not elucidated clearly in 
ornamentals. 

 The present study indicated some similarities 
in embryogenic processes including origin, 
development and germination stages. The PGRs 
requirement is also nearly the same at different 
stages of embryogenesis. The secondary embryo-
genesis is not operational in these studied mono-
cot plants unlike dicotyledonous plants. Similar 
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in vitro embryogenesis studies may help in build-
ing evolutionary link among plants/plant groups. 

 The embryos are originated from single cell of 
cultivated tissues; the genetic manipulation is 
often simple, easy and ideal for developing trans-
genic in numbers .  High transformation frequency 
with low level of somaclonal variation in embryo 
mother cells (with bipolar ability) makes them a 
good recipient of foreign gene in transgenic 
experiments (Vergne et al.  2010 ). This concept 
has been utilised in genetic information studies in 
a number of important plants including fl owering 
ornamentals like  Chrysanthemum  (Jiang and 
Zhang  2007 ), rose (Li et al.  2002 ),  Lilium  (Ogaki 
et al.  2008 ) and even in gladiolus (Kamo et al. 
 2009 ; Wu et al.  2015 ). With the progress and opti-
misation of pre-culture, co-culture time, media 
and explant selection, the transformation experi-
ments can be extended to other groups of plants of 
monocots, which have been thought to be inade-
quate/recalcitrant for genetic engineering studies. 

 In vitro propagated plants especially devel-
oped from compact organised structure are true 
to type, but the plantlets raised from callus/
embryogenic suspension or less organised 
 structure like protoplast show somaclonal varia-
tion. It is therefore essential to detect culture-
induced variation at early stages by using 
molecular techniques. DNA markers such RAPD 
(random amplifi ed polymorphic DNA) and ISSR 
(inter- simple sequence repeat) have recently been 
used in detecting somaclonal variation in several 
tissue culture raised ornamental plants 
(Podwyszynska et al.  2006 ,  2010 ; Bondrea et al. 
 2007 ). In  Gladiolus  and  Caladium,  however, no 
such DNA marker techniques are used to test the 
genetic fi delity of regenerated plants, developed 
from callus, suspension or somatic embryo. 

 Important, endangered or rare ornamental 
germplasm may be conserved by utilising callus, 
embryonic callus, embryos/embryo mother cells 
and synthetic seeds in in vitro conditions (Kaviani 
 2010 ). Low- and ultralow temperature and identi-
fi cation and optimisation of cryoprotectants may 
be very important factors in preserving biological 
materials (Sarmah et al.  2010 ). The use of mini-
mal, sucrose-free medium or mineral oil overlay 
may reduce the cost of in vitro conservation. High-

alkaloid, perfume, pigment and oil- producing cell 
lines of ornamentals can also be cryopreserved for 
short-, medium- and long-term basis.     
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     Ken-ichi     Konagaya      and     Toru     Taniguchi   

    Abstract  

  Coniferous trees belonging to the family Cupressaceae are distributed 
worldwide. Several species of these conifers possess high economic value 
and have been a source of important forest products and raw materials for 
the forest industry. Somatic embryogenesis is a potential tool for clonal 
propagation of superior lineages within these conifers and for molecular 
breeding by genetic transformation. In this chapter, the technologies 
developed to date for somatic embryogenesis in trees of the Cupressaceae 
family are introduced, and various factors affecting somatic embryogene-
sis are discussed. In addition, methods for improving the effi ciency of 
stable transformation via somatic embryogenesis are described.  

  Keywords  

   Chamaecyparis obtusa    •    Cryptomeria japonica    •   Genetic transformation   • 
  Regeneration  

13.1         Introduction 

 The tree family Cupressaceae sensu lato com-
prises 32 genera, with more than 130 species, and 
is the only family of conifers with a cosmopolitan 
distribution on all continents except Antarctica 
(Farjón  2005 ; Adams et al.  2009 ; Debreczy et al. 
 2009 ; Yang et al.  2012 ). In addition, it is the most 
diverse of all conifers and includes important 

ornamental trees and shrubs used in landscaping 
of gardens and parks, such as the genera 
 Chamaecyparis ,  Cupressus ,  Juniperus , and 
 Thuja . In particular, these genera as well as other 
genera, including  Calocedrus ,  Cryptomeria , 
 Cunninghamia ,  Sequoia , and  Taxodium , collec-
tively form the leading source of timber globally. 
Juniper (genus  Juniperus ) is widely used as 
ground cover in landscaping as well as for bonsai 
trees. Lawson’s cypress [ Chamaecyparis lawso-
niana  (A. Murray bis) Parl.] and Hinoki cypress 
( Chamaecyparis obtusa  Sieb. et Zucc.) also 
 provide a large number of dwarf and color culti-
vars for horticulture (Farjón  2008 ). 
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 Somatic embryogenesis is an effective proce-
dure for not only mass propagation of breeding 
strains showing preferred traits but also for pro-
viding target tissue for genetic transformation. 
Konar and Oberoi ( 1965 ) reported the fi rst 
embryo-like structures in conifers, termed 
“embryoids,” which were obtained from the cot-
yledons of the Chinese arborvitae ( Thuja orienta-
lis  L.). Somatic embryos capable of differentiating 
into normal plants from embryogenic tissues ini-
tiated from immature zygotic embryos were fi rst 
reported in the Norway spruce (Chalupa  1985 ; 
Hakman and von Arnold  1985 ); since then, plant 
regeneration via somatic embryogenesis has been 
reported in many conifers (reviewed by Gupta 
and Grob  1995 ; Stasolla and Yeung  2003 ). In the 
Cupressaceae, somatic embryogenesis has addi-
tionally been reported in six genera, namely, 
 Chamaecyparis ,  Cryptomeria ,  Cunninghamia , 
 Cupressus ,  Juniperus , and  Sequoia  (Table  13.1 ). 
Although reports on stable and effective proce-
dures for somatic embryogenesis and a plant 
regeneration system within Cupressaceae trees 
are limited, Hinoki cypress, Sawara cypress 
( Chamaecyparis pisifera  Sieb. et Zucc.), and 
Sugi ( Cryptomeria japonica  D. Don) have been 
studied intensively.

   Hinoki cypress, Sawara cypress, and Sugi are 
widely distributed in Japan (Farjón  2010 ). Hinoki 
cypress and Sugi are the two most important 
commercial forest species in Japan, collectively 
covering approximately 65 % of the artifi cial for-
est area. The wood quality of Sawara cypress is 
considered to be inferior to that of Hinoki 
cypress; however, Sawara cypress grows faster 
and is much more tolerant of cold conditions 
(Fukuhara  1978 ; Maruyama et al.  2002 ). 
Breeding projects for Hinoki cypress and Sugi, 
such as plus-tree selection for growth, yield, stem 
straightness, and resistance to disease and insects, 
have been conducted in the past for an extended 
time. However, allergic reactions to pollen of 
these species have become a severe public health 
concern in Japan. Therefore, the production of 
Hinoki cypress and Sugi with a  no-pollen  trait is 
an important breeding objective. 

 Genetic transformation is expected to be a 
powerful method for shortening the breeding 

period of trees that require many years for the 
production of progeny. Simply by the introduc-
tion of specifi c genes, genetic transformation can 
induce desirable traits without unnecessary 
genetic transitions. Stable transformation via 
somatic embryogenesis of conifers has been 
reported in several genera, including  Picea , 
 Larix , and  Pinus  (reviewed by Malabadi and 
Nataraja  2007 ). However, stable transformation 
of Cupressaceae has only been reported for 
Hinoki cypress and Sugi (Table  13.2 ).

   In this chapter, we will review current 
approaches for somatic embryogenesis in 
Cupressaceae trees, focusing primarily on Hinoki 
cypress and Sugi. We will also review the appli-
cation of somatic embryogenesis in genetic 
transformation.  

13.2     Culture Initiation 

 The selection of the explant is a factor that deter-
mines success in establishing an embryogenic 
system. Most examples of somatic embryogene-
sis shown in Table  13.1  used immature zygotic 
embryos as explants. Although somatic embryos 
have not been successfully obtained from imma-
ture zygotic embryos of redwood ( Sequoia sem-
pervirens ), they have been obtained from mature 
embryos, cotyledons, hypocotyls, and needles 
(Bourgkard and Favre  1989 ; Favre et al.  1995 ; 
Liu et al.  2006 ). To date, in the Cupressaceae 
family, somatic embryogenesis using somatic tis-
sues other than zygotic embryos has been 
reported several times for Hinoki cypress (Ishii 
et al.  2003 ), China fi r ( Cunninghamia lanceolata ; 
Xi and Shi  2005 ), prickly juniper ( Juniperus oxy-
cedrus ; Gomez and Segura  1996 ), and redwood 
(Favre et al.  1995 ; Liu et al.  2006 ). The effi ciency 
of somatic embryogenesis reported for the afore-
mentioned studies was very low: less than fi ve 
somatic embryos per callus. Moreover, only one 
report on the somatic embryogenesis and organo-
genesis from the in vitro needle leaves derived 
from mature trees has been published for red-
wood (Liu et al.  2006 ). However, utilizing needle 
explants to initiate embryogenic systems is effec-
tive in inducing somatic embryogenesis from the 
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clonal genotype that has revealed traits as a plus 
tree. In addition, when using needles from in vitro 
shoot cultures, the explants can be supplied all 
year round. 

 Genotype affects the ability to induce embryo-
genic tissues. In Hinoki cypress, the induction 
frequency of embryogenic tissues from open- 
pollinated immature zygotic embryos varied 
from 8 % to 48 % among ten plus-tree clones 
(Taniguchi et al.  2004a ). The induction and main-

tenance rates in Sugi differed considerably 
among 20 plus-tree clones (Taniguchi and Kondo 
 2000 ), varying from 7.5 % to 78.5 % and from 
1.2 % to 27.8 %, respectively. In addition, there 
was a positive correlation between the initiation 
and maintenance rates among these clones, thus 
indicating that clones that initiate embryogenic 
tissues at high frequency tend to maintain at a 
high frequency during subculture. Lambardi 
et al. ( 1994 , 2000) showed that embryos from 

    Table 13.1    Somatic embryogenesis of Cupressaceae trees   

 Species  Initial explants  Culture response a   Established in soil b   References 

  Chamaecyparis obtusa   Seedling shoots  SE, PL  Yes  Ishii et al. ( 2003 ) 

 Immature zygotic 
embryos 

 EMT, SE, PL  Yes  Taniguchi et al. 
( 2004a ) 

 Maruyama et al. 
( 2005 ) 

  Chamaecyparis 
pisifera  

 Immature zygotic 
embryos 

 EMT, SE, PL  Yes  Maruyama et al. 
( 2002 ) 

  Cryptomeria japonica   Immature, mature 
zygotic embryos 

 EMT, SE  –  Ogita et al. ( 1999 ) 

 Immature zygotic 
embryos 

 EMT, SE, PL  –  Igasaki et al. ( 2003a ) 

 Igasaki et al. ( 2003b ) 

 Nakagawa et al. 
( 2006 ) 

 Immature zygotic 
embryos 

 EMT, SE, PL  Yes  Maruyama et al. 
( 2000 ) 

 Igasaki et al. ( 2006 ) 

 Maruyama and Hosoi 
( 2007 ) 

  Cunninghamia 
lanceolata  

 Cotyledons, hypocotyls  SE, PL  –  Xi and Shi ( 2005 ) 

 Mature zygotic 
embryos 

 SE, PL  –  Xi and Shi ( 2006 ) 

  Cupressus 
sempervirens  

 Immature zygotic 
embryos 

 EMT  –  Lambardi et al. 
( 1995 ) 

 Immature zygotic 
embryos 

 EMT, SE, PL  –  Sallandrouze et al. 
( 1999 ) 

 Lambardi ( 2000 ) 

  Juniperus communis   Immature zygotic 
embryos 

 EMT, SE, PL  –  von Arnold and 
Helmersson ( 2009 ) 

  Juniperus oxycedrus   Needles  EMT, SE  –  Gomez and Segura 
( 1996 ) 

  Sequoia sempervirens   Mature zygotic 
embryos, cotyledons, 
hypocotyls 

 EMT, SE, PL  –  Bourgkard and Favre 
( 1988 ) 

 Bourgkard and Favre 
( 1989 ) 

 Favre et al. ( 1995 ) 

 Needles  EMT, SE, PL  –  Liu et al. ( 2006 ) 

   a Abbreviation:  EMT  embryogenic tissues,  SE  somatic embryos,  PL  plantlets 
  b –, no data  
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only fi ve of the 24 different clones of Italian 
cypress were able to initiate embryogenic tissue. 
Moreover, the optimal seed collection date to 
effi ciently induce embryogenic tissues was dif-
ferent among the clones. Similar results have 
been reported for Sugi (Maruyama et al.  2000 ). 
These results suggest different timing of the 
developmental stages of embryo among the 
clones. 

 Several reports have suggested that seed collec-
tion dates are a critical factor for effi ciently induc-
ing embryogenic tissues from zygotic embryos 
(Ogita et al.  1999 ; Lambardi  2000 ; Maruyama 
et al.  2000 ; Igasaki et al.  2003a ; Taniguchi et al. 
 2004a ). In the Italian cypress ( Cupressus semper-
virens ), embryogenic tissues have been reported to 
originate from embryos that were morphologi-

cally at the same stage of maturity, i.e., an early 
cotyledonary stage characterized by the two coty-
ledons that have just differentiated and are still 
tightly joined (Lambardi  2000 ). Taniguchi et al. 
( 2004a ) reported that embryogenic tissues of 
Hinoki cypress were induced from the immature 
seeds collected at the beginning of July containing 
pre-cotyledonary embryos (stages 6–11 as defi ned 
by Nagmani et al.  1995 ). During the middle of 
July, zygotic embryos had cotyledonary primordia 
(stage 12) or elongated cotyledons (stage 13), but 
megagametophytes containing such embryos 
could not induce embryogenic tissue. Similarly, in 
Sugi, the pre-cotyledonary embryo stage was also 
optimal (Igasaki et al.  2003a ). Therefore, it is 
important to determine the optimal development 
stages in each tree species as well as genotypes. 

   Table 13.2    Genetic transformation of Cupressaceae trees   

 Species  Explants 
 Transformation 
method  Transgene a  

 Stable 
transformation b   References 

  Chamaecyparis 
nootkatensis  

 Pollens  Particle 
bombardment 

  GUS ,  NPTII   –  Hay et al. 
( 1994 ) 

  Chamaecyparis 
obtusa  

 Shoot primordia  Particle 
bombardment 

  GUS ,  BAR   Yes  Ishii ( 2002 ) 

 Shoot primordia  Particle 
bombardment 

  GFP ,  NTPII   –  Taniguchi 
et al. 
( 2004b ) 

 Embryogenic tissues  Agrobacterium   GFP ,  NTPII   Yes  Taniguchi 
et al. ( 2005 ) 

  Cryptomeria 
japonica  

 Embryogenic tissues  Particle 
bombardment 

  GUS ,  NPTII   Yes  Maruyama 
et al. ( 2000 ) 

 Zygotic embryos  Particle 
bombardment 

  LUC   –  Mohri et al. 
( 2000 ) 

 Zygotic embryos  Particle 
bombardment 

  GFP ,  NTPII   –  Taniguchi 
et al. 
( 2004b ) 

 Embryogenic tissues  Agrobacterium   GFP ,  HPT , 
 NTPII  

 Yes  Taniguchi 
et al. ( 2008 ) 

 Embryogenic tissues  Agrobacterium   GUS   Yes  Kurita et al. 
( 2013 ) 

 Embryogenic tissues  Agrobacterium   GFP ,  GUS , 
 HPT ,  NTPII  

 Yes  Konagaya 
et al. ( 2013 ) 

  Cupressus 
sempervirens  

 Embryogenic tissues  Particle 
bombardment 

  GFP ,  GUS , 
 NTPII  

 –  Lambardi 
et al. ( 1998 ) 

  Sequoia 
sempervirens  

 Micropropagated 
shoots 

 Agrobacterium  pRi  Yes c   Mihaljević 
et al. ( 1999 ) 

   a Abbreviation:  BAR  bialaphos resistance,  GFP  green fl uorescent protein,  GUS  β-glucuronidase,  HPT  hygromycin phos-
photransferase,  LUC  luciferase,  NPTII  neomycin phosphotransferase II,  pRi  T-DNA in  Agrobacterium rhizogenes  pRi 
plasmid 
  b –, no data 
  c Gene transfer in adventitious roots only  
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13.2.1     Embryogenic Tissue Induction 
and Proliferation in Hinoki 
Cypress 

 At the beginning of July, we collected immature 
seeds of Hinoki cypress that contained pre- 
cotyledonary embryos. Immature seeds were 
extracted from the sterilized cone, and the seeds 
were again surface sterilized with 70 % ethanol 
for 1 min followed by 6 % H 2 O 2  for 5 min and 
then rinsed three times with sterilized distilled 
water. Explants (megagametophytes that con-
tained intact immature zygotic embryos) were 
removed from the seeds using tweezers and a 
scalpel under a stereomicroscope. The explants 
were placed on Smith standard embryonic tissue 
capture medium (SM1; Smith  1996 ) containing 
sucrose (sugar source) and activated charcoal, 
but no plant growth regulator. Within 2–3 weeks 
of the explant being cultured on SM1, embryo-
genic tissue was induced from the micropylar 
end of the megagametophyte (Fig.  13.1a ). After 4 
weeks of culturing on SM1, embryogenic tissues 
that had been induced from the explants were 
transferred to Smith standard embryogenesis 
medium (SM2; Smith  1996 ) containing amino 
acids, but no activated charcoal or plant growth 
regulator, and cultured for 4 weeks. Following 
this 4-week culture period, the embryogenic tis-
sues were transferred to Smith embryo develop-
ment medium (SM3; Smith  1996 ), which had the 
same composition as SM2, but contained higher 
concentrations of amino acids and was solidifi ed 
by Gelrite. The tissues were then subcultured at 
2–3-week intervals on this medium. After 10 
weeks of culture, the clumps of embryogenic tis-
sue of each cell line varied greatly in size, with 
the largest being 2 cm in diameter. The embryo-
genic tissue was able to proliferate on SM3 (Fig. 
 13.1b ), with an approximately threefold growth 
rate every 3 weeks (Taniguchi et al.  2004a ).

13.2.2        Embryogenic Tissue Induction 
and Proliferation in Sugi 

 In Sugi, we collected immature seeds early dur-
ing July, and explants were extracted from the 

seeds in the same manner as with Hinoki cypress. 
The explants were placed on initiation medium 
(IM), which consisted of half-strength MS 
medium (Murashige and Skoog  1962 ) supple-
mented with 10 μM 2,4-dichlorophenoxyacetic 
acid (2,4-D), 30 g/l sucrose, and 8 g/l agar 
(Taniguchi and Kondo  2000 ). Within 2–3 weeks 
of the explant being cultured on IM, embryo-
genic tissue was induced from the micropylar 
end of the megagametophyte (Fig.  13.2a, b ). 
After 4 weeks of culture on IM, embryogenic tis-
sues were subcultured at 2-week intervals on 
maintenance medium (MM), which had the same 
composition as IM, except that it contained 1 g/l 
casein hydrolysate, 0.5 g/l L-glutamine, 2 μM 2, 
4-D, and 50 % of the inorganic nitrate salt com-
position of IM and was gelled using 4.5 g/l 
Gelrite (Fig.  13.2c ; Taniguchi and Kondo  2000 ; 
Taniguchi et al.  2008 ).

13.3         Somatic Embryo Maturation 
and Germination 

 In general, somatic embryo maturation is acceler-
ated by adding abscisic acid (ABA) or a penetrat-
ing osmoticant (e.g., sugars, sugar alcohols) or 
nonpenetrating osmoticant [e.g., polyethylene 
glycol (PEG)] to the culture medium, which 
induces water stress (Lipavská and Konrádová 
 2004 ). Mature somatic embryos in Hinoki 
cypress were effi ciently formed on the medium 
containing a combination of 100 μM ABA, 30 g/l 
maltose as sugars, and 150 g/l PEG (Taniguchi 
et al.  2004a ). These results are consistent with 
those for other trees of Cupressaceae, such as 
Sawara cypress (Maruyama et al.  2002 ) and Sugi 
(Taniguchi  2007 ). Furthermore, the effect of vari-
ous concentrations of Gelrite as a support medium 
on somatic embryo yield was investigated in the 
Hinoki cypress, which indicated that the most 
suitable concentration was 3.0 g/l (Taniguchi 
et al.  2004a ). Although Maruyama et al. ( 2002 ) 
induced the somatic embryos of Sawara cypress 
on medium containing 5.0 g/l Gelrite, they did 
not test a lower concentration of Gelrite for 
somatic embryo induction. In  Pinus taeda , 
somatic embryos were induced on a medium 
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  Fig. 13.1    Plant regeneration via somatic embryogenesis 
from immature embryo cultures in Hinoki cypress 
( Chamaecyparis obtusa ; modifi ed after Taniguchi et al. 
 2004a ). ( a ) Embryogenic tissues induced from a megaga-
metophyte explant. ( b ) Embryogenic tissue maintained on 
SM3 medium. ( c ) Cotyledonary somatic embryos after 8 

weeks of culture on maturation medium. ( d ) Germination 
of a somatic embryo after 1 week of culture on germina-
tion medium. ( e ) Plantlets after 2 months of culture 
on germination medium. ( f ) Regenerated plant following 
acclimatization.  Bars : 2 mm ( a ); 4 mm ( b ,  c ,  d ); 2 cm 
( e ,  f )       
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  Fig. 13.2    Plant regeneration via somatic embryogenesis 
from immature embryo cultures in Sugi ( Cryptomeria 
japonica ). ( a ) Embryogenic tissues induced from the 
micropylar end of the megagametophyte. ( b ) Embryogenic 
tissues induced from an incision site in the megagameto-
phyte ( c ) Embryogenic tissue maintained on MM medium. 

( d ) Cotyledonary somatic embryos after 6 weeks of cul-
ture on maturation medium. ( e ) Plantlets after 2 months of 
culture on germination medium. ( f ) Regenerated plant fol-
lowing acclimatization.  Bars : 1 mm ( a, b ,  c ,  d ); 2 cm 
( e ,  f )       
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containing 2.5 g/l Gelrite (Pullman et al.  2003 ). A 
high concentration of Gelrite is thought to be 
unsuitable for somatic embryogenesis, as it has 
been reported that Gelrite at high concentrations 
reduces the bioavailability of magnesium, cal-
cium, zinc, and manganese in the medium (Van 
Winkle et al.  2003 ). 

 Recently, research has determined the peptide 
hormones that play an important role in plant cell 
growth and development (Ryan and Pearce  2001 ). 
An example of these hormones is phytosulfokine 
(PSK), which is a fi ve-amino-acid sulfated pep-
tide that is involved in the initial steps of cellular 
differentiation, proliferation, and redifferentia-
tion (Igasaki et al.  2003b ; Matsubayashi et al. 
 2004 ). PSK has also been shown to stimulate 
somatic embryogenesis in carrot, Sugi, Japanese 
larch, and  Daucus  species (Kobayashi et al.  1999 ; 
Igasaki et al.  2003b ; Umehara et al.  2005 ; 
Mackowska et al.  2014 ) as well as induce cell 
division in suspension and protoplast cultures 
(Matsubayashi and Sakagami  1996 ; Matsubayashi 
et al.  1997 ; Grzebelus et al.  2012 ). It has also 
been reported to improve  Agrobacterium -
mediated transformation effi ciency (Matsubayashi 
et al.  2004 ; Chen et al.  2005 ). Igasaki et al. 
( 2003b ) described how the addition of PSK to the 
medium results in not only the promotion of the 
growth and maintenance of embryogenic tissues 
in Sugi but also a dramatic stimulatory effect on 
the formation of somatic embryos. These results 
suggest the possibility of improving the effi ciency 
of the embryogenic and transformation systems 
in conifers by utilization of PSK. 

 The ability of embryogenic tissues to produce 
somatic embryos is also affected by the geno-
type. We produced somatic embryos for nine 
clones among ten open-pollinated plus-tree 
clones of Hinoki cypress, and somatic embryo- 
forming frequency varied from 4.0 % to 24 % 
(number of somatic embryo forming cell lines 
per explants). Somatic embryos of Sugi were 
produced for all clones among six open- pollinated 
plus-tree clones, and the somatic embryo- forming 
frequency varied from 4.0 % to 20 % (Taniguchi 
 2007 ). Recently, we investigated the somatic 
embryo-forming frequency for immature zygotic 
embryos yielded from artifi cial crossing among 

plus trees. As a result, a certain family formed 
between the specifi c pollen and seed parent was 
shown to effi ciently produce somatic embryos 
(unpublished data). This result suggests the pos-
sibility that this family harbors the genes to 
improve somatic embryogenesis. 

13.3.1     Somatic Embryo Maturation 
in Hinoki Cypress and Sugi 

 To facilitate the maturation of somatic embryos 
in Hinoki cypress and Sugi, the embryogenic tis-
sues subcultured on SM3 were transferred to a 
maturation medium (Taniguchi et al.  2004a ) con-
sisting of SM3 basal salts, vitamins, amino acids, 
2 g/l activated charcoal, 100 μM abscisic acid, 
150 g/l polyethylene glycol 4000, 3.0 g/l Gelrite, 
and 30 g/l maltose. The fi rst cotyledonary 
embryos appeared at approximately 5 weeks of 
culture and presented in high numbers by 7–8 
weeks of culture (Figs.  13.1c  and  13.2d ).  

13.3.2     Germination in Hinoki 
Cypress and Sugi 

 For germination in Hinoki cypress, the mature 
embryos were cultured on woody plant medium 
(Lloyd and McCown  1980 ), which contained 2 
g/l activated charcoal, 20 g/l sucrose, and 5 g/l 
Gelrite. Within 1 week of the mature embryos 
being placed on germination medium, the 
embryos rooted and elongated their hypocotyls 
and cotyledons (Fig.  13.1d ). Although the fre-
quency of germination on the medium without 
activated charcoal was comparable to that on the 
medium containing charcoal, the germinant grew 
less vigorously. This result demonstrated that 
activated charcoal is effective in facilitating the 
germination of mature somatic embryos in 
Hinoki cypress (Taniguchi et al.  2004a ). After 2 
months of culture on germination medium, the 
germinants with elongated epicotyls (approx. 
1 cm long, Fig.  13.1e ) were transferred to pots 
containing soil for acclimatization. All plantlets 
successfully acclimated and continued growing 
in the greenhouse (Fig.  13.1f ). 
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 The mature embryos of Sugi were cultured on 
germination medium, which was a modifi ed ver-
sion of the Gresshoff and Doy medium (Okamura 
and Kondo  1995 ) containing 10 g/l sucrose and 5 
g/l Gelrite. After 6 weeks of the mature embryos 
being placed on germination medium, the 
embryos rooted and elongated their hypocotyls 
and cotyledons (Fig.  13.2e ). The germinants 
were subcultured every other month on this ger-
mination medium. After approximately 3 months, 
plantlets were transferred to half-strength woody 
plant medium, which contained 20 g/l sucrose 
and 2 g/l Gelrite. Elongated plantlets (approx. 
10 cm long) were transferred to pots containing 
soil for acclimatization (Fig.  13.2f ).   

13.4     Genetic Transformation 

 Genetic transformation within Cupressaceae was 
fi rst attempted by particle bombardment using 
yellow cypress ( Chamaecyparis nootkatensis ) 
pollen (Hay et al.  1994 ) and Italian cypress 
embryogenic tissues (Lambardi et al.  1998 ). 
However, only transient expression was observed. 
By employing  Agrobacterium rhizogenes  to 
introduce T-DNA derived from Ri plasmid, 
Mihaljević et al ( 1999 ) succeeded in inducing 
adventitious roots in micropropagated shoot 
explants of redwood. However, whole plant 
regeneration of stable transformants has only 
been reported in Hinoki cypress and Sugi. 

 Gene delivery to shoot primordia of Hinoki 
cypress by particle bombardment and the subse-
quent regeneration of the transformed plantlets 
were fi rst reported by Ishii ( 2002 ). In an earlier 
investigation, Taniguchi et al. ( 2004b ) similarly 
attempted the genetic transformation of Hinoki 
cypress following this method, and although 
transiently transformed cells were obtained, they 
failed to produce transformed plants (Taniguchi 
et al.  2005 ). With regard to Sugi, there are some 
reports of particle bombardment, for example, 
transient expression of the luciferase gene (Mohri 
et al.  2000 ) and green fl uorescent protein ( GFP ) 
gene (Taniguchi et al.  2004b ) in zygotic embryos. 
Maruyama et al. ( 2000 ) reported bud formation 
from embryos after introducing the 

β-glucuronidase gene. Generally, the 
 Agrobacterium -mediated method obtains a 
higher transformation frequency of conifers than 
the particle bombardment method. Accordingly, 
we have developed  Agrobacterium tumefaciens - 
mediated transformation methods of embryo-
genic tissue in Hinoki cypress (Taniguchi et al. 
 2005 ) and Sugi (Taniguchi et al.  2008 , Konagaya 
et al.  2013 ). The highest transformation fre-
quency obtained in Hinoki cypress was 22.5 
independent transformed lines per dish (250 mg 
embryogenic tissue). Moreover, we attempted to 
improve the transformation effi ciency in Sugi 
(Konagaya et al.  2013 ). 

13.4.1     Culture Supports 
for Cocultivation 

 Unsuitable cocultivation conditions in 
 Agrobacterium -mediated transformation may 
lead to unfavorable effects, such as bacterial 
overgrowth and/or tissue necrosis, thereby reduc-
ing the transformation effi ciency. It has been sug-
gested that an optimal concentration of 
 Agrobacterium  is required for transformation. 
Recently, it was reported that the use of fi lter 
paper wicks during cocultivation contributed to 
the effi cient transformation of cucumber, kabo-
cha squash, and rice by controlling the growth of 
 Agrobacterium  (Ozawa  2009 ; Nanasato et al. 
 2011 ,  2013 ). Therefore, we attempted to deter-
mine the optimal cocultivation conditions with 
fi lter paper wicks in Sugi. After the embryogenic 
tissues and  Agrobacterium  were suspended in 
liquid medium, a fi lter paper with the embryo-
genic tissues was placed on a solid cocultured 
medium or on three sheets of fi lter paper moist-
ened with 5.5 mL of liquid cocultured medium. 
The mean number of  Agrobacterium  cells (>17- 
fold) obtained in the liquid medium conditions 
was signifi cantly lower than that obtained on the 
solid medium using the conventional method 
(Taniguchi et al.  2008 ). 

 Compared with cocultivation on the solid 
medium, culturing in the liquid medium signifi -
cantly improved the transformation effi ciency 
(>16-fold). Ozawa ( 2009 ) showed that liquid 
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medium-moistened fi lter paper wicks regulated 
the growth rate of  Agrobacterium  in an effective 
manner, which improved the cell viability in the 
transformed callus obtained from rice. Previously, 
Nanasato et al. ( 2011 ,  2013 ) showed that fi lter 
paper wicks increased the  Agrobacterium  infec-
tion effi ciency in cucumber and kabocha squash. 
These reports and our experimental results sup-
port the utility of fi lter paper wicks in cocultiva-
tion procedures.  

13.4.2     Antibiotics to Eliminate 
 Agrobacterium  

 An effi cient  Agrobacterium -mediated transfor-
mation system requires the use of antibiotics to 
eliminate bacteria; the antibiotics should have 
negligible effects on the growth potential of the 
transformed cells. Recently, it was reported that 
meropenem, a novel β-lactam antibiotic, is highly 
effective against  Agrobacterium . Also, the trans-
formation effi ciencies observed in tobacco, 
tomato, rice, and apple were higher with merope-
nem than with other β-lactam antibiotics, such as 
cefotaxime, carbenicillin, and cefbuperazone 
(Ogawa and Mii  2004 ,  2007 ; Li et al.  2011 ). In 
contrast to meropenem, it has been observed that 
cefotaxime and carbenicillin have negative 
effects on the growth of embryonic tissue, 
somatic embryogenesis, and shoot regeneration 
in woody plants such as Norway spruce, cacao, 
orange, and pomegranate (Terakami et al.  2007 ; 
Malá et al.  2009 ; Mendes et al.  2009 ; Silva et al. 
 2009 ). However, meropenem had no inhibitory 
effects on the embryogenic tissue growth in Sugi, 
even at a higher concentration of 40 mg/l. Similar 
results with meropenem have been reported using 
Norway spruce embryogenic tissue (Malá et al. 
 2009 ). Moreover, embryogenic tissue growth 
was signifi cantly higher at lower concentrations 
(5 mg/l and 10 mg/l) using medium containing 
meropenem. Based on these results, 10 mg/l was 
selected as the meropenem concentration in sub-
sequent transformation experiments. 

 Application of meropenem treatment on Sugi 
transformation indicated that the transformation 
effi ciency was increased approximately twofold 

with meropenem than with carbenicillin using the 
conventional method. In three replicate transfor-
mation experiments using our improved method 
(cocultivation on fi lter paper wicks and 
 Agrobacterium  elimination with meropenem), the 
mean transformation effi ciency (the number of 
GFP-positive colonies per gram of cocultivated 
embryogenic tissues) was 105.3 ± 9.02. By con-
trast, the mean transformation effi ciency achieved 
using the conventional method (cocultivation on 
Gelrite-solidifi ed medium and  Agrobacterium  
elimination by carbenicillin) was 3.5 ± 0.71. Thus, 
the transformation effi ciency was increased 
approximately 30-fold by the improved method 
than with the conventional method. Moreover, the 
regrowth of  Agrobacterium  was occasionally 
observed after cocultivation when using the con-
ventional method. However, no agrobacterial 
regrowth was observed with the improved 
method. Similar regrowth control using merope-
nem was reported after the transformation of 
 Phalaenopsis  (Sjahril and Mii  2006 ). These 
results suggest that the improved method prevents 
excess  Agrobacterium  growth during cocultiva-
tion, and transformed embryogenic tissues are 
effi ciently selected using meropenem, even at low 
concentrations. High transformation effi ciency 
values (colonies per gram of cocultivated embryo-
genic tissues) have been reported in conifer 
plants, such as 42 in  Larix  (Lelu and Pilate  2000 ), 
67.3 in  Pinus  (Trontin et al.  2002 ), 60–1280 in 
 Picea  (Klimaszewska et al.  2001 ), and 90 in 
Hinoki cypress (Taniguchi et al.  2005 ). Thus, the 
transformation effi ciency value that we achieved 
is one of the highest compared with those obtained 
using previously reported methods.   

13.5     Conclusions and Future 
Prospects 

 Much research into somatic embryogenesis in 
Cupressaceae indicates that factors such as 
explant types and the developmental stage, geno-
types, composition, and the supplements of the 
culture medium play an important role in improv-
ing the effi ciency of embryogenic tissue  induction 
and somatic embryogenesis. The  Agrobacterium -
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mediated transformation frequency of Sugi sig-
nifi cantly increased using the improved method 
(Fig.  13.3 ). Currently, we have succeeded in pro-
ducing the  no-pollen  Sugi by introducing a com-
bination of the male gametophyte- specifi c 
promoter (Kurita et al.  2013 ) and the cytotoxic 
gene (manuscript in preparation). Although 
reports of a stable and effective procedure for 
somatic embryogenesis and genetic transforma-
tion of Cupressaceae are limited to  Chamaecyparis  
trees and Sugi, these effective methods might be 
applied to other coniferous trees as well as other 
Cupressaceae trees. We hope that advances in 
clonal propagation and molecular breeding tech-
nology are accelerated in many coniferous trees.
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      Somatic Embryogenesis: 
The Molecular Network Regulating 
Embryo Formation                     

     Mohamed     Elhiti     and     Claudio     Stasolla    

    Abstract  

  Somatic embryogenesis in plants is a process by which embryos can be 
produced from somatic cells cultured under specifi c conditions. A key ini-
tial step is represented by the ability of some cells within the explants to 
dedifferentiate, i.e., reacquire a “young” or immature state, and then redi-
rect their fate into an embryogenic pathway, demarked by precise changes 
in gene expression. While the initial morphological patterns of somatic 
embryo formation can be quite different and diffi cult to categorize, devel-
oping somatic embryos can be assigned similar stages ascribed to zygotic 
embryos. These similarities allow the utilization of somatic embryogene-
sis as a model system to investigate physiological and molecular events 
governing zygotic embryogenesis. The aim of this chapter is to provide a 
general overview of somatic embryogenesis, by describing and analyzing 
several in vitro embryogenic systems, and to decipher the molecular net-
work responsible for the generation of somatic embryos.  

  Keywords  

  Auxin   •   Embryogenesis   •   Microspore-derived embryos   •   Somatic embryos   
•   Root apical meristem   •   Shoot apical meristem  

14.1         Introduction 

 In fl owering plants, embryogenesis is demarked 
by the fusion of the haploid gametes, i.e., egg and 
sperm cells, which through a double fertilization 
process form a single-celled zygote and an endo-
sperm cell. The subsequent development of the 
zygote is referred to as embryogenesis, during 
which the zygote forms a fully developed embryo 
through very precise apical-basal and radial cell 
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division and differentiation patterns (De Smet 
et al.  2010 ). A fully developed embryo generally 
consists of one or more cotyledons surrounding a 
shoot apical meristem (SAM), an embryonic 
axis, and a root apical meristem (RAM). 

 Plant embryogenesis is characterized by three 
unique features that have immense implications on 
the elaboration of the different embryonic tissues 
and organs. Firstly, unlike animal cells, plant cells 
do not migrate during morphogenesis. Therefore, 
the fi nal shape of the organism is the mere result of 
cell division and expansion. Secondly, the plant 
embryo is not a miniature plant, as it lacks many 
tissues and organs which are formed during post-
embryonic development. Thirdly, the fi nal stage of 
embryogenesis is characterized by an imposed 
desiccation period required for the termination of 
the embryogenic program and the initiation of ger-
mination. The time and modality of the desicca-
tion process is species specifi c and results in a 
drastic reprogramming of gene expression (Elhiti 
and Stasolla  2013 ). 

 Recapitulation of embryogenesis can also 
occur in the absence of fertilization through the 
generation of asexual embryos. Through this pro-
cess, referred as apomixis, embryos can develop 
from unfertilized egg cells or cells of the mater-
nal tissue (Nogler  1984 ). Formation of asexual 
embryos can also be achieved via in vitro culture 
through gametophytic or somatic embryogenesis. 
Somatic embryogenesis can be theoretically initi-
ated from all cells within the sporophyte, except 
gametic cells, while gametophytic embryogene-
sis involves the formation of haploid embryos 
from either the male or female gametophyte 
(Bhojwani and Razdan  1996 ; Raghavan  2000 ). 

 As hinted above, somatic embryogenesis has 
acquired relevance in the study of plant embryo-
genesis for several reasons. Firstly, it allows the 
synchronous development of embryos which are 
exposed and easily accessible. This is in contrast 
to zygotic embryogenesis, where the embryos are 
encased in the maternal tissue and often impos-
sible to excise. This characteristic becomes prob-
lematic especially for collecting a suitable 
number of zygotic embryos for physiological 
and/or molecular studies. In addition somatic 
embryos are similar to their zygotic counterparts, 
and therefore knowledge acquired in vivo can be 

transferred in vitro (Yeung and Meinke  1993 ). As 
a consequence, several studies dealing with 
somatic embryogenesis at cellular, tissue, and 
molecular levels are currently available 
(Willemsen and Scheres  2004 ). Finally, genera-
tion of embryos in culture allows the targeted 
manipulations of environmental and/or culture 
conditions which would be diffi cult, if not impos-
sible to perform in vivo. The selective addition or 
removal of specifi c chemicals in the medium is 
often used as a strategy not only to optimize cul-
ture conditions but also especially to understand 
the nature of the environment inductive for the 
proper development of the embryos. 

 Despite the existence of many similarities 
between somatic and zygotic embryogenesis, it 
must be noted that the two processes are also char-
acterized by substantial differences which must be 
considered in comparative studies. Unlike zygotic 
embryogenesis, formation of somatic embryos is 
dependent upon the competence that some somatic 
cells have to change their developmental fate. This 
change involves an extensive and poorly under-
stood reprogramming of gene expression which is 
unique of in vitro systems (Feher et al.  2003 ). 
Another relevant consideration is the fact that 
in vitro conditions are not fully optimized and 
therefore the “embryonic environment” created 
in vitro is different from the seed environment. As 
such, differences in embryo physiology and stor-
age product depositions are often observed 
between the two systems. Finally, there are 
instances of in vitro-produced embryos able to 
germinate without a dormancy period which is 
often needed in vivo (Elhiti and Stasolla  2013 ). 

 Taken together, these considerations suggest 
that in vitro embryogenesis can indeed be used as 
a model system to study plant embryogenesis, 
but with the due care of acknowledging potential 
differences with zygotic embryogenesis.  

14.2     Plant In Vitro Embryogenesis 
Systems 

 Over the past years, in vitro embryogenic sys-
tems have been developed for many plant spe-
cies, including  Arabidopsis  and  Brassica napus . 
While not a relevant crop,  Arabidopsis  has been 
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used quite extensively for in vitro studies due to 
the available genetic information which facili-
tates molecular and genetic analyses. Knowledge 
on  Arabidopsis  can also be transferred to  Brassica 
napus , as the two species are related. The in vitro 
systems for the two species are very different, as 
somatic embryogenesis is used for  Arabidopsis , 
while microspore-derived embryogenesis (andro-
genesis) is used for  Brassica . It must also be 
mentioned that, unlike canola embryos which 
develop directly from immature microspores, 
somatic embryos in  Arabidopsis  arise from a cal-
lus derived from the explant. As such, this system 
is often referred as indirect somatic 
embryogenesis. 

14.2.1      Arabidopsis  Somatic 
Embryogenesis System 

 Although reports of  Arabidopsis  somatic embryo-
genesis from mature tissues are available, somatic 
embryos are more easily produced from imma-
ture explants, such as zygotic embryos (Mordhorst 
et al.  1998 ). Dissected zygotic embryos, prefera-
bly at the bent cotyledon stage of development, 
are cultured in a medium containing the auxin 
2,4-dichlorophenoxyacetic acid (2,4-D), consid-
ered the inductive signal required for the dedif-
ferentiation process of the somatic cells within 
the explants. Under these conditions, embryo-
genic callus is generated by the apical regions of 
the zygotic embryos and in particular from the 
adaxial side of the cotyledons. Removal of the 
auxin induces the formation of somatic embryos.  

14.2.2      Brassica napus  Microspore- 
Derived Embryogenesis 
System 

 A key event during androgenesis in  Brassica 
napus  is the redifferentiation step in which the 
genetic program of the immature microspores is 
redirected toward the embryonic pathway. This 
redirection is triggered by several treatments 
including elevated temperatures (usually 32 °C; 
Keller and Armstrong  1979 ), colchicines (Zhao 
et al.  1996 ), gamma irradiation (Pechan and 

Keller  1989 ), ethanol (Pechan and Keller  1989 ), 
low temperatures (Kasha et al.  1995 ), change in 
pH (Barinova et al.  2004 ), and sucrose starvation 
(Touraev et al.  1996 ). The fi rst sign of dedifferen-
tiation of the microspores, as reviewed by Telmer 
et al.  1992 , involves changes in cytoskeletal 
organization. 

 Simmonds and Keller ( 1999 ) observed that 
the pre-prophase band which is composed by 
arrays of microtubules tends to localize in the 
middle region of induced microspores. This posi-
tioning ensures the symmetric cell division of the 
microspore, which demarks the completion of the 
inductive events and the acquisition of the 
embryogenic competence (Yeung  2002 ). This is 
in contrast to the gametophytic developmental 
pathway which is initiated with an asymmetric 
mitotic division of the microspore. Of the two 
daughter cells originating from the microspore, 
one is committed to form the suspensor of the 
embryo, while the other, referred to as the pro- 
embryogenic cell, will generate the embryo 
proper. The whole process is accomplished 
within 3 days. Through a series of anticlinal and 
periclinal divisions, the pro-embryogenic cell 
gives rise to a cluster of cells demarking the glob-
ular stage of embryogenesis after 5 days in cul-
ture. Within 7–9 days in culture, a globular 
embryo is produced characterized by a well- 
developed protoderm, the precursor of the epi-
dermis. During the following days, the growth of 
the embryo is characterized by the formation of 
two cotyledons and a morphologically visible 
SAM and RAM. A detailed description of the 
histodifferentiation events occurring during 
microspore-derived embryogenesis is available 
(Yeung et al.  1996 ).   

14.3     Genetic Components 
of In Vitro Embryogenesis 

 The mechanisms by which plant somatic embryo-
genesis is accomplished are quite complex but 
somehow conserved among plant species 
(Elhiti et al.  2013b ). Simplifi ed “molecular” steps 
of the in vitro embryogenic process have been 
reviewed by Elhiti et al. ( 2013a ), and they are 
referred to as embryonic induction and development. 
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The embryonic induction leads to the formation of 
embryogenic tissue and is further subdivided in 
dedifferentiation, acquisition of totipotency, and 
commitment. During the dedifferentiation step, 
cells within the explants must lose their pre- 
acquired fate; this is accompanied up by the acqui-
sition of totipotency which enables the cells with 
the potential to differentiate into any cell type. The 
concept of totipotency is often associated to that of 
“stemness” as stem cells are indeed totipotent. The 
new developmental fate acquired by the totipotent 
cells is regulated by extrinsic factors, which in cul-
ture are often determined by the presence of plant 
growth regulators. During somatic embryogenesis, 
the fate of the totipotent cells is redirected or 
“committed” toward the embryogenic pathway. 

 The different phases of embryogenesis are 
accompanied by major “molecular” reprogram-
ming. As described by Elhiti et al. ( 2013a ), 
somatic embryogenesis encompasses two devel-
opmental stages: (1) embryonic induction and (2) 
development. The embryogenic induction stage is 
further subdivided into three main phases: (a) 
dedifferentiation, (b) expression of totipotency, 
and (c) commitment of induction phase. Hereafter 
we will describe the genetic networking during 
each stage of somatic embryogenesis. These ini-
tial phases are followed up by the “development” 
step which is characterized by the growth of the 
embryos which is often achieved in the absence of 
plant growth regulators (Sugiyama  1999 ; Elhiti 
 2010 ). The following sections will provide an 
updated description of the molecular events 
underlying the induction and development phases.  

14.4     Genetic Network of Early 
Embryogenesis 

14.4.1     Genetic Networking 
Regulating 
the Induction Phase  

 During this stage, the genetic program of the 
somatic cells under culture condition is repro-
grammed by either applications of exogenous 
hormones or stresses (Feher et al.  2003 ). The 
induction stage of somatic embryogenesis is very 

diffi cult to study at molecular levels because of 
the lack of clear cytological markers permitting 
the identifi cation of those clusters of somatic 
cells undergoing reprogramming in gene expres-
sion leading to the acquisition of the embryo-
genic fate. As such, gene network modeling and 
bioinformatic analyses are the only means to 
identify candidate genes required during the three 
different phases (dedifferentiation, acquisition of 
totipotency, and commitment) of the induction 
step (Elhiti et al.  2013a ). 

14.4.1.1     Dedifferentiation 
 The dedifferentiation of somatic cells, which in 
culture is often promoted by auxins, possibly 
involves a major reprogramming in gene expres-
sion. Microarray analyses in  Arabidopsis  have 
identifi ed  LATERAL ORGAN BOUNDARIES 
DOMAIN 29  ( LBD29 ) as a key developmental 
gene controlling cell dedifferentiation processes 
both in vitro and in vivo (Liu et al.  2010 ).  LBD29  
has been identifi ed as a downstream target of the 
auxin response factors ARF7 and ARF19 (Feng 
et al.  2012 ), and lbd29 cells show a reduced sen-
sitivity to auxin and are unable to dedifferentiate. 
These observations suggest that the native func-
tion of this gene is necessary for dedifferentiation 
and reinforce the notion that auxin acts as the 
inductive signal (reviewed by Elhiti et al.  2013a ). 
Other possible candidate genes participating in 
the dedifferentiation step are  KRYPTONITE  
( KYP )/ SUVH4 , a gene encoding H3 lysine 9 
methyltransferase, which, if mutated, reduces the 
formation of embryogenic tissue, and 
POLYCOMB REPRESSIVE COMPLEX 1 
(PRC1) which has a repressive effect on the abil-
ity of cells to dedifferentiate upon the imposition 
of inductive signals (Bratzel et al.  2010 ).  

14.4.1.2     Totipotency 
 A key characteristic of plant cells is their inherent 
ability to retain all the genetic information 
required to alter their development fate even once 
fully differentiated (Birnbaum and Alvarado 
 2008 ). If expressed by appropriate environmental 
conditions, this ability, referred to as totipotency, 
allows the regeneration of the whole organism, as 
exemplifi ed during somatic embryogenesis 
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(Verdeil et al.  2007 ). Despite extensive efforts to 
identify key elements required for the expression 
of totipotency, our knowledge on the molecular 
regulation of this process is very scarce. 
Independent studies suggest that epigenetic 
changes play an important role in totipotency 
(Costa and Shaw  2007 ; Birnbaum and Alvarado 
 2008 ). Furthermore,  Arabidopsis  mutant analysis 
showed that the concomitant knockout of  CURLY 
LEAF  ( CLF ) and  SWINGER  ( SWN ), genes 
encoding two polycomb repressor protein 2 
(PRC2) proteins, results in the spontaneous pro-
duction of embryogenic callus in culture in the 
absence of plant growth regulators which are nor-
mally required for callus formation. Based on 
these observations, the involvement of PCR2 
proteins in the manifestation of totipotency can-
not be excluded (Chanvivattana et al.  2004 ). Two 
other genes possibly implicated with the mani-
festation of totipotency are  PICKLE (PKL ) and 
 SOMATIC EMBRYOGENESIS RECEPTOR 
KINASE 1 (SERK1 ). It has been suggested that 
the function of  PICKLE  is to repress totipotency 
since embryogenic tissue and ultimately somatic 
embryos are produced spontaneously from 
 Arabidopsis pkl  roots in the absence of the induc-
tive signals (Aichinger et al.  2009 ). As  PKL  
encodes a putative CHD3 (chromatin helicase 
DNA binding protein 3), the authors suggest a 
possible implication of chromatin remodeling 
processes in totipotency.  SERK1 , which encodes 
a leucine-repeat receptor protein kinase, is highly 
expressed during early embryogenesis (Hecht 
et al.  2001 ). Ectopic expression of this gene 
favors the formation of embryogenic tissue and 
encourages somatic embryo production indicat-
ing an involvement in embryogenic competence 
(Hecht et al.  2001 ). Using gain-of-function 
screening approach Zuo et al. ( 2002 ) revealed 
that a shoot apical meristem-related gene, 
 WUSHEL , is also expressed in  Arabidopsis  
explants during the early inductive phases of 
somatic embryogenesis in specifi c domains giv-
ing rise to embryogenic cells. In the same study it 
was observed that overexpression of  WUS  in 
 Arabidopsis  roots, leaf petioles, stems, or leaves 
is suffi cient to induce somatic embryogenesis. It 
must be noted, however, that the ability to pro-

duce somatic embryos is retained in  WUS  tissue 
(Zuo et al.  2002 ), thus suggesting the existence of 
complex and possible multiple pathways regulat-
ing embryogenesis in vitro. 

 Generation of  Brassica  microspore-derived 
embryos is dependent upon the ability of imma-
ture microspores to lose their gametophytic fate 
and acquire an embryogenic fate. Transcription 
studies have identifi ed  LEAFY COTYLEDON1  
and  LEAFY COTYLEDON2  ( LEC1 ,  LEC2 ) as 
potential candidates mediating this developmen-
tal switch and molecular markers for embryoge-
nicity (Malik et al.  2007 ), a function which 
appears to be retained across species. A signifi -
cant repression in  Arabidopsis  somatic embryo 
production was indeed observed in  lec  mutants 
(Harada  2001 ). It must be noted that during 
somatic embryogenesis,  WUS ,  LEC1 , and  LEC2  
share similar expression profi les (Elhiti and 
Stasolla  2011 ). Taken together the authors specu-
lated that  WUS  and  LEC  genes may be involved 
in the acquisition of totipotency possibly through 
parallel mechanisms. Genetic studies, including 
the analyses of  wus / lec1 / lec2  triple mutants, 
might be needed to unravel the function of these 
genes in early embryogeny. 

 It is well known that  LEC  genes are required 
to promote the expression of  AGAMOUS-LIKE 
15  ( AGL15 ), encoding a MADS-domain protein 
(Zheng et al.  2009 ). Induction of  AGL15  strongly 
activates the gibberellin 2-oxidase  GA2ox6  which 
represses gibberellic acid synthesis. Therefore it 
cannot be excluded that  LECs  operate through 
the inhibition of gibberellins, which have been 
shown to act in an antagonistic fashion to auxin, 
the signal promoting the dedifferentiation of 
somatic cells. 

 The participation of auxin during the early 
embryogenic phases was also demonstrated in 
 Brassica napus  using  BABY BOOM 1 ( BBM1 ), an 
AP2/ERF transcription factor (Boutilier et al. 
 2002 ). Ectopic expression of  BBM1  in  Brassica  
seedlings results in the production of somatic 
embryos from leaf margins, while its overexpres-
sion in  Arabidopsis  produces cotyledon-like 
structures (Boutilier et al.  2002 ). Overall, the 
overexpression of  BBM1  was associated to other 
changes in leaf and fl ower morphology as well as 
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neoplastic growth. Furthermore,  BBM1  overex-
pressing explants were able to regenerate through 
organogenesis and embryogenesis without appli-
cations of exogenous plant hormones, an obser-
vation suggesting that  BBM1  may interfere with 
auxin sensitivity. The requirement of auxin sig-
naling during early embryogeny was also demon-
strated during  Arabidopsis  somatic 
embryogenesis. Elhiti et al. ( 2013b ) demon-
strated that the increased number of somatic 
embryos obtained by suppressing  GLB2 , a type 2 
nonsymbiotic hemoglobin, was the result of ele-
vated levels of auxins which accumulate at the 
sites of the explants where embryogenic tissue 
forms. The authors developed a model in which 
suppression of  GLB2  results in an increase in 
nitric oxide which represses the transcription fac-
tor MYC2, a repressor of auxin synthesis. 
Collectively, these studies demonstrated a solid 
link between the acquisition and manifestation of 
totipotency to auxin.  

14.4.1.3     Commitment 
 It is believed that once somatic cells express their 
totipotency, specifi c signal cascades must be acti-
vated to promote cell division and encourage the 
acquisition of meristematic identity. Both events 
are crucial for the proper development of the 
embryos. Overall, the genes involved in this 
phase of somatic embryo induction may be 
divided into three main categories: genes partici-
pating in cell cycle, genes required for meriste-
matic cell formation and regulation, and genes 
involved in several signal transduction cascades. 

   Genes Participating in Cell Cycle 
 Cell division in plants is controlled by compli-
cated mechanisms which are governed by the 
expression of cyclin-dependent kinases ( CDKs ). 
 CDK s are proteins infl uencing the entry time into 
the different phases of the cell cycle (Elhiti et al. 
 2013a ). According to their internal motives, 
 CDK s are classifi ed into eight groups,  CDKA  
through  CDKG  and  CDKL  (Zhang et al.  2012 ). 
Functional genetic analyses revealed that only 
 CDKA1  (also referred to as  CDC2A ) is involved 
in embryogenesis and its expression is induced 
by the plant growth regulators auxins and cytoki-

nins (Nowack et al.  2006 ). In  Arabidopsis , over-
expression of  CDC2A  represses somatic 
embryogenesis, while a downregulation of the 
same gene enhances the number of somatic 
embryos produced (Hemerly et al.  2000 ). Another 
CDK possibly participating in embryogenesis is 
 CDKA , the transcript levels of which increase 
during the early phases of somatic embryogene-
sis prior to declining as the embryos develop 
(Cortes et al.  2010 ). 

 It has been reported that PROPORZ1 (PRZ1), 
a putative  Arabidopsis  transcriptional adaptor, 
mediates cell proliferation through auxin and 
cytokinin signaling (Sieberer et al.  2003 ). 
Compared to WT tissue, in which ectopic cell 
proliferation is observed in the presence of both 
auxin and cytokinins,  prz1  tissue is able to pro-
duce callus when cultured with either auxin or 
cytokinin (Sieberer et al.  2003 ). Based on these 
observations, the authors suggested that PRZ1 
mediates cell proliferation and differentiation by 
affecting the behavior of cell cycle regulators. 
Another possible component of the mitotic 
machinery with a possible involvement on 
somatic embryogenesis is histone H3-11, a 
mitosis- specifi c phosphorylation protein. 
Hendzel et al. ( 1997 ) suggested that histone 
H3-11 is particularly required during the induc-
tive phases of embryogenesis, an observation 
consistent with the high levels of  histone H3-11  
transcripts measured in alfalfa tissue subjected to 
2,4-D treatments which stimulate embryogenic 
tissue formation (Kapros et al.  1992 ).  

   Genes Involved in Meristematic Cell 
Formation 
 The competent cells formed in culture on the 
explants respond to an inductive signal, usually 
provided by specifi c culture addenda such as 
growth regulators, and become meristematic cells. 
Elhiti et al. ( 2010 ) proposed that meristematic cell 
formation in culture is regulated by similar mecha-
nisms involved in the formation and maintenance 
of the meristematic cells within the SAM in vivo. 
Proper SAM homeostasis relies on two classes of 
genes: those promoting cell division and those 
favoring cell differentiation. Members of the for-
mer class are  SHOOTMERISTEMLESS  ( STM ) and 
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 WUSCHEL  ( WUS ), while promoters of cell differ-
entiation are  CLAVATA1  and  CLAVATA2 (CLV1  
and  CLV2 ). Using  Brassica  and  Arabidopsis , it was 
demonstrated that while the constitutive expression 
of  STM  induces embryo formation in culture, over-
expression of  CLV1  represses the production of 
embryos (Elhiti et al.  2010 ). This contrasting 
behavior in vitro is analogous to that observed dur-
ing the maintenance of the SAM in vivo. 

 A lot of attention has also been directed toward 
the interaction of  WUS  and  CLV1 , the function of 
which has been well documented. In the SAM 
the role of  CLV1 , a transmembrane receptor ser-
ine/threonine kinase with leucine-rich repeat 
(Clark et al.  1997 ), is to promote the differentia-
tion of meristematic cells by repressing  WUS  
expression through a complex signaling model 
involving other CLV proteins (Dodsworth  2009 ). 
In this model  CLV3  produced by the apical cells 
of the SAM binds to CLV1/CLV2 receptor kinase 
complexes located in the subapical cells and 
through the activation of downstream signaling 
components downregulates  WUS  which is 
expressed in the “organizing center” (Dodsworth 
 2009 ). In  Arabidopsis  somatic embryogenesis 
system, the expression of  WUS , induced by 
auxin, is fi rst visible in those domains of the 
explants giving rise to the embryogenic tissue 
(Su and Zhang  2009 ). Chen et al. ( 2009 ) also 
demonstrated a cytokinin-mediated activation of 
 WUS . The WUS-CLV interaction was shown to 
occur during  M. truncatula  somatic embryogen-
esis where the two genes competitively modulate 
the formation of embryogenic tissue formation 
(Chen et al.  2009 ). It must be noted, however, 
that all the SAM-related genes described above 
are not necessary for somatic embryo formation, 
as their respective  Arabidopsis  mutants are still 
able to produce somatic embryos in culture 
(Mordhorst et al.  1998 ). 

 It is well known that  WUS  acts as a transcrip-
tion factor repressing A-type  Arabidopsis  
response regulators, thereby activating cytokinin 
responses contributing to meristem maintenance 
(Leibfried et al.  2005 ). Several studies suggest 
that  WUS  activity in vivo requires the expression 
of the ARGONAUTE (AGO) protein ZWILLE/
AGO10 (Tucker et al.  2008 ). AGO proteins are 

central elements of the RNA interference (RNAi) 
pathway and mediate the repression of target 
mRNA through mRNA degradation or transla-
tional inhibition (Mallory and Vaucheret  2010 ). 
Specifi cally, ZLL/AGO10 blocks the accumula-
tion of microRNA165/microRNA166 in the stem 
cell niche of the SAM by sequestration mecha-
nisms preventing the degradation of 
microRNA165/microRNA166 targets’ tran-
scripts of  HD-ZIPIII  transcription factor (Knauer 
et al.  2013 ). Based on these observations, it might 
therefore be interesting to ascertain the participa-
tion of AGO proteins in the initial phases of 
embryogenesis.  

   Genes Involved in Signal Transduction 
Cascade 
 The CLV signaling described in the fi rst section 
is modulated by downstream components, the 
function of which, although not tested during 
in vitro embryogenesis, might participate during 
in vitro embryogenesis. Two intermediary modu-
lators of CLV signaling are a kinase-associated 
protein phosphatase (KAPP) and a rho-like 
GTPase (Rop) (Song et al.  2006 ). These two pro-
teins interact directly with  CLV1  forming a 450 
kDa active signaling complex. KAPP functions 
in vivo as a negative regulator of the CLV signal-
ing through direct dephosphorylation of  CLV1 , 
while Rop is assumed to transduce the CLV sig-
nal into the nucleus (reviewed by Elhiti et al. 
 2010 ). Future studies assessing the involvement 
of these two proteins during in vitro embryogen-
esis might further validate the notion that the for-
mation of meristematic cells in vitro uses 
signaling systems governing SAM homeostasis. 

 Besides KAPP and Rop, SHEPHERD, a 
HSP90-like protein predicted to be required for 
correct folding of CLV complex (Ishiguro et al. 
 2002 ), and POLTERGEIST ( POL ), a nuclear- 
localized protein phosphatase 2C (PP2C) which 
acts downstream within the CLV transduction 
(Carles and Fletcher  2003 ), can be additional 
candidates to be tested during in vitro embryo-
genesis. These proposed studies would verify the 
proposed notion that meristematic cell formation 
in vitro relies on similar mechanisms governing 
SAM formation and maintenance in vivo.     
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14.5     Genes/Gene Homologues 
Infl uence Embryo 
Development 

14.5.1     Genetic Networking 
Controlling Somatic Embryo 
Development 

 The developmental phase of in vitro embryogen-
esis culminates with the formation of fully devel-
oped embryos, the growth of which occurs along 
two axes: an apical-basal axis and a radial axis. 
While the apical-basal growth ensures the proper 
positioning of the cotyledons surrounding the 
SAM, a hypocotyl, and a RAM, the radial growth 
specifi es concentric layers of tissues: the stele, 
cortex, and epidermis. Precise coordination of 
these events is paramount for the accurate estab-
lishment of the embryo body. The development 
of many  Arabidopsis  mutants, as well as high- 
resolution molecular techniques, has aided our 
understanding on the molecular networks coordi-
nating apical-basal and radial growth. 

14.5.1.1     Establishment of the Apical- 
Basal Body Plan 

 The formation of apical-basal axis of a somatic 
embryo is responsible for the proper positioning of 
the SAM and RAM at the opposite regions of the 
hypocotyl. Among the processes ensuring this axis 
pattern are asymmetric cell division and preferen-
tial elongation along the desired axis (De Jong 
et al.  1993 ; Emons  1994 ). While asymmetric cell 
divisions are promoted by plant hormones that 
alter cell polarity by interfering with pH gradients 
or the electrical fi elds across membranes (Smith 
and Kirkorian  1990 ), cell expansion is associated 
with the composition of polysaccharides within 
the cell wall and specifi c hydrolytic enzymes (De 
Jong et al.  1993 ; Emons  1994 ; Fry  1995 ). The par-
ticipation of asymmetric cell divisions and elonga-
tion for the establishment of the apical-basal axis 
during in vivo embryogenesis are manifested at 
the zygotic stage when the zygote elongates and 
undergoes an asymmetric division leading to the 
formation of small apical cells, precursors of the 
embryo proper, and larger basal cells forming the 
suspensor cell. The contribution of these two 
events is also crucial for the later stages of embryo-

genesis (Zhang and Laux  2011 ). Although the 
early phases of embryogenesis in vitro follow less 
precise patterns, the roles of asymmetric cell divi-
sions and elongations are still apparent in some 
systems, including  Brassica  microspore-derived 
embryogenesis where the type of division observed 
in the microspore, i.e., symmetric or asymmetric, 
marks its developmental fate. Molecular analyses 
during the earliest phases of  Brassica  microspore-
derived embryogenesis identifi ed some potential 
genes possibly involved in this fate acquisition, 
including  FUSCA3 ,  LEAFY COTYLEDON1  
( LEC1 ),  LEC2 ,  BABY BOOM  ( BBM ), 
 PINFORMED7  ( PIN7 ), two  WUSCHEL -related 
homeobox ( WOX ) genes,  WOX2 ,  WOX8  and 
 WOX9 , and  ABSCISIC ACID INSENSITIVE3  
(Joosen et al.  2007 ; Malik et al.  2007 ; Tsuwamoto 
et al.  2007 ). While the involvement of these genes 
in asymmetric cell division is known, more infor-
mation is available for  PIN7  and  WOX2 . During 
the asymmetric cell division of the zygote,  PIN7  is 
preferentially localized in the basal cell, while 
expression of  WOX2  is restricted in the apical cell. 
A mutation in either of the two genes compro-
mises the ability of the zygote to divide properly 
(reviewed by Elhiti and Stasolla  2013 ). 

 The participation of auxin for the execution of 
asymmetric cell divisions is well established, and a 
precise distribution of this growth regulator is also 
required for the specifi cation of somatic cells 
embarking in the embryogenic pathway. According 
to Su and Zhang ( 2009 ), the formation of an auxin 
gradient within the  Arabidopsis  embryogenic tis-
sue is crucial for inducing the stem cell formation 
through the regulation of  PIN1 . This regulation 
would also mediate the expression of  WUS  and 
other  WOX  genes required for the establishment of 
the apical-basal axis. Of note, the observation that 
 WOX8  and  WOX9  are also expressed during coni-
fer embryogenesis possibly through auxin-medi-
ated mechanisms (Palovaara and Hakman  2009 ) 
raises the possibility of a more general involvement 
of these groups of genes in embryo patterning. 

 The apical domain of a fully developed 
embryo consists of cotyledons and a 
SAM. Independent studies have shown that the 
establishment of the apical embryonic domains 
in vivo is specifi ed by  GURKE  and 
 TOPLESS. GURKE  encodes an acetyl-CoA car-
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boxylase and, if mutated, precludes the formation 
of cotyledons and the SAM (Baud et al.  2003 ). 
Knockout of  TOPLESS  results in the formation 
of a root in the apical pole, thus indicating that 
the function of this gene is to abolish the mani-
festation of the basal patterning in the apical 
domains (Szemenyei et al.  2008 ). 

 The central embryonic domain consists of a 
hypocotyl, the specifi cation of which is regulated 
by  FACKEL ,  HYDRA1 , and  CEPHALOPOD  
(Willemsen and Scheres  2004 ). With mutations 
in these genes, embryos form without hypocotyls 
in which the apical domain is directly connected 
to the embryonic root (Lindsey et al.  2003 ). 
These genes participate in the biosynthesis of ste-
rols, suggesting an involvement of these com-
pounds in hypocotyl formation. Not surprisingly, 
auxin is also required for the development of a 
functional hypocotyl. Mutations of 
 MONOPTEROS , a gene encoding an auxin 
responsive factor, produce embryos lacking a 
hypocotyl (Schruff et al.  2006 ). In the same study 
it is speculated that the specifi c function of these 
genes might be related to the formation of a func-
tional stele, as this is the most affected tissue in 
the mutants. 

 Other genes interfering with auxin signaling: 
 AUXIN-RESISTANT6  and  BONDELOS  are also 
required for the proper establishment of the cen-
tral embryonic domain (Park and Harada  2008 ). 

 The embryonic basal domain includes the 
RAM which is composed of quiescent cells sur-
rounded by the stem cells. During early phases of 
embryogenesis, expression of  PINFORMED1 ,  4 , 
and  7 , all encoding auxin effl ux carriers, are 
required for the formation of an auxin maximum 
at the basal domain, which is essential for the 
specifi cation of the RAM (Willemsen and Scheres 
 2004 ). Mutations in auxin downstream compo-
nents, such as  PLETHORA , which is expressed 
in quiescent cells and encodes AP2 domain 
transcription factor, cause the mis-specifi cation 
of quiescent cells and consequently the improper 
formation of the embryonic root (Aida et al. 
 2004 ). Analyses of these mutants showed that the 
effects of  PLETHORA  in the formation of embry-
onic root are mediated through interaction with 
 SCARECROW  and  SHORTROOT  (Aida et al. 
 2004 ). Furthermore,  HOBBIT , a homologue of a 

subunit of the anaphase-promoting complex, is 
also required for proper localization of quiescent 
cells in embryonic root (Willemsen et al.  1998 ). 
Collectively, these studies show that the apical, 
central, and basal embryonic domains appear to 
be controlled by independent genetic mecha-
nisms which are coordinated by a proper fl ow of 
auxin. The majority of these studies, however, 
have been conducted in vivo, and it is not clear 
whether similar mechanisms also operate in vitro, 
where tissue patterning is less organized and 
predictable.  

14.5.1.2    Establishment of Embryonic 
Shoot Apical Meristem 
(SAM) 

 The establishment of the SAM is considered a 
key event during embryogenesis and encom-
passes three phases: the specifi cation of apical 
domain (discussed in the previous sections), the 
formation of the stem cell niche, and the separa-
tion of the central and peripheral domains. The 
transcription factor  WUS  defi nes the organizing 
center of the meristem and is considered the 
 initial marker for the specifi cation of the stem 
cell niche. Localization studies in  Arabidopsis  
demonstrate that  WUS  transcripts appear very 
early during somatic embryogenesis (Su and 
Zhang  2009 ). The main function of  WUS  is to 
maintain the stem cells in an undifferentiated 
state, thereby ensuring the proper maintenance of 
the apical region. As previously described,  WUS  
is regulated by  CLV  feedback mechanisms 
through the interaction of  CLV1-3.  Another 
marker of the initial formation of the SAM is the 
homeodomain transcription factor  STM  which is 
also expressed in somatic embryos starting from 
the globular stage of development (Elhiti  2010 ). 
Downregulation of  STM  results in fusion in the 
embryonic cotyledons resulting in the production 
of trumpet-shaped embryos (Elhiti et al.  2010 ). 
The demarcation between the central and periph-
eral domains of the SAM is necessary for the 
proper positioning of the cotyledons relative to 
the SAM (reviewed by Elhiti and Stasolla  2013 ). 
This process is mediated by  CUP-SHAPED 
COTYLEDON  ( CUC1 ,  2 ,  3 ), expressed at the 
boundary between the cotyledons and the 
SAM (Aida et al.  1999 ). Knockout of  CUC  
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phenocopies the  stm  phenotype (trumpet-shaped 
embryo), suggesting that  STM  and  CUC  may 
share the same pathway. It has been observed that 
accumulation of  CUC  transcripts is regulated by 
microRNA164 (Zhang et al.  2006 ).  

14.5.1.3    Establishment 
of the Embryonic Radial 
Pattern 

 Radial patterning results in the proper specifi ca-
tion of the epidermis, cortical tissue, and vascular 
tissues. The fi rst hint of radial pattern formation 
during in vivo and in vitro embryogenesis corre-
sponds with the separation of the protoderm from 
the inner cells (Elhiti and Stasolla  2013 ). 
Expression analyses in  Arabidopsis  indicate that 
 ARABIDOPSIS THALIANA MERISTEM LAYER1  
and  PROTODERMAL FACTOR2 , encoding tran-
scription factors containing the START domain, 
are implicated in the radial specifi cation of the 
protodermal layer (Abe et al.  2003 ). Other genes 
involved in radial patterning are  KEULE  and 
 KNOLLE , as a radial axis is never initiated in the 
two mutants. While their function is not fully 
clear, it has been shown that  KNOLLE  encodes a 
syntaxin-like protein involved in secretary pro-
cesses (Song et al.  2000 ). A mutation in this gene 
results in abnormal cytokinesis due to incomplete 
formation of the cell wall separating the two 
daughter cells (Song et al.  2000 ). 

  SHORT ROOT  ( SHR ) and  SCARECROW  
( SCW ), encoding transcription factors of the 
GRAS family, are required for the proper specifi -
cation of endodermal and cortical layers. 
Knockout of  SHR  results in absence of the endo-
dermis, while  scw  mutants have a single fi le of 
cells in place of cortex and endodermis (Di 
Laurenzio et al.  1996 ). Localization studies indi-
cated that  SHR  is expressed in the vascular tissue 
and translocated into the endodermal layer where 
 SCW  is expressed (Di Laurenzio et al.  1996 ).    

14.6     Conclusions 

 Embryo formation in vivo is initiated with the 
fusion of the gametes, i.e., sperm and egg, result-
ing in the formation of the zygote. Through pre-

cise cell division and differentiation processes, 
the zygote produces a fully develop embryo, 
composed of an apical, a central, and a basal 
domain. Recapitulation of embryogenesis can 
also occur in vitro through somatic and gameto-
phytic embryogenesis. Formation of in vitro 
embryos relies on similar genetic mechanisms 
operating during in vivo embryogenesis although 
the culture conditions are less stable and often 
not optimized. As a result, the molecular events 
controlling in vitro embryogenesis are less 
defi ned. Overall, somatic embryogenesis can be 
divided in two distinct phases: induction and 
development. The fi rst phase requires the dedif-
ferentiation of the somatic cells, the acquisition 
of totipotency, and the commitment to embark an 
embryogenic fate. These events, critical for the 
overall embryogenesis, do not occur in vivo and 
are therefore specifi c to culture systems. 
Independent studies have demonstrated the rele-
vance of auxin for the inductive step and the par-
ticipation of genes regulating SAM formation 
and maintenance. Removal of plant regulators is 
often required to initiate the development of the 
somatic embryos, and during this event, the 
embryo body is elaborated. Like the in vivo sys-
tem, the tissue patterning of in vitro-produced 
embryos occurs through an apical-basal and a 
radial axis. Growth along the two axes is medi-
ated by distinct genetic networks, although auxin 
seems to be implicated with both. As the devel-
opmental phases of in vitro embryogenesis are 
very similar to those observed in zygotic embryos, 
knowledge on the molecular mechanisms operat-
ing in the latter system are often transferred to the 
former.     
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15.1         Introduction 

 The family Arecaceae comprises plants known as 
palms, native to tropical and subtropical regions; 
the plants are key species for frugivore communi-
ties and offer resources to pollinators (Dransfi eld 
 2008 ; Lorenzi  2010 ). The Arecaceae are the third 
most economically important family as the plants 
provide material used in construction; as food, 
fuel, and medications; in decoration; and also for 
subsistence farming (Eiserhardt et al.  2011 ; 
Meerow et al.  2012 ). Palms are important land-
scaping components in regions with tropical, 
Mediterranean, and subtropical climates and are 
used for landscaping in temperate zones. The 
plants are also found in greenhouses and indoor 
gardens in shopping centers, offi ce buildings, and 
other public areas, where their function is to cre-
ate a tropical feel to the environment (Broschat 
et al.  2014 ) (Fig.  15.1 ).

   Arecoideae is the largest and most diverse 
subfamily within the family Arecaceae, with 
around 50 % of the species; it has an exceptional 
degree of endemism, notably in the Americas and 
in the Indo-Pacifi c region. Some of the most 
important palms, from an economic point of 
view, are Arecoideae, such as the oil palm ( Elaeis 
guineensis  Jacq.), coconut palm ( Cocos nucifera  
L.), peach palm ( Bactris gasipaes  Kunth), and 
many other species of importance to both local 
and global trade (Baker et al.  2011 ). Important 
species used in landscaping include the macaw 
palm [ Acrocomia aculeata  (Jacq) Lood. ex 
Mart.], the betel palm ( Areca catechu  L.), and the 
date palm ( Phoenix dactylifera  L.) (Broschat 
et al.  2014 ). 

 Palms have various characteristics that make 
the propagation diffi cult, such as the presence of a 
single meristem per shoot and the absence of sec-
ondary growth in stems and roots. A few palms 
produce offshoots that can easily be propagated 
(Tomlinson  2006 ; Broschat et al.  2014 ). These 
characteristics, combined with their perennial life 
cycle, the recalcitrance of their seeds, and the fact 
that it takes a long time to be able to determine the 
value of the progeny, limit the genetic improve-
ment of various palms if conducted using 
 conventional methods (Pérez-Núñez et al.  2006 ). 

Besides, most of the species are allogamous, and 
great heterogeneity is observed when these are 
planted from seeds (Rajanaidu and Ainul  2013 ). 

 In vitro propagation is an important tool used 
in plants and for which there are no known tech-
niques for vegetative propagation available 
(Costa and Aloufa  2007 ; Rajanaidu and Ainul 
 2013 ). In vitro systems have enabled the regen-
eration of plants of more than 1000 different spe-
cies through two morphogenic alternatives: 
organogenesis (direct differentiation into new tis-
sues) and embryogenesis (Gaj  2004 ). Somatic 
embryogenesis (SE) is an inductive process in 
which a competent cell or group of cells undergo 
a series of biochemical and molecular changes 
that result in the formation of a bipolar somatic 
embryo (Rai et al.  2011 ). The induction of SE in 
plants is only possible if the somatic cells recover 
their totipotency and acquire the competence 
necessary to respond to the embryogenic signals 
and initiate embryogenesis (Pasternak et al. 
 2002 ), i.e., the induction of embryogenic compe-
tence in cells that are not naturally embryogenic 
(Dodeman et al.  1997 ). SE has numerous appli-
cations including clonal propagation, the regen-
eration of genetically modifi ed plants, the 
formation of somatic hybrids, and the induction 
and selection of mutants (Gaj  2004 ). Indeed, 
progress in the development of in vitro systems 
has enabled the induction of SE in many econom-
ically important plants (Santos et al.  1997 ; Zelena 
 2000 ; Aoshima  2005 ; Te-chato and Hilae  2007 ). 
An important example is the vegetative propaga-
tion of the oil palm ( Elaeis guineensis ), which 
has enabled the production of uniform material 
for planting programs in the fi eld and genetic 
improvement (Durand-Gasselin et al.  1990 ; Low 
et al.  2008 ; Konan et al.  2010 ; Beulé et al.  2011 ). 

 Besides being a tool for vegetative propaga-
tion, somatic embryos can also be used for stud-
ies on the regulation of plant embryo development 
(Bhojwani and Razdan  1992 ; Von Arnold et al. 
 2002 ; Karami et al.  2009 ; Zhang and Ogas  2009 ). 
SE includes the ways in which cells develop into 
structures similar to zygotic embryos, through an 
ordered series of characteristic embryologic 
stages, without gamete fusion having occurred 
(Jiménez  2005 ). Somatic embryos display many 
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characteristics that are similar to those of the 
development stages of zygotic embryos: somatic 
embryos are bipolar and have shoot and root mer-
istems with a closed vascular system separate 
from the maternal tissue (Luis and Scherwinski- 
Pereira  2014 ). Somatic embryos are often formed 
from a single cell and produce specifi c proteins 
(Jayasankar et al.  1999 ). 

 In vitro development of cells and tissues via 
SE is dependent on different factors, such as 
plant genotype and type, age, and the physiologi-
cal and developmental state of the explant and 
donor plant. External factors include the compo-
sition of the medium and the physical cultivation 
conditions (Vinãs and Jiménez  2011 ). The inter-
action between all these factors leads to the 
induction and expression of a specifi c mode of 

cell differentiation and development, which in 
turn leads to embryogenesis (Gaj  2004 ). Usually, 
a distinction is made between direct and indirect 
SE. In the fi rst case, the embryo is induced 
directly from the cells of the original explant 
(without a dedifferentiation stage), while in the 
second, the embryo is induced indirectly (going 
through dedifferentiation) from the formation of 
a callus. Indirect SE is the most common form of 
embryogenesis (Gaj  2004 ; Fehér  2008 ; Zavattieri 
et al.  2010 ). Indeed, callogenesis is a prerequisite 
for the formation of somatic embryos in various 
palms such as the date palm (Sané et al.  2006 ). 
Othmani et al. ( 2009 ) confi rmed the formation of 
somatic embryos in date palm leaves by the direct 
route on 5 mg L −1  of 2,4-dichlorophenoxyacetic 
acid (2,4-D) added medium. When higher con-

  Fig. 15.1    Ornamental palms: A)  Acrocomia aculeata , B)  Areca  sp., C)  Cocos nucifera , D)  Elaeis guineensis , E) 
 Euterpe  sp., F)  Phoenix  sp. (Source: EOL Saleh)       
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centrations of 2,4-D were used (10 mg L −1 ), indi-
rect somatic embryogenesis occurred, indicating 
that there are different modes of action of the 
phytoregulator on the explant or species studied 
(Othmani et al.  2009 ). Compared with indirect 
somatic embryogenesis, the induction of embryos 
directly from the original explant reduces the 
somatic embryo formation time. Furthermore, 
this method presents fewer problems related to 
the accumulation of phenolic compounds and has 
lower contamination rates (less manipulation of 
the explants and shorter cultivation time) (Kumar 
et al.  2006 ). Additionally, the genetic variability 
of the material obtained by the direct route is 
relatively lower (Cuenca et al.  1999 ). Although it 
is not common, some studies report the propaga-
tion of palms via direct embryogenesis in saw 
palmetto (Gallo-Meagher and Green  2002 ), via 
organogenesis in date palm (Asemota et al.  2007 ; 
Kriaa et al.  2012 ; Mazri and Meziani  2013 ) and 
in peach palm (Almeida and Almeida  2006 ). 

 Indirect somatic embryogenesis is usually a 
process of regeneration involving multiple steps, 
beginning with the formation of primary, embryo-
genic calli that evolve to form proembryogenic 
masses. The development of a somatic embryo 
then occurs, followed by its maturation and 
fi nally the regeneration of the plant (Von Arnold 
et al.  2002 , Von Arnold   2008 ). In the SE induc-
tion phase, the differentiated somatic cells 
acquire embryogenic competence, either directly 
or indirectly (Zavattieri et al.  2010 ). For this, the 
somatic cells undergo a reorganization of the cel-
lular state, including physiological, metabolic, 
and gene expression (Jiménez et al.  2001 ). 
Although the mechanisms involved in the transi-
tion from the cell’s destination, from somatic to 
embryogenic, are unclear, in general, it is a pro-
cess of dedifferentiation and activation of cell 
division (Fehér  2003 ), which usually culminates 
in the formation of a proembryogenic callus 
(Vinãs and Jiménez  2011 ). Following induction, 
the somatic embryos go through the typical 
stages of zygotic embryogenesis, i.e., globular, 
scutellar, and coleoptilar, in monocotyledons 
(Toonen and De Vries  1996 ; Jiménez  2005 ). 
Finally, various reserve proteins, specifi c late 
embryogenesis abundant (LEA) protein, fatty 
acids, and sugars, all required for germination, 

are synthesized (Von Arnold et al.  2002 ; Rai et al. 
 2011 ). This accumulation of reserves and the 
desiccation process enables the somatic embryos 
to prepare for germination and develop into nor-
mal plants (Jiménez et al.  2001 ; Rai et al.  2011 ). 

 To summarize, the steps normally considered 
in indirect somatic SE in palms are (Jiménez  2005 ; 
Fehér  2008 ; Von Arnold  2008 ) (Fig.  15.2 ):

     (I)    Callogenesis: dedifferentiation of the 
somatic tissue, which becomes responsive, 
evolving to form proembryogenic masses.   

   (II)    Induction of embryogenic structures: the 
multiplication/proliferation of the callus 
and organized embryogenic development 
take place.   

   (III)    Maturation of the embryos: the initial struc-
tures accumulate reserve substances, pass-
ing through the desiccation process and 
completing embryonic development, evolv-
ing from the globular to the coleoptilar 
stage.   

   (IV)    Conversion: the establishment and regener-
ation of complete plantlets (with the aerial 
part and the root) from the somatic embryos.    

  Although the four steps can be defi ned, not all 
SE protocols for palms differentiate between 
them or specify different treatments for each of 
these steps. SE consists, therefore, of replacing 
the pattern of gene expression in the tissue of the 
explant with a new embryogenic program (Zeng 
et al.  2007 ). Thus, the more the pattern of gene 
expression of the somatic embryo resembles or 
corresponds to that of zygotic embryos, the 
greater the chance of obtaining highly effi cient 
regeneration systems (Merkle et al.  1995 ), and 
this is only possible if the cells are competent and 
receive appropriate inductive stimuli (Zavattieri 
et al.  2010 ).  

15.2     Plant Material 
and Embryogenic 
Competence 

 Somatic cells with embryogenic capacity culti-
vated in vitro need stimuli to initiate embryogen-
esis, unlike embryogenic cells formed in vivo, 
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which do not need external stimuli (Zimmerman 
 1993 ). Each tissue has embryogenic potential 
translated by the specifi c sensitivity into an exter-
nal hormonal signal (Gaj  2004 ). After a change in 

one or more growing conditions, competent cells 
can reach the expression stage, in which the cell 
can differentiate into proembryos and develop 
into somatic embryos (Jiménez  2005 ). Thus, two 

  Fig. 15.2    Phases of somatic embryogenesis in palms 
using zygotic embryos as primordial explants in three 
Arecaceae species. Scale bar:  Acrocomia aculeata , 1 cm; 
 Elaeis guineensis , 0.5 cm;  Euterpe oleracea , 0.1 cm 

(Authorized reproduction:  A. aculeata  (ZG Luis),  E. 
guineensis  (TA Balzon),  E. oleracea  (JE 
Scherwinski-Pereira))       
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categories of inductive conditions are recognized 
that allow differentiated cells to develop into 
competent dedifferentiated cells: growth regula-
tors (internal and/or external cellular levels) and 
stress factors (Zavattieri et al.  2010 ). Competent 
cells have specifi c characteristics, such as early 
activation of the division cycle, more alkaline 
vacuolar pH, altered auxin metabolism, and the 
presence of leucoplasts (non- differentiated chlo-
roplasts) (Pasternak et al.  2002 ). 

 During the induction of SE, a temporary 
increase in the endogenous levels of indoleacetic 
acid (IAA) seems to be a common characteristic 
in various plants and tissues (Jiménez  2005 ; 
Gueye et al.  2009 ). Thus, auxin synthesis induced 
by embryogenic conditions should be one of the 
key signals that determine the embryogenic des-
tiny of a cultured cell (Gaj  2004 ). However, the 
interaction in this process between endogenous 
hormones and the growth regulators should be 
taken into account (Jiménez  2005 ). Gueye et al. 
( 2009 ) reported that the capacity of date palm leaf 
segments to form calli depends on the state of cel-
lular differentiation and that the most callogenic 
segments are found within the leaf lengthening 
zone. Thus, the establishment of a successful SE 
system is dependent on choosing plant material 
that has competent cells, and physical and chemi-
cal factors trigger/stimulate the embryogenic 
development paths of these cells (Zavattieri et al. 
 2010 ). According to Gaj ( 2004 ), immature 
zygotic embryos represent an important source of 
propagules in SE programs because the explants 
are used in more than a fi fth of the protocols 
established between 1995 and 2004, with mature 
embryos being the second most used source. 

 In palms, the use of embryonic tissue has been 
successfully tested in vitro for various species: 
mature zygotic embryos (ZE) of areca 
palm, peach palm, macaw palm, and oil palm 
(Wang et al.  2002 ; Steinmacher et al.  2007a , 
 2007b ; Moura et al.  2009 ; Thawaro and Te-Chato 
 2009 ; Balzon et al.  2013 ; Luis and Scherwinski- 
Pereira  2014 ), isolated coconut plumules 
(Fernando et al.  2003 ; Pérez-Núñez et al.  2006 ; 
Sáenz et al.  2006 ) and the immature ZE of 
 coconut and açaí palm (Karunaratne and 
Periyapperuma  1989 ; Fernando and Gamage 

 2000 ; Saldanha and Martins-Corder  2012 ; 
Scherwinski-Pereira et al.  2012 ) (Table  15.1 ). 
When cloning is performed using zygotic 
embryos, these are usually genetically different 
from the mother plant due to the occurrence of 
cross-pollination, common among palms (Perera 
et al.  2007 ).

   When considering somatic tissues, different 
types of explants are tested, but the response is 
usually limited to certain species. A few success-
ful examples include date palm, oil palm, and 
peach palm leaves (Othmani et al.  2009 ; Konan 
et al.  2010 ; Santos et al.  2012 ) and roots of  Areca  
(Wang et al.  2006 ). The reproductive structures 
are also used, successful examples are female 
date palm fl owers (Kriaa et al.  2012 ), immature 
ovaries (Perera et al.  2007 ), and anthers (Perera 
et al.  2009a ) of the coconut palm (Table  15.1 ). 
The latter are very promising, enabling clones to 
be obtained that are true to the matrix (Gueye 
et al.  2009 ). 

 Somatic tissues of young plants are good 
sources of explants. The caulinar apexes were 
successfully used in date palm (Sané et al.  2006 ) 
and oil palm (Thawaro and Te-Chato  2009 ). 
Using thin cell layer technique (Tran Thanh Van 
and Bui  2000 ) in explants of germinating seed-
lings, Steinmacher et al. ( 2007a ) and Scherwinski- 
Pereira et al. ( 2010 ) obtained somatic embryos of 
peach palm and oil palm, respectively. The thin 
cell layer technique is based on the principle that 
smaller explants are more responsive because 
these have proportionally more surface area in 
contact with the growing medium, making them 
subject to higher stress, capable of increasing the 
cellular metabolism and the embryogenic 
response (Fehér et al. 2003; Othmani 2009). In 
small explants, the synthesis occurs on new cell 
wall components, such as oligosaccharides, that 
act as a signal to the cell to reinitiate the cellular 
cycle (Tran Thanh Van and Bui  2000 ). Othmani 
et al. ( 2009 ) tested date palm leaf explants of dif-
ferent sizes and confi rmed that the smaller ones 
(5–10 mm) had a higher frequency of embryo-
genic callus formation. The authors suggest that 
the larger explants (15–20 mm), which did not 
form embryogenic calluses, allow the normal 
interactions between the cells of the tissue to be 
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maintained and that these interactions must 
inhibit cellular division by maintaining the sym-
plastic domains (Othmani et al.  2009 ). The thin 
cell layer technique has been successfully used 
for the micropropagation of various ornamental 
plants including monocotyledons (Silva and 
Dobránszki  2013 ).  

15.3     Endogenous Hormones 

 The development of techniques sensitive enough 
to analyze molecules like plant hormones, pres-
ent in very small tissue samples, made it possible 
to investigate the role of these compounds in 
directing SE and to link their endogenous con-
centration to the morphogenesis and develop-
ment (Gaj  2004 ). In leaf explants, the embryogenic 
tissues have higher concentrations of IAA 
(3-indolacetic acid) and lower concentrations of 
endogenous cytokinins than non-embryogenic 
tissues, although many results do not indicate a 
direct relationship between the concentration of 
these hormones and the embryogenic compe-
tence of the tissue (Jiménez  2005 ). Other evi-
dence that high levels of endogenous auxins are 
correlated with embryogenic competence comes 
from studies in which a decrease in embryogenic 
capacity coincides with a decrease in endogenous 
IAA, practically to the levels that exist in non- 
embryogenic lineages (Jiménez  2005 ). Auxin 
synthesis and the polar transport of auxin are key 
events in the formation of meristem that leads to 
the development of the embryo (Nawy et al. 
 2008 ). In date palm ( Phoenix dactylifera ), the 
leaf segments that have greater competence in 
callus formation had a higher level of free endog-
enous IAA, which suggests that auxin homeosta-
sis is an important factor for the cells to be able to 
dedifferentiate and be induced by 2,4-D (Gueye 
et al.  2009 ). 

 As regards to the other classes of regulators, 
several studies point to the important role of 
endogenous abscisic acid (ABA) during the SE 
induction phase (Jiménez  2005 ). On the other 
hand, it is believed that ethylene has a negative 
effect on the induction of SE, as observed in stud-
ies using ethylene action inhibitors, such as silver 

nitrate, to obtain somatic embryos of soy and 
date palm (Santos et al.  1997 ; Al-Khayri and 
Al-Bahrany  2001 ). With respect to the gibberel-
lins (GA 3 ), the situation is less clear because few 
studies have analyzed the endogenous content of 
these hormones in embryogenic and non- 
embryogenic cultures and those that have ambig-
uous data (Jiménez  2005 ). 

15.3.1     Growth Regulators Added 
to the Medium 

 The concentration and relative composition of 
growth regulators (GRs) added to the medium 
determine both the explant response ability and 
the type of morphogenic reaction (formation of 
embryos or axillary buds). GRs are often added 
to the culture medium in trial and error experi-
ments; different substances, concentrations, and 
application times are being evaluated for their 
ability to induce the desired development pat-
tern (Jiménez  2005 ). For the induction of 
somatic embryos, auxins are used alone or in 
combination with cytokines in 80 % of the pro-
tocols analyzed by Gaj ( 2004 ), and 2,4-D 
(2,4- dichlorophenoxyacetic acid) is the auxin 
used in 65 % of the protocols. Of the 20 SE pro-
tocols for palms analyzed from articles published 
in the period from 2000 to 2015, 14 (70 %) used 
2,4-D in the formation of callus and/or in the 
induction of embryogenesis (Table  15.1 ). 2,4-D 
appears to act not only as an analog of auxin but 
also as a stress factor that triggers embryogenic 
development in cells in cultivation, especially 
when used in high concentrations (Fehér  2003 ). 
The suppression of inductor auxin is essential for 
embryogenesis to be complete, as continuous 
growth in medium containing 2,4-D does not 
 permit a decrease in the endogenous concentra-
tions of auxin and results in the inhibition of 
embryo development (embryo expression and 
differentiation), even in induced cells (Nissen 
and Minocha  1993 ). 

 Auxins and cytokines are the most used phy-
toregulators because these compounds are able to 
regulate the cellular cycle and trigger cell divi-
sion (Francis and Sorrell  2001 ; Jiménez  2005 ). In 
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palms, the attempt to use cytokinin coupled with 
auxin during callogenesis occurred in only one 
study (Steinmacher et al.  2007b ). However, 
during the phases of induction and maturation 
of embryogenic structures, 8 out of 20 studies 
sampled used a cytokinin, usually 
2- isopentenyladenine (2iP), together with the 
auxin (Sáenz et al.  2006 ; Sané et al.  2006 ; 
Steinmacher et al.  2007b ; Zouine and El Hadrami 
 2007 ; Konan et al.  2010 ; Saldanha and Martins- 
Corder  2012 ; Scherwinski-Pereira et al.  2012 ; 
Balzon et al.  2013 ). 

 Using 2iP, it was possible to proliferate 
embryogenic calluses and regenerate plants from 
somatic embryos of  Elaeis guineensis  (Balzon 
et al.  2013 ; Gomes et al.  2015 ),  Phoenix dacty-
lifera  (Gabr and Tisserat  1985 ), and  Cocos 
nucifera  (Perera et al.  2009b ). In coconut palm, 
regeneration of plants using immature infl ores-
cences as explants in the SE was successful with 
the combined use of 6-benzyladenine (BA), 2iP, 
and 2,4-D (Perera et al.  2009b ). 

 Abscisic acid (ABA) promotes the transition 
of somatic embryos from the proliferation phase 
to the maturation phase. Both the synthesis, the 
deposit of reserve, and late embryogenesis (LEA) 
proteins during somatic embryogenesis are regu-
lated by ABA and by the expression of genes 
induced by stress (Dodeman et al.  1997 ; Von 
Arnold et al.  2002 , Rai et al.  2011 ). ABA was 
used in the induction of somatic embryogenesis 
in the cultivation of coconut palm plumules 
(Fernando and Gamage  2000 ) and in the matura-
tion of somatic embryos of date palm (Othmani 
et al.  2009 ) and coconut palm (Perera et al.  2007 ). 
However, for the coconut palm, there is one 
report that states that the use of ABA reduced the 
formation of shoots in plants regenerated from 
somatic embryos (Perera et al.  2009b ). 

 Besides GRs, other biologically active mole-
cules like polyamines can induce SE in different 
plant species (Gaj  2004 ). Moreover, a new gen-
eration of GRs, such as thidiazuron, a cytokinin 
that belongs to the diphenylureas, has emerged as 
an alternative for high frequencies of direct 
regeneration of somatic embryos, even from dif-
ferentiated tissues (Jiménez  2005 ). Perera et al. 
( 2009b ) obtained good results using thidiazuron 

(TDZ) in the induction phase of calluses in unfer-
tilized coconut palm ovaries ( Cocos nucifera  L.).  

15.3.2     Sugars 

 Sugars are a critical source of energy and create 
the osmotic conditions appropriate for in vitro 
cell growth. The carbon source appears to play an 
important role in somatic embryogenesis, and 
sucrose is the most commonly used sugar in SE 
cultures (Gaj  2004 ; Yaseen et al.  2013 ). The car-
bohydrate requirement of a culture depends on 
the species and on the stage of development of 
cultivated tissue (Yaseen et al.  2013 ). In palms, 
sucrose at a concentration of 30 g L −1  is the most 
commonly used carbohydrate (Table  15.1 ). 
However, this concentration was increased in 
specifi c cases, as in the induction of callus and 
maturation of somatic embryos of date palms 
(Fki et al.  2003 ) and in the maturation and root-
ing of oil palm (Konan et al.  2010 ). In date palm, 
Sané et al. ( 2006 ) used a sucrose concentration of 
20 g L −1  in all steps, starting from the induction of 
embryogenesis. 

 Sugar alcohols, like sorbitol, mannitol, and 
glycerol, are also used in tissue culture, and the 
addition of carbohydrates to the culture medium 
plays an important role in the osmoregulation of 
hydric stress (Yaseen et al.  2013 ). The presence 
of substances with osmotic potential such as sor-
bitol in the medium increases hydric stress, which 
favors the germination of somatic embryos of oil 
palm, inducing the formation of shoot and roots 
(Hilae and Te-chato  2005 ).  

15.3.3     Activated Charcoal 

 Activated charcoal (AC) is commonly used in tis-
sue culture to increase the growth and develop-
ment of cells and tissues and plays an important 
role in micropropagation and somatic embryo-
genesis (Verdeil and Buffard-Morel  1995 ) (Table 
 15.1 ). The promotive effects of AC on morpho-
genesis may be mainly due to its irreversible 
absorption of inhibitory compounds in the cul-
ture medium and the substantial reduction 
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of toxic metabolics, aromatic compounds includ-
ing phenols and exudates that cause oxidation 
and browning in the medium (De Touchet et al. 
 1991 ; Teixeira et al.  1993 ; Thomas  2008 ; 
Othmani et al.  2009 ). Additionally, the sub-
stances, naturally present in AC released into the 
medium promote growth, alter the culture 
medium, cause it to darken, and absorb various 
compounds that have stimulatory or inhibitory 
effects, such as vitamins, metallic ions, CRs, 
acid, and gaseous ethylene (Thomas  2008 ). Thus, 
the use of AC in the culture medium can help 
with the induction of somatic embryogenesis and 
with the maturation and regeneration of clones 
(Thomas  2008 ; Othmani et al.  2009 ). Adding AC 
to the culture medium alters some of its proper-
ties, such as conductivity and osmotic concentra-
tion, with most signifi cant change occurring at 
the pH levels, which undergo changes from the 
day of preparation of medium (Sáenz et al.  2010 ). 
There are differences between the different 
brands of AC in their capacity to absorb 2,4-D, 
and these differences are refl ected in optimum 
concentration of 2,4-D required for an embryo-
genic callus formation response. This data is par-
ticularly relevant because one of the most 
important factors affecting the morphogenic 
response of explants cultivated in vitro is the 
presence of this auxin in the optimum concentra-
tion (Ebert and Taylor  1990 ; Verdeil and Buffard-
Morel  1995 ; Sáenz et al.  2010 ). The time elapsed 
from the preparation of medium infl uences the 
fi nal availability of 2,4- D. Thus, when AC is 
added to the medium, the balance is only reached 
after about 20 days and depends on the absorp-
tion rate of the AC and the rate of diffusion of 
2,4-D in medium (Ebert and Taylor  1990 ). With 
the use of radioactive markers, an absorption rate 
of 99.5 % of the 100 μm of 2,4-D added to the 
liquid medium can be calculated 5 days after the 
preparation of the medium. The absorption of 
2,4-D by the charcoal increases in an acid pH and 
decreases with the addition of Phytagel or aga-
rose to the culture medium (Ebert and Taylor 
 1990 ). 

 Among the palms, the coconut palm ( Cocos 
nucifera ) has the highest number of examples of 

positive use of AC in somatic embryogenesis. 
For example, by using 2,4-D in concentrations 
higher than 100 μM and AC in concentrations 
ranging from 0.1 to 0.25 %, the induction of cal-
luses from anthers (Perera et al.  2009a ), imma-
ture ovaries (Perera et al.  2007 ), and plumules 
was possible (Fernando et al.  2003 ; Sáenz et al. 
 2006 ). Other species respond satisfactorily to the 
use of AC in SE, such as  Elaeis guineensis , from 
mature zygotic embryos (Balzon et al.  2013 ), 
with 450 μM of picloram, and  Euterpe edulis  and 
 Euterpe oleracea , from immature zygotic 
embryos, with 100 mg L −1  of 2,4-D (Saldanha 
and Martins- Corder  2012 ) or with 225 μM of 
picloram (Scherwinski-Pereira et al.  2012 ). 
Besides the induction of calluses in  Elaeis 
guineensis , AC has a positive impact on the 
maintenance of calluses (Teixeira et al.  1993 ; 
Eeuwens  2002 ). In  Bactris gasipaes , the use of 
AC was positive in SE, both during the formation 
of primary callus, in induction, during the matu-
ration of embryos, and the establishment of 
plantlets (Steinmacher et al.  2007a ; Steinmacher 
et al.  2007b ). 

 Many authors indicate AC for  Phoenix dacty-
lifera  (Gueye et al.  2009 ). However, there is no 
consensus as to its use in the induction of primary 
callus, and it may or may not be used for the same 
explant. For caulinar apexes excised from plants 
in vitro, Sané et al. ( 2006 ) did not use AC, while 
Zouine and El Hadrami ( 2007 ) added 0.15 g L −1  
to the medium, using 2,4-D in different concen-
trations, 2 mg L −1  and 5 mg L −1 , respectively. Fki 
et al. ( 2003 ) did not use AC in the shoots of 
young leaves, while Othmani et al. ( 2009 ) used 
0.3 g L −1  of AC in concentrations of 2,4-D of 
0.5 mg L −1  and 10 mg L −1 , respectively. In the 
induction of calluses in mature female fl owers, 
Kriaa et al. ( 2012 ) used no AC in medium, add-
ing 1 mg L −1  of 2,4-D, and for  Phoenix 
 canariensis , the use of AC had a negative effect 
on the formation of embryogenic callus (Thomas 
 2008 ). The use of 2.0 g L −1  of AC in medium for 
induction of direct somatic embryos in endan-
gered bottle palm ( Hyophorbe lagenicaulis ) pre-
vented darkening of the tissues and showed 
reduced growth (Sarasan et al.  2002 ).  
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15.3.4     Other Factors Added 
to the Basic Medium 

15.3.4.1     Complex Mixtures 
 Complex mixtures include hydrolyzed proteins, 
yeast extract, coconut water, etc. and are used to 
complement the culture media when expected 
results are not achieved (Barrueto Cid and 
Teixeira  2010 ). The addition of coconut water to 
the culture medium yielded positive results for 
two varieties of date palm at two different con-
centrations (10 and 15 %), resulting in greater 
callus growth and an increase in the number of 
embryos formed (Al-Khayri  2010 ) (Table  15.1 ). 
Hydrolyzed casein extract was used in SE in vari-
ous species like  Acrocomia aculeata  (Moura 
et al.  2009 ),  Bactris gasipaes  (Valverde et al. 
 1987 ; Steinmacher et al.  2007a ,  b ), and  Elaeis 
guineensis  (Konan, et al.  2010 ).  

15.3.4.2     Organic Compounds 
 Inositol is an organic compound of low molecu-
lar weight that has various isomers, normally 
found in plants (Barrueto Cid and Teixeira  2010 ), 
and this myo-inositol is widely used in SE proto-
cols in palms like  Acrocomia aculeata  (Moura 
et al.  2009 ),  Bactris gasipaes  (Valverde et al. 
 1987 ), and  Euterpe oleracea  (Scherwinski- 
Pereira et al.  2012 ). 

 The main vitamins used are water soluble or 
components of group B (Barrueto Cid and 
Teixeira  2010 ). In palms, the most often used B 
complex vitamins are niacin, pyridoxine, and 
thiamine, usually in acid form (Wang et al.  2006 , 
 2010 ; Kriaa et al.  2012 ). Ascorbic acid was 
included in the composition of culture medium 
for  Elaeis guineensis  (Te-Chato and Hilae  2007 ; 
Thawaro and Te-Chato  2009 ) and sodium ascor-
bate in the composition of medium for  Phoenix 
dactylifera  (Sané et al.  2006 ). Several protocols 
have developed media using vitamins of Morel 
and Wetmore ( 1951 ), which are the same as those 
of MS, but in lower concentrations (Sané et al. 
 2006 ; Steinmacher et al.  2007a ; Saldanha and 
Martins-Corder  2012 ). 

 Many amino acids are also added to the 
medium, the most common being L-glutamine 
(Steinmacher et al.  2007a ,  b ; Zouine and El 

Hadrami  2007 ; Saldanha and Martins-Corder 
 2012 ; Luis and Scherwinski-Pereira  2014 ). 
However, L-cysteine, adenine, and glycine are 
also present in various protocols (Wang et al. 
 2006 ,  2010 ) (Table  15.1 ).   

15.3.5     Inorganic Compounds 

 Most protocols use MS medium (Murashige and 
Skoog  1962 ) as the basic medium, with a total or 
modifi ed salt concentration depending on the 
stage of SE (Table  15.1 ). Y3 medium (Eeuwens 
 1976 ) and modifi ed versions of it (Karunaratne 
and Periyapperuma  1989 ) were used exclusively 
with two species,  Cocos nucifera  (Sáenz et al. 
 2006 ; Perera et al.  2007 ; Perera et al.  2009a , 
 2009b ) and  Acrocomia aculeata  (Moura et al. 
 2009 ; Luis and Scherwinski-Pereira  2014 ). 

 Valverde et al. ( 1987 ) replaced NH 4 NO 3  with 
NH 4 Cl and increased the concentration of KNO 3  
in the SE of  Bactris gasipaes , although other 
studies with the same species maintained the ini-
tial concentrations of MS medium (Steinmacher 
et al.  2007a ,  b ). Another study increased the fi nal 
concentration of KH 2 PO 4  (Fki et al.  2003 ). The 
objective of this modifi cation was to increase the 
availability of essential groups such as nitrates 
and phosphates in the medium, increasing the 
effi ciency of the stages of SE (Barrueto Cid and 
Teixeira  2010 ). Some protocols include silver 
nitrate (AgNO 3 ) in the medium (Steinmacher 
et al.  2007b ; Perera et al.  2007 ), which acts as an 
ethylene action inhibitor.  

15.3.6     Light Conditions 

 Systematic studies of the effects of light on the 
response of explants cultivated in vitro are lim-
ited. Photoperiod and conditions of total dark-
ness were required to induce SE in 49 % and 44 
% of the protocols, respectively (Gaj  2004 ). 
However, embryos in primary stages of develop-
ment are two times more effi cient when culti-
vated in the dark. The infl uence of light on 
morphogenesis in vitro may be related to the 
stimulating or inhibitory effect of light on 
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 different endogenous substances including GRs 
(Zelena  2000 ). In palms, only one of the protocol 
analyzed conditions by keeping the explants 
under light regime during callogenesis (Hilae and 
Te-Chato  2005 ), while all the other protocols 
(90 %) kept the explants in the dark. During the 
induction of embryogenesis, 30 % of the proto-
cols transferred the calluses into light conditions, 
with photoperiod conditions ranging from 12 to 
16 h of light. This percentage increases during 
the maturation phase, extending to 50 % of the 
protocols. During the regeneration phase of the 
plant, all protocols transferred the embryos to the 
light, with a photoperiod of 16 h of light in 85 % 
of the cases (Table  15.1 ).   

15.4     Conversion of Somatic 
Embryos into Plants 

 The effi ciency of in vitro multiplication systems 
depends not only on the formation of embryos 
but also on the capacity of these embryos to be 
transformed into plants. The process involves the 
changes in development and undergoes conver-
sion by the appearances of primary roots, of a 
caulinar meristem with primordial leaves, of a 
hypocotyl, and of functional cotyledons (Gaj 
 2004 ). To stimulate the conversion of the embryo 
and to increase regeneration effi ciency, gibberel-
lic acid is commonly used in the culture medium 
and is believed to be especially necessary in cul-
tures of embryos from plant species that normally 
exhibit dormancy. Other GRs can also be used 
such as IBA (indolebutyric acid), ABA (abscisic 
acid), and cytokinins (Table  15.1 ). The excess or 
the poor distribution of auxins concentration 
principally 2,4-D can cause morphogenic abnor-
malities in the embryos (Jiménez,  2005 ).  

15.5     Concluding Remarks 

 After the grass, the Arecaceae is the second most 
important and useful plant family among mono-
cotyledons and is the third among all plant fami-
lies after Leguminosae. Although economically 
important, palms are recognized to be a neglected 
group of plants, and these are considered to be a 

diffi cult and time-consuming material in terms of 
research. In fact, in palms, the application of 
asexual embryogenesis faces several limitations. 
The major problems in palm tissue culture are the 
diffi culty in standardizing and acquiring respon-
sive explants, microbial contamination, brown-
ing, low explant responses (mainly leaves), slow 
growth of callus and somatic embryos, and poor 
embryo germination. 

 However, a better understanding of initial 
requirements and of special physiology of 
explants has been gradually optimized. Recent 
advances in molecular techniques have also cre-
ated new opportunities for the study on somatic 
embryogenesis. Thus, studies of different stages 
of somatic embryogenesis by using molecular 
biology tool including gene expression pattern, 
associated with better understanding of biochem-
ical and histochemical changes occurring in 
somatic cells to become embryogenic, are prob-
ably the next steps to be followed. Although chal-
lenging, there still remains a considerable 
potential for scientifi c progress in palms.     

  Acknowledgements   The authors thank CNPq (Conselho 
Nacional de Desenvolvimento Cientifi co e Tecnologico) 
for fi nancial support, and FAPEPI (Fundação de Amparo 
à Pesquisa do Estado do Piauí) by doctoral scholarship to 
the fi rst author.  

   References 

    Al-Khayri JM (2010) Somatic embryogenesis of date 
palm ( phoenix dactylifera  L.) improved by coconut 
water. Biotech 9(4):477–484  

    Al-Khayri JM, Al-Bahrany AM (2001) Silver nitrate and 
2-isopentyladenine promote somatic embryogenesis 
in date palm ( Phoenix dactylifera  L.). Sci Hortic 
89(4):291–298  

    Almeida M, Almeida CV (2006) Somatic embryogenesis 
and in vitro plant regeneration from pejibaye adult 
plant leaf primordia. Pesq Agropec Bras 
41(9):1449–1452  

    Aoshima Y (2005) Effi cient embryogenesis in the callus 
of tea ( Camellia sinensis ) enhanced by the osmotic 
stress or antibiotics treatment. Plant Biotechnol 
22(4):277–280  

    Asemota O, Eke CR, Odewale JO (2007) Date palm 
( Phoenix dactylifera  L.) in vitro morphogenesis in 
response to growth regulators, sucrose and nitrogen. 
Afr J Biotechnol 6:2353–2357  

    Baker WJ, Norup MV, Clarkson JJ, Couvreur TLP, Dowe 
JL, Lewis CE, Pintaud JC, Savolainen V, Wilmot T, 

15 Advances in Somatic Embryogenesis of Palm Trees (Arecaceae): Fundamentals...



252

Chase MW (2011) Phylogenetic relationships among 
arecoid palms (Arecaceae: Arecoideae). Ann Bot 
108:1417–1432  

       Balzon TA, Luis ZA, Scherwinski-Pereira JE (2013) New 
approaches to improve the effi ciency of somatic 
embryogenesis in oil palm ( Elaeis guineensis  Jacq.) 
from mature zygotic embryo. In Vitro Cell Dev Biol – 
Plant. doi:  10.1007/s11627-012-9479-3      

      Barrueto Cid LP, Teixeira JB (2010) Explante, meio nutri-
tivo, luz e temperatura. In: Barrueto Cid LP (ed.) 
Cultivo in vitro de plantas. Embrapa, Brasília, 
pp 15–49  

    Beulé T, Camps C, Debiesse S, Tranchant C, Dussert S, 
Sabau X, Jaligot E, Alwee SSRS, Tregear JW (2011) 
Transcriptome analysis reveals differentially expressed 
genes associated with the mantled homeotic fl owering 
abnormally in oil palm ( Elaeis guineensis ). Tree Genet 
Genomes 7:169–182  

    Bhojwani SS, Razdan MK (1992) Plant tissue culture: 
theory and practice, 6th edn. Elsevier, Amsterdam  

      Broschat TK, Hodel DR, Elliott ML (2014) Ornamental 
palms: biology and horticulture. Hortic Rev 42:1–120  

   Costa NM de S, Aloufa MAI (2007) Desenvolvimento 
in vitro de embriões zigóticos de tamareira. Rev Ciênc 
Agr Fortaleza 38(3):276–279  

    Cuenca B, San‐José MC, Martínez MT, Ballester A, 
Vieitez AM (1999) Somatic embryogenesis from stem 
and leaf explants of  Quercus robur  L. Plant Cell Rep 
18:538–543  

    De Touchet B, Duval Y, Pannetier C (1991) Plant regen-
eration from embryogenic suspension cultures of oil 
palm ( Elaeis guineensis  Jacq.). Plant Cell Rep 
10(10):529–532  

     Dodeman VL, Ducreux G, Kreis M (1997) Zygotic 
embryogenesis versus somatic embryogenesis. J Exp 
Bot 48(7):1493–1509  

    Dransfi eld J (2008) Genera Palmarum: the evolution and 
classifi cation of palms. Kew Publisihing, Richmond  

    Durand-Gasselin T, Guen V, Konan K, Duval Y (1990) Oil 
palm ( Elaeis guineensis  Jacq.) plantations in Ivory 
Coast obtained through  in vitro  culture. First results. 
Oléagineux 45:1–11  

      Ebert A, Taylor HF (1990) Assessment of the changes of 
2,4-dichlorophenoxyacetic acid concentrations in 
plant tissue culture media in the presence of activated 
charcoal. Plant Cell Tiss Org Cult 20:165–172  

      Eeuwens CJ (1976) Mineral requirements for growth and 
callus initiation of tissue explants excised from mature 
coconut palms ( Cocos nucifera ) and cultured in vitro. 
Physiol Plant 36(1):23–28  

  Eeuwens CJ, Lord S, Donough CR, Rao V, Vallejo G, 
Nelson, S (2002) Effects of tissue culture conditions 
during embryoid multiplication on the incidence of 
“mantled” fl owering in clonally propagated oil palm. 
Plant Cell Tissue Org Cult 70(3):311–323  

     Eiserhardt WL, Svenning J-C, Kissling WD, Balslev H 
(2011) Geographical ecology of the palms (Arecaceae): 
determinants of diversity and distributions across spa-
tial scales. Ann Bot 108:1391–1416  

     Fehér A (2003) Transient of somatic plant cells to an 
embryonic state. Plant Cell Tiss Org Cult 74:202–228  

     Fehér A (2008) The initiation phase of somatic embryo-
genesis: what we know and what we don’t. Acta Biol 
Szegediensis 52(1):53–56  

      Fernando SC, Gamage CKA (2000) Abscisic acid induced 
somatic embryogenesis in immature embryo explants 
of coconut ( Cocos nucifera  L.). Plant Sci 
151:193–198  

     Fernando SC, Verdeil JL, Hocher V, Weerakoon LK, 
Hirimburegama K (2003) Histological analysis of 
plant regeneration from plumule explants of  Cocos 
nucifera  L. Plant Cell Tiss Org Cult 72:281–284  

       Fki L, Masmoudi R, Drira N, Rival A (2003) An optimized 
protocol for plant regeneration from embryogenic sus-
pension cultures of date palm,  Phoenix dactylifera  L. 
cv. Deglet Nour. Plant Cell Rep 21:517–524  

    Francis D, Sorrell DA (2001) The interference between 
the cell cycle and plant growth regulators: a mini- 
review. Plant Growth Regul 33:1–12  

    Gabr MF, Tisserat B (1985) Propagating palms in vitro 
with special emphasis on the date palm ( Phoenix dac-
tylifera  L.). Sci Hortic 25(3):255–262  

                Gaj MD (2004) Factors infl uencing somatic embryogen-
esis induction and plant regeneration with particular 
reference to  Arabidopsis thaliana  (L.) Heynh. Plant 
Growth Regul 43:27–47  

    Gallo-Meagher M, Green J (2002) Somatic embryogene-
sis and plant regeneration from immature embryos of 
saw palmetto, an important landscape and medicinal 
plant. Plant Cell Tiss Org Cult 68:253–256  

     Gomes HT, Bartos PMC, Scherwinski-Pereira JE (2015) 
Optimizing rooting and survival of oil palm ( Elaeis 
guineensis ) plantlets derived from somatic embryos. 
In Vitro Cell Dev Biol Plant. doi:  10.1007/
s11627-015-9669-x      

        Gueye B, Morcillo F, Collin M, Gargani D, Overvoorde P, 
Aberlenc-Bertossi F, Verdeil JL (2009) Acquisition of 
callogenic capacity in date palm leaf tissues in 
response to 2,4-D treatment. Plant Cell Tiss Org Cult 
99:35–45  

     Hilae A, Te-chato S (2005) Effects of carbon sources and 
strength of MS medium on germination of somatic 
embryos of oil palm ( Elaeis guineensis  Jacq.) 
Songklanakarin J Sci Technol 27(Suppl. 3):629–635  

    Jayasankar S, Gray DJ, Litz RE (1999) High-effi ciency 
somatic embryogenesis and plant regeneration from 
suspension cultures of grapevine. Plant Cell Rep 
18(7–8):533–537  

                 Jiménez VM (2005) Involvement of plant hormones and 
plant growth regulators on in vitro somatic embryo-
genesis. Plant Growth Regul 47:91–110  

     Jiménez VM, Guevara E, Herrera J, Bangerth F (2001) 
Endogenous hormone levels in habituated nucellar 
 Citrus  callus during the initial stages of regeneration. 
Plant Cell Rep 20:92–100  

    Karami O, Aghavaisi B, Pour AM (2009) Molecular 
aspects of somatic-to-embryogenic transition in 
plants. J Chem Biol 2:177–190  

E.O.L. Saleh and J.E. Scherwinski-Pereira

http://dx.doi.org/10.1007/s11627-012-9479-3
http://dx.doi.org/10.1007/s11627-015-9669-x
http://dx.doi.org/10.1007/s11627-015-9669-x


253

    Karun A, Siril EA, Radha E, Parthasarathy VA (2004) 
Somatic embryogenesis and plantlet regeneration 
from leaf and infl orescence explants of arecanut 
( Areca catechu  L.). Curr Sci 86(12):1623–1628  

       Karunaratne S, Periyapperuma K (1989) Culture of 
immature embryos of coconut ( Cocos nucifera  L.): 
callus proliferation and somatic embryogenesis. Plant 
Sci 62:247–253  

         Konan EE, Durand-Gasselin T, Kouadio YJ, Flori A, Rival 
A, Duval Y, Pannetier C (2010) In vitro conservation 
of oil palm somatic embryo for 20 years on a hor-
mone-free culture medium: characteristics of the 
embryogenic cultures, derived plantlets and adult 
palms. Plant Cell Rep 29:1–13  

        Kriaa W, Sghaier-Hammami B, Masmoudi-Allouche F, 
Benjemaa-Masmoudi R, Drira N (2012) The date 
palm ( Phoenix dactylifera  L.) micropropagation using 
completely mature female fl owers. C R Biol 
335:194–204  

    Kumar V, Naidu MM, Ravishankar GA (2006) 
Developments in coffee biotechnology-in vitro plant 
propagation and crop improvement. Plant Cell Tiss 
Org Cult 87(1):49–65  

    Lorenzi H (2010) Flora Brasileira: Arecaceae. Instituto 
Plantarum, Nova Odessa  

    Low ET, Alias H, Boon SH, Shariff EM, Tan CYA, Ooi 
LCL, Cheah SC, Raha AR, Wan KL, Singh R (2008) 
Oil palm ( Elaeis guineensis  Jacq.) tissue culture ESTs: 
identifying genes associated with callogenesis and 
embryogenesis. BMC Plant Biol 8(1):62  

        Luis ZG, Scherwinski-Pereira JE (2014) An improved 
protocol for somatic embryogenesis and plant regen-
eration in macaw palm ( Acrocomia aculeata ) from 
mature zygotic embryos. Plant Cell Tiss Org Cult 
118:485–496  

    Mazri MA, Meziani R (2013) An improved method for 
micropropagation and regeneration of date palm 
( Phoenix dactylifera  L.). J Plant Biochem Biotechnol 
22(2):176–184. doi:  10.1007/s13562-012-0147-9      

    Meerow AW, Krueger RR, Singh R, Low ET, Ithnin M, 
Ooi LCL (2012) Coconut, date, and Oil palm genom-
ics. In: Schnell RJ, Priyadarshan PM (eds) Genomics 
of tree crops. Springer, New York/London. 
doi:  10.1007/978-1-4614-0920-5_10      

   Merkle SA, Parrott WA, Flinn (1995) Morphogenic 
aspects of somatic embryogenesis. In: Thorpe TA (ed) 
In vitro Embryogenesis in Plants. Kluwer Academic 
Publishers, Dordrecht, pp 155–203  

        Morel GM, Wetmore RH (1951) Fern callus tissue cul-
ture. Am J Bot 38:141–143  

        Moura EF, Motoike SY, Vendrella MC, Sá AQ, Carvalho 
M (2009) Somatic embryogenesis in macaw palm 
( Acrocomia aculeata ) from zygotic Embryos. Sci 
Hortic 119:447–454  

     Murashige T, Skoog F (1962) A revised medium for rapid 
growth and bioassay with tobacco tissue. Physiol Plant 
15:473–497  

    Nawy T, Lukowitz W, Bayer M (2008) Talk global, act 
local – patterning the  Arabidopsis  embryo. Curr Opin 
Plant Biol 11:28–33  

    Nissen P, Minocha SC (1993) Inhibition by 2,4-D of somatic 
embryogenesis in carrot as explored by its reversal by 
difl uoromethylornithine. Physiol Plant 89:673–680  

             Othmani A, Bayoudh C, Drira N, Marrakchi M, Trifi  M 
(2009) Somatic embryogenesis and plant regeneration 
in date palm  Phoenix dactylifera  L., cv. Boufeggous is 
signifi cantly improved by fi ne chopping and partial 
desiccation of embryogenic callus. Plant Cell Tiss Org 
Cult 97:71–79  

     Pasternak TP, Prinsen E, Ayaydin F, Miskolczi P, Potters 
G, Asard H, Van Onckelen HA, Dudits D, Fehér A 
(2002) The role of auxin, pH, and stress in the activa-
tion of embryogenic cell division in leaf protoplast 
derived cells of alfalfa. Plant Physiol 
129(4):1807–1819  

          Perera PIP, Hocher V, Verdeil JL, Doulbeau S, Yakandawala 
DM, Weerakoon LK (2007) Unfertilized ovary: a 
novel explant for coconut ( Cocos nucifera  L.) somatic 
embryogenesis. Plant Cell Rep 26:21–28  

       Perera PIP, Yakandawala DMD, Hocher V, Verdeil JL, 
Weerakoon LK (2009a) Effect of growth regulators on 
microspore embryogenesis in coconut anthers. Plant 
Cell Tissue Org Cult 96(2):171–180  

         Perera PIP, Vidhanaarachchi VRM, Gunathilake TR, 
Yakandawala DMD, Hocher V, Verdeil JL, Weerakoon 
LK (2009b) Effect of plant growth regulators on ovary 
culture of coconut ( Cocos nucifera  L.). Plant Cell Tiss 
Org Cult 99:73–81  

     Pérez-Núñez MT, Chan JL, Sáenz L, González T, Verdeil 
JL, Oropeza C (2006) Improved somatic embryogen-
esis from  Cocos nucifera  L. plumule explants. In Vitro 
Cell Dev Biol Plant 42(1):37–43  

       Rai MK, Shekhawat NS, Gupta AK, Phulwaria M, Ram 
K, Jaiswal U (2011) The role of abscisic acid in plant 
tissue culture: a review of recent progress. Plant Cell 
Tiss Org Cult 106:179–190.  doi:  10.1007/
s11240-011-9923-9      

     Rajanaidu N, Ainul MM (2013) Conservation of oil palm 
and coconut genetic resources. In: Normah MN, Chin 
HF, Reed BM (eds) Conservation of tropical plant spe-
cies. Springer, New York  

        Sáenz L, Azpeitia A, Chuc-Armendariz B, Chan JL, 
Verdeil JL, Hocher V, Oropeza C (2006) Morphological 
and histological changes during somatic embryo for-
mation from Coconut plumule explants. In Vitro Cell 
Dev Biol Plant 42:19–25  

     Sáenz L, Herrera-Herrera G, Uicab-Ballote F, Chan JL, 
Oropeza C (2010) Infl uence of form of activated char-
coal on embryogenic callus formation in coconut 
( Cocos nucifera ). Plant Cell Tiss Org Cult 
100:301–308  

         Saldanha CW, Martins-Corder MP (2012) In vitro germi-
nation and embryogenic competence acquisition of 
 Euterpe edulis  Martius immature zygotic embryos. 
Crop Breed Appl Biotechnol 12:171–178  

           Sané D, Aberlenc-Bertossi F, Gassama-Dia YK, Sagna M, 
Trouslot MF, Duval Y, Borgel A (2006) Histocytological 
analysis of callogenesis and somatic embryogenesis 
from cell suspensions of date palm ( Phoenix dacty-
lifera ). Ann Bot 98:301–308  

15 Advances in Somatic Embryogenesis of Palm Trees (Arecaceae): Fundamentals...

http://dx.doi.org/10.1007/s13562-012-0147-9
http://dx.doi.org/10.1007/978-1-4614-0920-5_10
http://dx.doi.org/10.1007/s11240-011-9923-9
http://dx.doi.org/10.1007/s11240-011-9923-9


254

     Santos KGB, Mundstock E, Bodanese-Zanettini MH 
(1997) Genotype-specifi c normalization of soybean 
somatic embryogenesis through the use of an ethylene 
inhibitor. Plant Cell Rep 16:859–864  

    Santos MRA, Ferreira MGR, Rocha JF, Correia AO 
(2012) Estabelecimento in vitro e calogênese em 
explantes foliares de pupunheira. Rev Cienc Agrar 
55(3):197–203  

    Sarasan V, Ramsay M, Roberts A (2002) In vitro germina-
tion and induction of direct somatic embryogenesis in 
“Bottle Palm” ( Hyophorbe lagenicaulis  (L. Bailey) 
H. E. Moore), a critically endangered Mauritian palm. 
Plant Cell Rep 20:1107–1111  

    Scherwinski-Pereira JE, Guedes RS, Fermino PCP Jr, 
Silva TL, Costa FHS (2010) Somatic embryogenesis 
and plant regeneration in oil palm using the thin cell 
layer technique. Vitro Cell Dev Biol Plant 
46(4):378–385  

        Scherwinski-Pereira JE, Guedes RS, Silva RA, Fermino 
PCP, Luis ZG, Freitas EO (2012) Somatic embryogen-
esis and plant regeneration in açaí palm ( Euterpe 
oleracea ). Plant Cell Tiss Org Cult 109:501–508  

    Silva JAT, Dobránszki J (2013) Plant Thin Cell Layers: A 
40-Year Celebration. J Plant Growth Regul 
32:922–943  

           Steinmacher DA, Krohn NG, Dantas AC, Stefenon VM, 
Clement CR, Guerra MP (2007a) Somatic embryo-
genesis in Peach Palm using the Thin Cell Layer 
Technique: induction, morpho-histological aspects 
and AFLP analysis of somaclonal variation. Ann Bot 
100:699–709  

            Steinmacher DA, Cangahuala-inocente GC, Clement CR, 
Guerra MP (2007b) Somatic embryogenesis from 
peach palm zygotic embryos. In Vitro Cell Dev Biol 
Plant 43:124–132  

     Te-chato S, Hilae A (2007) High-frequency plant regen-
eration through secondary somatic embryogenesis in 
oil palm ( Elaeis guineensis  Jacq. var.  tenera ). J Agric 
Technol 3(2):345–357  

     Teixeira JB, Sondahl MR, Kirby EG (1993) Somatic 
embryogenesis from immature zygotic embryos of oil 
palm. Plant Cell Tiss Org Cult 34:227–233  

      Thawaro S, Te-Chato S (2009) Effect of genotypes and 
auxins on callus formation from mature zygotic 
embryos of hybrid oil palms. J Agric Technol 
5(1):167–177  

       Thomas TD (2008) The role of activated charcoal in plant 
tissue culture. Biotechnol Adv 26:618–631  

    Tomlinson PB (2006) The uniqueness of palms. Bot 
J Linn Soc 151:5–14  

    Toonen MAJ, De Vries SC (1996) Initiation of somatic 
embryos from single cells. In: Wang TL, Cuming A 
(eds) Embryogenesis: the generation of a plant. Bios 
Scientifi c Publishers, Oxford, pp p173–p189  

     Tran Than Van K, Bui VL (2000) Current status of thin 
cell layer method for the induction of organogenesis or 
somatic embryogenesis. In: Mohan SJ, Gupta PK, 

Newton RJ (eds) Somatic embryogenesis in woody 
plants. Kluwer, Dordrecht, pp 51–92  

      Valverde R, Arias O, Thorpe TA (1987) Picloram-induced 
somatic embryogenesis in pejibaye palm ( Bactris gas-
ipaes  HBK). Plant Cell Tiss Org Cult 10:149–156  

    Verdeil JL, Buffard-Morel J (1995) Somatic embryogen-
esis in coconut ( Cocos nucifera  L.) In: Bajaj YPS (ed) 
Somatic Embryogenesis and Synthetic Seed- 
Biotechnology in Agriculture and Forestry 
30:299–317  

     Vinãs M, Jiménez VM (2011) Factores que infl uyen em la 
embriogénesis somática in vitro in palmas (Arecaceae). 
Rev Colomb Biotecnol 13(2):229–242  

     Von Arnold S (2008) Somatic embryogenesis. In: George 
EF, Hall MA, De Klerk GJ (eds) Plant propagation by 
tissue culture, 3rd edn. Springer, Dordrecht, pp 
p335–p354  

       Von Arnold S, Sabala I, Bozhkov P, Dyachok J, Filonova 
J (2002) Developmental pathways of somatic embryo-
genesis. Plant Cell Tiss Org Cult 69:233–249  

    Wang HC, Chen JT, Wu SP, LIN MC, Chang WC (2002) 
Plant regeneration through somatic embryogenesis 
from zygotic embryo-derived callus of  Areca catechu  
L. (Arecaceae). In vitro Cell Dev Biol Plant 39:34–36  

       Wang HC, Chen JT, Chang WC (2006) Somatic embryo-
genesis and plant regeneration from leaf, root and 
stem-derived callus cultures of  Areca catechu . Biol 
Plant 50(2):279–282  

      Wang HC, Chen JT, Chang WC (2010) Morphogenetic 
routes of long-term embryogenic callus culture of 
 Areca catechu . Biol Plant 54(1):1–5  

      Yaseen M, Ahmad T, Sablok G, Standardi A, Hafi z IA 
(2013) Review: role of carbon sources for in vitro 
plant growth and development. Mol Biol Rep 
40:2837–2849  

        Zavattieri MA, Frederico AM, Lima M, Sabino R, 
Arnholdt-Schmitt B (2010) Induction of somatic 
embryogenesis as an example of stress-related plant 
reactions. Electr J Biotechnol 13(1):1–9. doi:  10.2225/
vol13-issue1-fulltext-4      

     Zelena E (2000) The effect of light on metabolism of IAA 
in maize seedlings. Plant Growth Regul 30:23–29  

    Zeng F, Zhang X, Cheng L, Hu L, Zhu L, Cao J, Guo X 
(2007) A draft gene regulatory network for cellular 
totipotency reprogramming during plant somatic 
embryogenesis. Genomics 90(5):620–628  

    Zhang H, Ogas J (2009) An epigenetic perspective on 
developmental regulation of seed. Genes Mol Plant 
2(4):610–627  

    Zimmerman JL (1993) Somatic embryogenesis: a model 
for early development in higher plants. Plant Cell 
5:1411–1423  

       Zouine J, El Hadrami I (2007) Effect of 2,4-D, glutamine 
and BAP on embryogenic suspension culture of date 
palm ( Phoenix dactylifera  L.). Sci Hortic 
112:221–226      

E.O.L. Saleh and J.E. Scherwinski-Pereira

http://dx.doi.org/10.2225/vol13-issue1-fulltext-4
http://dx.doi.org/10.2225/vol13-issue1-fulltext-4


255© Springer India 2016 
A. Mujib (ed.), Somatic Embryogenesis in Ornamentals and Its Applications, 
DOI 10.1007/978-81-322-2683-3_16

      Effects of Plant Growth Regulator, 
Auxin Polar Transport Inhibitors 
on Somatic Embryogenesis 
and  CmSERK  Gene Expression 
in  Cattleya maxima  (Lindl.)                     

     Augusta     Yadira     Cueva-Agila     ,     Jhelisa     Medina    , 
    Lorenzo     Concia    , and     Rino     Cella   

    Abstract  

  The somatic embryogenesis is commonly used for rapid propagation of 
species of interest hard to reproduce, like orchids. The induction of somatic 
embryogenesis requires the establishment of a peculiar genetic expression 
pattern in the presence of the suitable environmental conditions and a 
favorable hormonal background, which can be obtained providing syn-
thetic plant growth regulators. 

 We tested several combinations of plant growth regulators in different 
illumination conditions on leaf explants of  Cattleya maxima.  The most 
effi cient production of embryos was achieved with exogenous cytokinin 
(thidiazuron) in dark conditions at the cut end of the leaf. The expression 
of  CmSERK  gene was higher in the presence of cytokinins. The effects of 
the different treatments are discussed.  

  Keywords  

  Somatic embryogenesis   •   2,3,5-Triiodobenzoic acid (TIBA) and naftilpro-
pionic acid (NPA)   •   Darkness   •   Somatic embryogenesis receptor-like 
kinase (SERK)  

  Abbreviations 

   NPA     N-1-Naphthylphthalamic acid   
  TIBA     2,3,5-Triiodobenzoic acid   
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  2,4-D     2,4 - Dichlorophenoxyacetic acid   
  BA     N6-Benzyladenine   
  NAA     Naphthaleneacetic acid   

16.1           Introduction 

 Orchids are a diverse and important family of 
ornamental plants. One of the most popular, 
renowned, and colorful genus of Orchids is 
 Cattleya , also known as the “Queen of Orchids.” 
Several techniques have been developed for 
clonal propagation of  Cattleya  species by tissue 
culture (reviewed by Krapiec et al.  2003 ; Arditti 
 2008 ). 

 Among the various in vitro systems available, 
somatic embryogenesis offers opportunities for 
production of true-to-type plants by clonal propa-
gation, and it is a useful tool for studying totipo-
tency and fundamental processes of plant 
morphogenesis (Gaj  2004 ). Somatic embryogen-
esis (SE) allows competent cells to reprogram 
toward the embryogenic pathway (Chugh and 
Khurana  2002 ). Since its discovery in carrot in 
1958 (Reinert  1958 ; Steward et al.  1958 ), SE has 
been extensively studied in higher plants, and 
protocols have been established for many spe-
cies. Orchid-specifi c effi cient protocols have 
been described for some hybrids, such as 
 Oncidium ,  Cymbidium , and  Phalaenopsis  (Ishii 
et al.  1998 ; Tokuhara and Mii  2001 ; Chen and 
Chang  2001 ;  2006 ; Huan et al.  2004 ; Fang-Yi 
et al.  2006 ; Su et al.  2006 ; Chung et al.  2007 ; 
Hong et al.  2008 ), and for few Andean orchids 
(Cueva and González  2009 ; Cueva et al.  2013 ). In 
the process of SE, somatic cells develop the abil-
ity to form embryos and generate organized 
structures from undifferentiated calli. This pro-
cess involves the establishment of a specifi c gene 
expression pattern (Chugh and Khurana  2002 ), 
triggered by a signal transduction mechanism 
mediated by auxins and cytokinins. 

 The synthetic growth regulator most frequently 
used for induction of somatic embryogenesis are 
thidiazuron [1-phenyl-3-(1,2,3-thiadiazol-5-yl)-
urea] (TDZ), N 6 -benzyladenine (BA), and 
2,4 -  dichlorophenoxyacetic acid (2,4-D) (Chugh 
and Khurana  2002 ), while noncompetitive inhibitor 

of auxin polar transport like 2,3,5- triiodobenzoic 
acid (TIBA) and N-1- naphthylphthalamic acid 
(NPA), known as antiauxins, can prevent it. 
Schiavone and Cooke ( 1987 ) confi rmed the role 
of polar auxin transport in somatic embryogene-
sis by treating carrot somatic embryos with TIBA 
and NPA. A concentration of 1 μM was suffi cient 
to disrupt the ability by induced somatic embryos 
to progress further. The inhibitory action of TIBA 
and NPA on embryogenesis had also been docu-
mented in  Picea morrisonicola  (Liao et al.  2008 ), 
Norway spruce (Hakman et al.  2009 ), and  Pinus 
sylvestris  (Abrahamsson et al.  2012 ). In case of 
orchids, the process had been studied for 
 Oncidium  (Chen and Chang  2004 ; Chen and 
Hong  2012 ). 

 Considerable efforts have been made to iden-
tify genes controlling somatic embryogenesis. 
Genes involved in cell differentiation, morpho-
genesis, desiccation tolerance, and signal trans-
duction are expressed during SE and function as 
part of this developmental program (Ikeda et al. 
 2006 ). Among all these genes, only  SERK  gene 
was shown to be a specifi c marker, characteristic 
of individual carrot embryo-forming masses 
(Schmidt et al.  1997 ). However, the latest studies 
show that  SERK1  gene and other members of the 
same family are only a part of the complex pro-
cess of developmental transitions in plants. 

 In the present work, we studied the process of 
SE induction in leaf explants using combinations 
of auxins, cytokinins, auxin transport inhibitors, 
and light regime during the fi rst month of culture. 
In addition, the expression of  SERK  gene in dif-
ferent leaf tissues was analyzed.  

16.2     Explained Molecular, 
Histological and Statistical 
Methods 

16.2.1     Induction of Somatic 
Embryogenesis 

 Eight-month old  Cattleya maxima  plants, 
obtained from in vitro germination, were used as 
donor plants. Apical tip leaves (0.5 cm) were 
explanted and placed with the adaxial side up on 
the surface of half-strength semisolid Murashige 
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and Skoog medium (½MS). The same medium 
was used as control in all the assays with the 
exception of those involving auxin polar trans-
port inhibitors, in which dimethyl sulfoxide 
(DMSO) was added to ½MS to solubilize them. 
In all the assays, we performed seven replicates 
(Petri dishes) per treatment, with eight-leaf seg-
ments per replicate. The observation of embryo 
formation was made after 30 days under a stereo-
scope (MOTIC). The effects of three factors were 
analyzed: plant growth regulators, light regime, 
and auxin polar transport inhibitors.  

16.2.2     Plant Growth Regulators 

 To evaluate the effect of plant growth regulators 
(PGRs), we performed a test with eighteen com-
binations of plant growth regulators (Fig.  16.1 ). 
For this test, during the fi rst 30 days of culture, 
the explants were maintained in darkness.  

16.2.3     Auxin Polar Transport 
Inhibitors 

 To better understand the infl uence of auxins in 
the induction of somatic embryogenesis, we used 
inhibitory factors of auxin polar transport: 0.4, 
2.5, and 5.1 μM TIBA and 0.02, 0.2, and 10 μM 
NPA. As well as for PGR during the fi rst 30 days 
of culture, the explants were maintained in 
darkness.  

16.2.4     Light/Darkness 
during the First Month 
of Culture 

 In order to determine the role of darkness in the 
induction of somatic embryos, we selected some 
of the growing conditions above mentioned and 
repeated the assays culturing the explants in the 
dark or in 16 h light photoperiod.  
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  Fig. 16.1    Effect of auxins and cytokinins on embryo 
production on leaf explants of  Cattleya maxima.  Asterisks 
show the signifi cances of each treatment after the analy-

sis with general linearized models (GLMs) with negative 
binomial distribution.  p  > 0 ‘***’;  p  > 0.001 ‘**’;  p  > 0.01 ‘*’       
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16.2.5     Histological Analysis 

 For the histological analysis, samples were fi xed 
for 24 h at room temperature in FAA solution 
(9:1:1 of 50 % of ethanol, 5 % formaldehyde and 
glacial acetic acid). Fixed samples were dehy-
drated in a graded series of ethanol-xylol and 
then embedded in paraffi n. Tissues were sec-
tioned at 8 μm thickness using a microtome 
(American Optical). Samples stained with 
hematoxylin- eosin were used for the microscopic 
analysis (OlympusCX32).  

16.2.6      CmSERK  Gene Expression 

 In a previous project, we isolated and character-
ized a  CmSERK  gene. The expression level of 
 CmSERK  gene during somatic embryogenesis 
induction was analyzed using gene-specifi c 
primer:  SERK1_Cm_RT_ Fw: 5′ TTT AAT CCT 
CCG GTT ACA GTC T 3′ and  SERK1_Cm _
RT_Rv: 5′ AAT GTT CTT GTG GCT TAC 
GAC G 3′. 

 The primers were designed so as to overlap 
the boundary of two adjacent exons in order to 
prevent an unwanted contribution of genomic 
DNA (Cueva et al. in preparation). Some  C. max-
ima  samples treated with TDZ, naphthaleneace-
tic acid (NAA), and TIBA and those on control 
½MS were analyzed after 15 days from induc-
tion. We selected two tissues for RNA extraction: 
cut end of the leaf where embryo formation was 
present and the tip of the leaf where embryos 
were not. 

 RNA was extracted using the total RNA isola-
tion system kit (Promega) following the 
 manufacturer’s instructions. Each RNA sample 
was analyzed by electrophoresis in 1 % agarose 
to verify its integrity, and concentration was 
determined using a NanoDropTM 1000 spectro-
photometer (Thermo Scientifi c). RT-qPCR was 
performed in Fast SYBR SYBR ® Green Master 
Mix (Applied Biosystems) following the manu-
facturer’s instruction with an Applied Biosystems 
7500 Fast Real-Time PCR System, using two- 
step cycling condition (95 °C for 10 min, 1 cycle, 
95 °C 10 s, 58 °C 15 s, and 72 °C 30 s, 45 cycles). 

Reactions were performed pooling two biologi-
cal replicates for each sample and setup in dou-
ble. For each sample, we prepared a mix with 10 
μl of 2× RT buffer, 1 μl of 20× RT enzyme mix, 
and 9 μl of RNA, obtaining a fi nal volume of 20 μl. 

 RT-qPCR expression levels were normalized 
to α-tubulin, using the following primers: 
α-tubulin_Onc_Hou_Fw: 5′ GGA TTA GGC 
TCT CTG CTG TTG G 3′ and tubulin_Onc_
Hou_Rv: 5′ GTG TGG ATA AGA CGC TGT 
TGT ATG 3′ (Hou and Yang  2009 ). PCR effi -
ciency of each run was calculated using 
LinRegPCR program   http://LinRegPCR.nl     
(Pfaffl   2001 ).  

16.2.7     Statistical Analysis 

 For each assay, we scored the number of embryos 
produced by each leaf after 30 days of culture 
and the register the site where embryos were pro-
duced. The results were analyzed in R program 
(R Development Core Team  2004 ) using general-
ized linear models (GLMs) suitable for biologi-
cal data that do not have constant variance. We 
used negative binomial distribution that gives a 
better description of count data (Crawley  2007 ).   

16.3     Plant Growth Regulators’ 
Infl uence on Somatic 
Embryo Induction 

 Cytokinins were the best inductors of embryo 
formation (Fig.  16.1 ). The highest number of 
embryos (7.1) was generated using 4.54 μM 
TDZ. Higher concentration (13.62 μM) yielded 
fewer embryos (5.08), suggesting a saturation 
point. BA at a concentration of 1.33 μM also gave 
a statistically signifi cantly higher number of 
embryo produced (5.7) compared to the control 
(2.8). A statistically signifi cant reduction of 
embryo formation was observed with NAA and a 
combination of NAA + TDZ and 2,4-D + TDZ, 
similarly to what observed in  Oncidium fl exuo-
sum  (Sampaio et al.  2010 ).

   It is well known that several factors control-
ling SE depend on species, explant type, and 
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developmental stage. For the Orchidaceae family, 
many different inducing factors had been used: 
auxins, cytokinins, stress factors, and light. 
Among these, auxins like 2,4-D and NAA inhibit 
the formation of embryos in  Dendrobium  (Chung 
et al  2005 ),  Phalaenopsis  (Kuo et al.  2005 ), 
 Oncidium fl exuosum  (Sampaio et al.  2010 ), and 
in protocorms of  Cattleya maxima  (Cueva et al. 
 2015 ). In addition, cytokinins stimulate SE in 
many orchid species. The most effective cytoki-
nins is TDZ, as reported in  Oncidium  sp. (Chen 
et al.  1999 ; Chen and Chang  2001 ; Su et al.  2006 ; 
Sampaio et al  2010 ; Chen and Hong  2012 ). In a 
previous work, we found that the use of TDZ 
alone can induce somatic embryo formation in 
protocorms of  C. maxima  (Cueva et al  2013 ). 

16.3.1     Auxin Polar Transport 
Inhibitors’ Infl uence 
on Somatic Embryo Induction 

 With both TIBA and NPA, at all tested concentra-
tion, the number of embryo per leaf explant 
decreased signifi cantly when compared to the 
control (Fig.  16.2 ). A treatment with 2.5 μM 
TIBA gave the lowest number of embryo per 
explant; furthermore, this treatment produced a 
high percentage of necrosis in leaf explants of  C. 
maxima .

   Previous studies with auxin polar transport 
inhibitor in somatic embryogenesis showed both 
promoting and inhibiting effects, depending on 
the dosage and tissue used. Inhibitory effects had 
been found in carrot (Nissen and Minocha  1993 ), 
 Geranium  (Hutchinson et al.  1996 ),  Panax gin-
seng ( Choi et al.  1997  ) , and  Eleutherococcus sen-
ticosus  (Choi et al.  2002 ), while promoting 
effects had been reported for  Pisum sativum  (Tetu 
et al.  1990 ). 

 Specifi cally for orchids, Chen and Chang 
( 2004 ) found that in  Oncidium  the presence of 
0.1–0.5 μM TIBA does not affect the number of 
embryos compared to the control. However, 
higher concentrations of TIBA (1–10 μM) 
signifi cantly inhibit somatic embryos production. 
This observation is consistent with the previous 
study that TIBA and NPA are able to reduce 

somatic embryo formation in leaf explants of 
 Eleutherococcus senticosus  (Choi et al.  2002 ). 
This latter fi nding suggests that an adequate 
internal auxin gradient, which is under control of 
auxin polar transport, is required for somatic 
embryo formation in orchids (Vanneste and Friml 
 2009 ; Sun et al.  2013 ). The synthetic polar auxin 
transport (PAT) inhibitors TIBA and NPA can 
change the internal auxin gradients by interfering 
with PIN protein activity (Muday and DeLong 
 2001 ; Dhonukshe et al.  2008 ).  

16.3.2     Effect of Light/Darkness 
Regime during the First 
Month of Culture on Somatic 
Embryogenesis 

 In previous studies, it has been reported that 
the absence of light results in a higher percentage 
of embryogenesis in  Oncidium fl exuosum  
(Sampaio et al.  2010 ),  Phalaenopsis amabilis , 
and  Phalaenopsis nebula  (Gow et al.  2009 ). 
Therefore, the SE test described above was 
repeated with leaf explants incubated in darkness 
and 16 h light photoperiod for the fi rst month of 
culture. As shown in Fig.  16.3 , in this condition, 
TDZ gave the highest number of embryo per 
explant (7.7). Conversely, in the light, TDZ 
produced not statistically signifi cant higher num-
ber of embryos (4.1) than the control (3.12). 
Consistently with the fi rst PGR assay, all the 
auxins produced a lower number of embryos in 
darkness but not as lower as in light conditions.

   To identify which factor was the most impor-
tant for embryo formation, we performed a com-
bined GLM analysis. As shown in Table  16.1 , the 
most signifi cant factor for the production of 
embryos by leaf explant of  C. maxima  is dark-
ness, as it produces more embryos compared to 
light. Among PGRs, TDZ affected the embryo 
formation, in both light and dark conditions. As we 
reported earlier, auxins decrease these responses 
in both illumination conditions assayed.

   Sampaio et al. ( 2010 ) in a study with the tropical 
orchid,  Oncidium fl exuosum , found that darkness 
is a crucial factor for PLB regeneration from leaf 
explants. They reported that the use of 1.5 μM 
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TDZ in darkness produced the highest embryo 
(PLB) number from leaf-tip explant. Also with 
 Phalaenopsis amabilis  (blue) and  Phalaenopsis 
nebula  light delayed embryogenesis (Gow et al. 
 2009 ). Our results show that darkness is a crucial 
factor for somatic embryo formation from leaf 
explants in  C. maxima , while light reduces embryo 
formation with all PGRs tested (Table  16.1 ). 

 TIBA gave a lower number of embryos com-
pared with the control (½MS + DMSO) in both 
light culture conditions (Fig.  16.4 ). However, the 
inhibitory effect of TIBA is higher in light condi-
tion than in darkness (Fig.  16.4 ). Having observed 
that auxin polar transport inhibitors reduce 
embryo formation, we analyzed how TIBA inter-
acts with light. We observed that TIBA concen-
tration is the most signifi cant factor that infl uences 
the number of embryo formed by leaf explant 
(Table  16.2 ).

16.4          Site of Embryo Formation 

 In the case of orchids, leaves are one of the most 
used explant for somatic embryo formation. SE 
can occur in various parts of the leaf explant: 
after 30 days of in vitro culture in darkness and 
photoperiod, leaf explants of  C. maxima  formed 
embryos at the leaf tip (Fig.  16.5a ), cut end of the 
leaf (Fig.  16.5b ), and adaxial leaf surface (Fig. 
 16.5d ), and also we could observe the formation 

of embryos at the site of an unintentional cut 
(Fig.  16.5c ). In all cases, the cut end had the best 
embryogenic response (Fig.  16.6 ). Also when 
auxin polar transport inhibitors were used, the 
major number of embryos were produced at cut 
ends. Contrarily, in the case of  Oncidium , the leaf 
tips had more embryogenic competence than the 
cut end and other parts of the leaf explant (Hou 
and Yang  2009 ).

    The histological analysis showed visible 
somatic embryo formation at the cut end of the 
leaf (Fig.  16.7d ). Embryogenic cells originated 
also from the epidermal cell layers of leaf 
explants (Fig.  16.7a ). These cells are generally 
grouped together and can vary in size and num-
ber (Espinosa et al.  2010 ). The fi rst morphologi-
cal changes were visible at 30 days with the 
formation of proembryos resulting in globular 
embryos (Fig.  16.7b, c ).

16.5         C. maxima SERK  Gene 
(CmSERK) Is More Expressed 
at Cut End of the Leaf 

 Since its discovery in carrot (Schmidt et al.  1997 ), 
SERK gene of many other species has been char-
acterized. The fi rst SERK orchid gene was iso-
lated from  Cyrtochilum loxense , another Andean 
orchid species (Cueva et al.  2012 ), while a partial 
characterization of  SERK  gene of  C. maxima  was 
recently carried out (Cueva et al. in preparation). 
In this work, we analyzed the expression of 
 CmSERK  gene in two tissues of  C. maxima  leaf 
explants. It was observed that this gene is more 
expressed in the leaf cut end than in the leaf tips 
(Fig.  16.8 ), supporting the correlation between 
the higher competence of the mesophyll cells of 
leaf ends and  CmSERK  gene expression. Other 
studies proved that SERK gene expression is 
related to the ability of cells to achieve somatic 
embryo formation (Nolan et al.  2003 ,  2011 ; Ma 
et al.  2011 ; Huang et al  2010 ; Pérez-Nuñez et al. 
 2008 ; Cueva et al.  2012 ). Besides,  CmSERK  gene 
is more expressed in the presence of cytokinins 
(TDZ) rather than auxins (NAA). On the other 
hand, TIBA-treated samples showed a low 
level of  CmSERK  gene expression (Fig.  16.8 ). 

    Table 16.1    Summary table of the GLM, using negative 
binomial distribution, for number of embryos per explant 
in response to PGRs and light regime   

 Source of 
variation  Estimate 

  Standard 
error    p  

  Light regime  

 Darkness  1.1.5  0.19  8.45e-10 *** 

 16 light 
photoperiod 

 −0.67  0.29  0.020614 * 

  Plant growth 
regulators  

 TDZ  0.88  0.25  0.000386 
*** 

 BA  0.07  0.26  0.773347 

 NAA  −0.57  0.28  0.044942 * 

 2,4-D  −0.59  0.28  0.037442 * 
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Taken together, these results confi rmed that for 
 C. maxima , the competence for somatic embryo 
formation is related to SERK gene expression also, 
consistent with what reported for other species.

16.6        Concluding Remarks 

 This study confi rms that auxin levels are crucial 
for somatic embryogenesis in  C. maxima , consis-
tently with auxin sensitivity of embryo formation 
and development in other orchids (Novak et al. 

 2014 ). Both the concentration and the distribu-
tion of auxin affected somatic embryogenesis. 

 The establishment of the apical–basal axis 
during embryogenesis is dependent on the asym-
metric distribution of auxin mediated by PIN 
proteins (Ying-Hua Su et al.  2011 ), which in turn 
is partially under the control of light through 
the induction of tissue-specifi c  PIN  expression 
(Sassi et al.  2013 ). Impairing the establishment 
of the polar auxin transport with TIBA and NPA, 
specifi c inhibitors of PIN carriers, reduced 
the formation of embryos, suggesting that a 
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   Table 16.2    Summary table of the GLM, using negative binomial distribution, for number of embryos by explant in 
response to TIBA and light regime   

 Source of variation  Estimate   Standard error    p  

  Light regime  

   Darkness  0.65  0.24  0.00719** 

   16 h light photoperiod  −0.61  0.37  0.09751 

  TIBA concentration  

   1 μM  −0.74  0.38  0.00148** 

   20 μM  −1.34  0.42  0.773347 

  ** p >0.001  
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  Fig. 16.5    Place of somatic embryo formation in leaf 
explants of  Cattleya maxima  after 30 days of in vitro cul-
ture. ( a ) Somatic embryos formed on the leaf tip .  ( b ) 

Somatic embryos formed on the leaf cut end. ( c ) Somatic 
embryos formed in unintentional cut leaf .  ( d ) Somatic 
embryos formed on the adaxial surface leaf       
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  Fig. 16.6    Percentage of explant forming 
somatic embryos in different sites of leaf 
explants of  Cattleya maxima  after 30 days of 
in vitro culture       
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  Fig. 16.7    Histology of direct somatic embryogenesis 
from leaf explants of  C. maxima . ( a ) Embryogenic cells 
originate in the epidermal cell layer of the leaf. ( b ) 

Formation of a globular embryo. ( c ) .  Formation of 
somatic embryos on the leaf cut end. ( d ) Embryo forma-
tion at the leaf cut end       
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physiological concentration of auxins, either 
endogenous or exogenous, is required for somatic 
embryogenesis. 

 Increasing concentration of synthetic auxins 
(2,4-D and NAA) did not have an effect on SE 
until a concentration of 5 uM of NAA when the 
explants were grown in the dark (Fig.  16.1 ). 
However, 1 uM of 2,4-D was suffi cient to reduce 
SE in the presence of light (Fig.  16.3 , right panel), 
consistent with the role of light in PAT and sug-
gesting that an excess of auxin may disbalance 
the auxin–cytokinin ratio optimal for early 
embryogenesis (Müller and Sheen  2008 ). 

 The presence of exogenous cytokinin (TDZ) 
enhanced somatic embryogenesis, until a given 
threshold limit reached. The cytokinin effect was 
synergic with dark growing conditions. 

 Embryos were produced principally in cut- 
end leaf, where  CmSERK  gene is expressed at 
relatively higher levels. Coherently with the pro-
duction of embryos,  CmSERK  gene is more 
expressed in the presence of TDZ and less 
expressed in the presence of PAT inhibitors. 

 The effect of light and PGRs on  SERK  expres-
sion, taken together with the overall effects on 
somatic embryogenesis, supports the idea of a 
hormone-dependent  SERK -mediated pathway for 
somatic embryogenesis under the control of light 
presence and auxin–cytokinin balance in  C. 
maxima .     
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