
Chapter 1
Somatic Embryogenesis. An Overview

Víctor M. Loyola-Vargas and Neftalí Ochoa-Alejo

Abstract Somatic embryogenesis is one of the most powerful tools in plant
biotechnology. It can be used to produce plants commercially, or to carry out basic
studies of cell differentiation, gene expression, molecular genetics, and many oth-
ers. We present here a compilation of the different chapters of this book.

1.1 Introduction

Initially, the necessity of solving important fundamental questions in plant biology,
such as the cell theory and totipotency, led to the development of plant cell, tissue,
and organ culture (PTC). However, nowadays PTC represents a set of very pow-
erful biotechnological tools. The applications of PTC include commercial micro-
propagation of agronomically important plant species, production of haploid and
double-haploid plants and disease-free plants, rescue of hybrid embryos or somatic
cell fusion from intra- or inter-generic sources for the production of novel hybrid
plants, induction of genetic or epigenetic variation for the production of variant
plants, and more recently the genetic engineering of plants to produce new varieties,
resistant to pests and diseases, as well to improve the quality and quantity of a
particular product obtained from a plant. Other applications include genetic mod-
ification to produce plants that can remove toxic compounds or test its toxicity
(bioremediation) (Hannink et al. 2001; Krämer and Chardonnens 2001), and the use
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of micropropagated shoots to maintain plant viruses. Root cultures can be used to
study the interaction of roots with nematodes or mycorrhizas. Recently, plants have
been modified by genetic engineers with the objective to increase the yield of
cellulose or oil for the production of biofuels (Gressel 2008; Stokstad 2012;
Takahashi and Takamizo 2012). Somatic embryogenesis is at the core of some of
these biotechnological applications and is the focus of this book.

Gottlieb Haberlandt in 1902 (Haberlandt 1902) set the theoretical basis for plant
tissue culture. He proposed that a single cell should eventually be capable of giving
origin to a complete and functional plant. This theory has been proved to be right.
At the core of this proof is the somatic embryogenesis.

1.2 Somatic Embryogenesis

Plant somatic embryogenesis (SE) is a biological process with both amazing basic
and applied aspects. SE occurs in nature. At the edges of the leaves of several
species of Kalanchoë appear small bipolar structures, some of them produce these
structures constitutively, others by the action of environmental stress, and a third
group is a combination of both (Garces and Sinha 2009).

In vitro plant cells can undergo dedifferentiation or redifferentiation to enter a
new biological program that gives rise to somatic embryos. This process has raised
one of the most important biological questions: which signals change the genetic
program of a somatic cell and make it an embryogenic cell?

Numerous factors that affect SE have been investigated in order to understand
the basis of this process and manipulate it to develop and establish efficient plant
regeneration protocols as a fundamental step for its biotechnological application
(Loyola-Vargas et al. 2008). A differentiated and specialized somatic plant cell or a
group of somatic cells with specific functions must receive a stimulus from a set of
plant growth regulators (PGRs), mainly auxins, perceive it, and then initiate the
transduction to the nucleus where the specific regulatory and structural genes will
be transcribed and subsequently will be translated into proteins involved in the
differentiation that ultimately will lead to the formation of a new somatic embryo.
All these changes can be followed at morphological, ultrastructural, genetic,
physiological, biochemical, and molecular levels.

The idea of this book is to look somatic embryogenesis in an integrative way
covering from the historical aspects of somatic embryogenesis to its applications.
It is important to know about the history of those researchers whose contributions
led to the development of this field. In Chap. 2 we describe the main facts that led
to the historical first papers on SE (Miettinen and Waris 1958; Reinert 1959;
Steward et al. 1958).

There are several pathways to initiate somatic embryogenesis (Chap. 3). Unlike
the initial belief that all plant cells are totipotents, it has been seen that it is
necessary to create appropriate conditions for some of them to regain totipotency.
Among the several factors that play a role in the induction of SE are the plant
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growth regulators, mainly auxins (Altamura et al. 2016). It is interesting that many
species require an initial shot of auxins, but thereafter the auxin must be degraded
for SE to proceed (Chap. 10) (Altamura et al. 2016). Clearly the onset of SE
depends on a complex network of interactions among plant growth regulators,
mainly auxins and cytokinins, during the early proembryogenic stages. Ethylene
and gibberellic and abscisic acids pass to play a major role during the late stages of
development. Together, the PGRs regulate multiple genes temporally and spatially
which release the changes in the genetic program of somatic cells, as well as
regulating the transition between each embryonic developmental stage.

In addition to phenotype, the origin of the explant, and genetic background of
the plant, several stress treatments such as heavy metals, low or high temperature,
osmotic shock, among others, might play a crucial role in SE induction, even in the
absence of exogenous PGRs (Chap. 9) (Cabrera-Ponce et al. 2015; Ochatt and
Revilla 2016; Salo et al. 2016).

An important concern is the fidelity of the somatic embryogenesis-regenerated
plants (Chap. 8). There is an epigenetic reprogramming during the SE and the
presence of somaclonal variation among the regenerated plants (De-la-Peña et al.
2015; Mahdavi-Darvari et al. 2015; Nic-Can et al. 2015; Solís et al. 2015). This
variation can be the result of chromosomal aberrations, genetic alterations, epige-
netic regulations, and transposable elements. The variation can be exploited for
good, as selecting stress-tolerant somaclones (Bobadilla Landey et al. 2013;
Us-Camas et al. 2014).

Beyond the biotechnological application of SE, it can be used to study the very
different aspects of its induction and the development of somatic embryos. An
aspect that is central to the study of SE is histology. SE has become an appropriate
method for studying the morphophysiological and molecular aspects of cell dif-
ferentiation (Chap. 26). The understanding of the developmental events during the
induction phase as well as the development of somatic embryos is essential to
regulate and improve each stage of the SE program efficiently. Anatomical and
ultrastructural studies may be useful for the development of protocols more efficient
for SE induction, as well as for the cellular mechanisms involved in the acquisition
of competence for SE (Konieczny et al. 2012; Quiroz-Figueroa et al. 2002).

The molecular aspects of SE have been studied extensively. In this book, several
authors have revised the most recent advances in the field. Transcriptomics of
several species has been carried out during the induction of SE and the development
of the somatic embryos (Chap. 4). Cotton is the species most studied, but the
number of species investigated by this technique is growing every day. The pattern
that is emerging from these studies suggests a predominant role of auxins during the
induction of SE, as well as for genes like LEC,WUS, FUS, and a set of transcription
factors (Shi et al. 2016; Tao et al. 2016; Trontin et al. 2016). The Next Generation
Sequencing platforms of nucleic acids can be used together with techniques that
allow the isolation of a specific cellular type, such as laser-assisted microdissection.
Together these two techniques give us a closer approach to the state of the cell in
determined space and time (Chap. 27).
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The extreme changes required for the transcription of the genome during the
change of a somatic cell to an embryogenic cell need a very active participation of
transcription factors. In Chap. 5, authors made an extensive analysis of the state of
the art in relation to the participation of transcription factors in this process. An
interesting finding is that the most frequent transcription factors found active during
the induction of SE belong to the pathways of the metabolism of growth regulators,
stress, and flower development (El Ouakfaoui et al. 2010; Guan et al. 2009).

Among all the different mechanisms that regulate the expression of the genes,
epigenetics also plays an important role (Chap. 6). Different reports suggest that
auxins, in conjunction with the in vitro conditions modify the DNA methylation
status in the embryogenic cells. These changes in DNA methylation patterns are
associated with the regulation of several genes involved in SE, such as WUS,
BBM1, LEC, and several others (De-la-Peña et al. 2015).

After the genes are expressed, all the weight of the process is on the proteins.
Posttranslational modifications, protein turnover, and protein–protein interactions
are common processes associated with the regulation of proteins. All of them are
present during the induction of SE and development of somatic embryos. Proteomic
studies carried out while the SE has begun to show the deep mechanism that works
during the induction of SE (Chap. 7). One key question is if there is a common
protein pattern among different species during the induction of SE (Campos et al.
2016; Mukul-López et al. 2012; Tchorbadjieva 2016).

SE has been induced in many different species; many of them crops of commercial
interest. In the second part of the book, the SE of several important crops is analyzed:
Agave spp., Bixa orellana, Capsicum spp., Coffea spp., Curcuma, Musa spp., Zea
mays, lipid-producing plants likeCocus nucifera and Jathropha curcas, conifers such
as Pinus spp., and model plants as Arabidopsis thaliana (Chaps. 11–22).

The twomajor applications of SE are scale-up propagation (Chap. 24) and genetic
engineering (Chap. 23). Among the different systems to scale up the process of SE,
the temporary immersion system has some advantages. It can be automatized to
reduce labor and costs, and at the same time to produce high-quality plantlets (Fei and
Weathers 2014, 2016; Ibaraki and Kurata 2001). The SE process is a very efficient
method to regenerate transgenic plants. SE has been used in conjunction with
Agrobacterium spp., particle bombardment, and chemical-mediated genetic trans-
formation protocols. All the major annual and perennial crops, as well as model
plants, have been transformed using efficient SE systems (Arroyo-Herrera et al. 2008;
Bouchabké-Coussa et al. 2013; Canché-Moor et al. 2006; Palomo-Ríos et al. 2012).

Another application analyzed is the use of SE to produce secondary metabolites.
The production of secondary metabolites by plants requires highly specialized
tissues and a fine regulation and coordination in time and development by the plant
(De Luca and St Pierre 2000). In nature, several plant species synthesize and store
secondary metabolites in the zygotic seed, suggesting that somatic embryos can do
it. In Chap. 25 the most recent discoveries related to the accumulation of secondary
metabolites by somatic embryos are presented (Aslam et al. 2010, 2011; Sharma
et al. 2015).
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1.3 Concluding Remarks

PTC in general and SE in particular have turned into an invaluable tool to plant
scientists. PTC has been commercialized around the world, and different companies
are using plant tissue culture techniques for the massive propagation of plants. The
use of PTC and the development of the omics and epigenetics have allowed the
understanding of the basic biological process.

The use of SE leads to the understanding of differentiation, as well as to the genetic
mechanisms involved in the transition from one stage to the next. Also it has led to the
isolation of genes, proteins, and metabolites involved in the cell differentiation pro-
cess. The combination of SE and genetic engineering will accelerate the discovery,
isolation, and characterization of genes involved in different cellular processes.

From the agronomy side, the most important challenges ahead are the generation
of resistant plants to pathogens and pests, as well as to abiotic stresses, increments

Fig. 1.1 Somatic embryogenesis process in different species. a Somatic embryogenesis in a leaf
of Coffea canephora. b Embryogenic mass of Cocus nucifera. c Different developmental stages of
Musa acuminata x Musa balbisiana genome AAB, subgroup Plantain. d Embryogenic mass of
Agave tequilana. Picture a is from the laboratory of Víctor M. Loyola-Vargas. Pictures b–d are
gifts from the laboratories of Carlos Oropeza-Salín, Rosa M. GraciaMedrano from Centro de
Investigación Científica de Yucatán and Benjamín Rodríguez-Garay from Centro de Investigación
y Asistencia en Tecnología y Diseño del Estado de Jalisco, respectively
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in yields in commercial crops, the production of better raw material for biofuel
production, as well as the generation of plants capable of absorbing toxic com-
pounds from the environment. In all these cases, SE will play an important role
(Fig. 1.1).
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