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Eucalyptus species are among the most widely planted trees in the world. They occur over
a wide range of environmental conditions, from sea level to alpine tree line and high rainfall
to semi-arid areas, and vary in form, from shrubs to giant trees.

Although high rates of plant propagation from axillary shoots proliferation can be easily achieved
in many Eucalyptus species, there are successful cases in other tree species that indicate
much higher multiplication rates through somatic embryogenesis (SE). The clonal propagation
of Eucalyptus through SE has the potential to meet the increasing industrial demands for high
quality uniform materials and to rapidly capture the benefits of breeding programs, being regarded
as an effective method for achieving higher genetic gains in a shorter time.

In this book chapter an update of the most important aspects of the SE process will be
presented with particular emphasis on the state of the art of SE in Eucalyptus genus.

Studies considering the genetic control, as well as the influence of different factors in the SE
process, from the induction to plant acclimatization, will be updated at two different levels:
primary and secondary SE. The genetic stability of the process by assessing DNA ploidy
levels using flow cytometry will also be discussed.
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1. INTRODUCTION

Eucalyptus species are among the most widely planted trees in the world. Eucalypts are native
from Australia and the offshore islands to its north and they occur over a wide range of
environmental conditions (Williams and Woinarski 1997).

The genus Eucalyptus is a member of the Myrtaceae family composed by more than 700
species (Brooker 2000). It is divided in eight subgenera, with the subgenus Symphyomyrthus
containing the majority of the species in the genus (Poke et al., 2005). Eldridge et al. (1993)
ranked the ten most important Eucalyptus species around the world as follows: E. grandis, E.
camaldulensis, E. tereticornis, E. globulus, E. urophylla, E. viminalis, E. saligna, E. deglupta,
E. exserta, and then either E. citriodora, E. paniculata or E. robusta. Of these, the first four
species are by far the most important, with E. globulus being the first species to be used outside
Australia as an ornamental and plantation tree. Potts et al, (2004) report that for pulp production
and increasingly for solid wood E. grandis, E. urophylla and their hybrids are the most favoured
in tropical and subtropical regions with E. globulus favoured in temperate regions.

Eucalypts are renowned for their fast growth rate, straight form and growth ability in a
wide variety of climates and soils, and for their high value in both solid wood and pulp production.
In the pulp industry, Eucalyptus pulps are preferred due to their low production cost and excellent
bulk, softness, flexibility, opacity and porosity, which make them particularly suitable for printing
and writing grades of paper. In comparison with other Eucalyptus species, E. globulus has
superior fiber morphology and due to its lower lignin content, it needs fewer chemicals to
obtain the bleached pulp (Eldridge et al., 1993, Doughty 2000).

For all these reasons and due to the ability that these species have in coping the worldwide
demand for wood, pulp and fuel, the continuous expansion of the fast-growing eucalypts seems
inevitable (MacRae and Van Staden 2000).

2. THE EUCALYPTUS GENOME

Eucalypts are diploid plants with a haploid chromosome number of 11 (Eldridge et al., 1993,
Potts and Wiltshire 1997). So far there are no known polyploids in the genus. Grattapaglia and
Bradshaw (1994) estimated, by flow cytometry, the genome size of several eucalypt species and
their hybrids. Using chicken erythrocytes as standard, the monoploid genome size of these species
ranged from 370 to 710 million base pairs (Mbp). Species from the subgenus Symphyomyrtus
(that include the most planted species over the world) had on average a monoploid genome size
of 650 Mbp with E. globulus and E. dunnii being at the lower end of the scale (530 Mbp),
while E. saligna presented the highest genome size value (710 Mbp). Also, Corymbia species
were reported to have a monoploid genome size of approximately 380 Mbp, which is a much
smaller value than those reported for the other eucalypts. No Angophora species have been
studied so far (Poke et al., 2005).

More recently, the genome size of E. globulus has been re-estimated using propidium iodide
flow cytometry (Pinto et al., 2004). The authors reported a nuclear DNA content of 644 Mbp
which is larger than that estimated by Grattapaglia and Bradshaw (1994). This re-estimation
was based for the first time on the use of a plant internal control, Solanum lycopersicum¸ with
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the authors following several best practices to assure that the known cytosolic compounds of
Eucalyptus leaves did not interfere with the quantitative staining of DNA.

These data suggest that eucalypts present, in general, a small genome (according with the
categories of Soltis and Soltis, 1995), which together with its enormous commercial interest,
may place them among the interesting candidates for complete genome sequencing. In comparison
with the plant species which had, recently, their genomes sequenced – Arabidopsis thaliana
(125 Mbp), Oryza sativa (420 Mbp – 466 Mbp) and Populus trichocarpa (473 Mbp) – the
genome size of Eucalyptus species is only slightly larger and its sequencing is in progress (for
a complete review concerning the genomics of Eucalyptus see Poke et al., 2005)

3. CLONAL FORESTRY OF EUCALYPTUS

Before the recent progress with mass vegetative propagation, all the Eucalyptus plantations
were originated from seeds with varying degrees of establishment and competitive success (Watt
et al., 2003a).

Although industrial needs demand an increase in Eucalyptus forest productivity, in most
species we are still in an early stage of domestication. For example, in Eucalyptus globulus,
most of the genetic parameters reported to date are based on open-pollinated progenies (Lopez
et al., 2002). However, due to inbreeding depression from selfing and/or related mating, genetic
parameters derived from open pollinated eucalypt populations may be inaccurate. Therefore,
most of the breeding programs are now moving to control-pollinated assessment, which will
allow more accurate estimations of the genetic parameters and the separation of additive from
non-additive genetic effects (Silva et al., 2004).

Vegetative propagation is a widely used technique in tree breeding programs to efficiently
manage populations (Eldrige et al., 1993) and to produce improved plant stock (clonal forestry)
faster than the conventional seed orchard procedures (Mullin and Park 1992). A major advantage
of clonal forestry is the complete use of the genetic potential of desired genotypes. Another
benefit is the short- term ability to quickly capture a greater proportion of additive and non-
additive genetic variation. Clonal propagation enables the retention of most of the genetic potential
of elite selected plantations, including the non-additive components of genetic variance of the
new generation. Besides, in sexual propagation, non-additive combinations are mostly lost due
to genetic combinations (Mullin and Park 1922). However, Eldridge et al. (1993) emphasized
that seed will continue to play a major role in plantation establishment and, because clonal
propagation neither creates nor improves new genotypes in the next generations, clonal
propagation of Eucalyptus must be accompanied by an intensive breeding program.

In Eucalyptus, the preferred method for vegetative propagation consists of rooted cuttings,
a strategy already used with success in several clonal propagation programs (e.g. Celbi and Raiz
in Portugal, for a review see Watt et al., 2003a). Nevertheless, this strategy is limited by the
heterogeneous response in rotting ability among clones and the decrease of rooting potential
with the aging of parent plants (Eldridge et al., 1993, Watt et al., 2003a).

Clonal propagation through in vitro approaches can provide alternative vegetative
multiplication methods to overcome some of the difficulties referred above.
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4. MICROPROPAGATION

Micropropagation, the first approach to in vitro propagate desired clones of Eucalyptus spp.,
has the potential to provide very high multiplication rates of selected tree genotypes, with short-
term silviculture gains. Some of the earlier reports date back to the 1960s and over the last
decade some progress has been made in the development of complete plant regeneration protocols.
In their review on Eucalyptus micropropagation, Le Roux and Van Staden (1991) reported that
between 1968 and 1991 only 30 out of 204 publications in the genus included protocols for
plant regeneration. Since then, 29 out of 65 new publications reported plant regeneration, which
represents a substantial increase on the interest of applying such approach. So far, Eucalyptus
aseptic cultures have been established from a wide range of explant sources (e.g. seeds, seedlings,
shoots, flowers and lignotubers), either from juvenile or mature trees (for a review see Watt
et al., 2003a).

Micropropagation through axillary proliferation and adventitious shoot proliferation on nodal
explants has been successfully applied in some Eucalyptus species (e.g., Cid et al., 1999, Glocke
et al., 2006). The most common culture medium for shoot multiplication is the MS medium
(Murashige and Skoog 1962) with a low auxin/cytokinin ratio (Watt et al., 2003a, b). Nevertheless,
other salt media compositions have been reported as appropriate, such as WPM (Lloyd and
McCown 1981) used in the micropropagation of the ornamental Eucalyptus cv. ‘Urrbrae Gem’
(Glocke et al., 2006) and JADS medium used in E. grandis × E. urophylla (Correia et al.,
1995). The stimulation of shoot elongation has been achieved in many cases by the addition of
gibberellic acid to the media (Cid et al., 1999, Glocke et al., 2006). Several media composition
have been used for the in vitro rooting; a few days-pulse of indole-3-butyric acid (IBA) followed
by subculture in IBA-free medium is one of the most common procedures. Finally, there are
already several reports where regenerated plants have already been transferred to the field with
apparent success (Azmi et al., 1997, Glocke et al., 2006). However, problems such as
hyperhydricity and shoot senescence are still a reality in many Eucalyptus in vitro cultures
(Louro et al., 1999, Whitehouse et al., 2002). Despite that, large-scale micropropagation of
selected Eucalyptus trees via axillary bud proliferation is being currently employed in numerous
research and commercial laboratories with considerable success (Watt et al., 2003a, b).

Plant regeneration from indirect organogenesis, somatic embryogenesis (SE) and protoplasts
have been also used with some success in the in vitro propagation of some Eucalyptus species
(for reviews see Le Roux and van Standen 1991, Watt et al., 1999, 2003a, Hajari et al., 2006).
However, many of the protocols developed so far still need to be optimized not only in what
concerns plant regeneration but also for the application of genetic engineering strategies, such
as genetic transformation (Tournier et al., 2003, Poke et al., 2005). In fact, the main reason why
genetic transformation is not yet being used more widely at the industrial level is because it
lacks well developed (reliable and low cost) in vitro plant regeneration protocols, as it has been
already reported for other softwood trees (MacKay et al., 2006).

5. APPLICATIONS OF SOMATIC EMBRYOGENESIS IN CLONAL FORESTRY

Although high rates of plant propagation from axillary shoots proliferation are easily achieved
in Eucalyptus spp., the successful cases observed in other tree species indicate that much higher
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multiplication rates can be potentially obtained via SE (Park et al., 2006). In fact, a great
progress has been achieved in the regeneration of woody plants by SE (for a review see Merkle
and Nairn 2005). This approach presents several positive aspects for its application in clonal
forestry: amenability to a high-throughput production, necessary to reduce costs; embryogenic
cultures may be maintained through cryopreservation, essential for the field-testing and further
selection of the best clones; flexibility to rapidly deploy suitable clones, in case the breeding
aims and/or environmental conditions have changed; ability to manage genetic diversity and
genetic gain in the plantation. Besides, SE also allows the mass production of selected clones
from relatively small quantities of seeds from controlled crosses. This advantage may be
particularly useful in the propagation of outstanding parents that have problems in flowering
and/or that produce small quantities of seeds. Furthermore, SE is considered a good strategy to
speed up the deployment of outstanding families identified in progeny trials, while integrated in
tree breeding programs – multi-varietal forestry (for a review see Högberg et al., 1998, Park et
al., 1998, Park 2002, Park et al., 2006). Despite all these advantages, clonal forestry is highly
dependent of an efficient plant propagation/regeneration system that can mass produce genetically
tested material.

5.1 General Features of SE

Somatic embryogenesis has been defined as a non-sexual developmental process that produces
a bipolar embryo (presenting both shoot and root meristems) from somatic tissue (Merkle et al.,
1995, Dodeman et al., 1997). This process was reported as the best example of totipotency in
plants (Thorpe 2000). Developmental stages similar to zygotic embryogenesis occur and yield
an embryo with no vascular connection to the parent tissue (Zimmerman 1993, Von Arnold et
al., 2002).

Different patterns of the in vitro origin of somatic embryos have been distinguished. These
include direct production of somatic embryos from the explant cells called pre-embryogenic
determined cells, and indirect production of somatic embryos from induced embryogenic
determined cells in unorganized callus (Williams and Maheswaran 1986, Thorpe 2000). Pre-
embryogenic determined cells are already destined for embryogenic development prior to
explanting, requiring only growth regulators or favorable conditions to enter cell division and
go through embryogenesis. By contrast, indirect embryogenesis requires redetermination of
differentiated cells, callus proliferation and the development of the embryogenically determined
state. Growth regulators are also required, but in this case, not only for the re-entry of cells into
mitosis but also for the determination of the embryogenic state (Thorpe 2000). It has been
proposed that both processes are extremes of one continuous developmental pathway, with the
distinction between direct and indirect SE being considered difficult, and with both processes
seen to occur simultaneously in the same tissue culture conditions (Williams and Maheswaran
1986, Canhoto et al., 1999).

According to several authors (e.g., Williams and Maheswaran 1986, Yeung 1995, Canhoto
et al., 1999, Gaj 2004) somatic embryos may be originated from a single cell or from a small
group of cells that differentiate into an organized structure under still poorly characterized
circumstances. With some exceptions (e.g., Canhoto and Cruz 1996, Canhoto et al., 1999), in
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Myrtaceous species in general, and in Eucalyptus in particular, there is a notorious paucity of
cytological, histological and ultrastructural information on the different aspects associated with
the induction and development of somatic embryos from explant tissues. In Eucalyptus, most
works described that somatic embryos showed morphological resemblances with zygotic ones at
various developmental stages (e.g. Muralidharan et al., 1989, Watt et al., 1999), although in
some of them a clear definition of the different developmental phases was lacking. According to
Watt et al., (1991), the embryogenic cells of E. nitens present the typical characteristics of other
embryogenic systems: dense cytoplasm, small volume, prominent nucleus and small vacuole. In
this study, histological analyses of somatic embryos at different development stages are presented,
although no further details were given on embryo histology or origin. Similar observations were
made in E. grandis (Lakshmi Sita 1986 according to Canhoto et al., 1999) and in E. globulus
(Trindade 1996). Bandyopadhyay et al. (1999) examined the ultrastructure of E. nitens somatic
embryos and compared them with mature zygotic embryos and highlight the similarities between
both structures. Further clues were given by Arruda et al. (2000) that demonstrated, at
morphological and histological levels, the role of calcium in favoring the morphogenic route for
SE in E. urophylla.

Indeed, somatic embryogenesis is a complex process that has been traditionally divided in
two main stages: a) induction, where tissues acquire (direct or indirectly) embryogenic
competence, and b) expression, where competent cells develop into somatic embryo structures.
This expression stage is usually divided in proliferation, histo-differentiation, maturation and
germination/conversion phases (e.g. Merkle et al., 1995). The characteristic phases of somatic
embryos are usually considered similar to those present in zygotic embryos, i.e. globular, heart-
shaped, torpedo-shaped and cotyledonar stages (Jiménez 2005).

The success of any propagation system is visible in the quantity (survival) and quality
(growth rate, genetic stability) of the final product, i.e. the regenerated plants. From a strictly
academic point of view, the success of a SE protocol is materialized in the form of the emblings.
However, any applied research, i.e. with commercial and industrial goals, requires the large-
scale production of such structures and demands for efforts directed to the acclimatization phase,
where analyses of performance under ex vitro conditions and of genetic fidelity assume particular
importance.

5.2. Factors Influencing SE Induction

The following section will provide a general idea of the different factors that influence SE, with
particular emphasis on those related with Eucalyptus.

The successful establishment of a SE system is dependent on the correct choice of the plant
material, i.e., which explants are the most appropriate source of competent cells (considering
the genotype, age and type of the explants), and on the selection of the best culture conditions,
i.e., both the physical and chemical factors (media composition, light, temperature, pH, humidity,
among others) that may lead to the embryogenic development pathway (Merkle et al., 1995,
Thorpe 2000, Phillips 2004). The interaction between these factors is the key for the
successful induction and expression of a specific mode of cell differentiation and development
(Gaj 2004).
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5.3. Plant Material

The effect of the genotype is currently considered a crucial factor in micropropagation and, in
particular, in the induction of SE in Eucalyptus. However, up to the moment few research has
been performed that clearly investigates the magnitude of the genetic influence in this genus
(Pinto et al., 2008c).

In other species, the genetic influence during the SE process is well known (Merkle et al.,
1995), and understanding the genetic control has been considered an important aspect in the
improvement of the SE process (Park et al., 1998). Actually, such genotypic variability in
embryogenic capacity may reflect differences in the ability to activate key elements of the
embryogenic pathway (Merkle et al., 1995). Thus, depending on the type and magnitude of
genetic variation, an ameliorated SE initiation procedure may be applied to recalcitrant genotypes
(Park et al., 1998, Park 2002).

Pinto et al. (2008c) reported an extensive study to clarify the genetic influence in E. globulus
SE process. The embryogenic capacities and the variability in yearly production among 13 open
pollinated families were studied. Also, the degree of genetic control during SE was examined
using full-sib families. Such results have the potential to be applied in the improvement of the
SE process and further integration into breeding programs.

Most woody species have marked phase changes that result in a decline of their potential
for micropropagation and in particular for SE (Bonga and Von Aderkas 1992). Although adult
material is desirable as explant source, in most of the SE induction experiments in Eucalyptus,
juvenile material was preferred. In fact this has been a common procedure in woody species,
and in Myrtaceous species, in particular (for a review see Canhoto et al., 1999). The need for
juvenile material still represents the major limitation for the propagation of woody species using
SE, as the quality of the adult trees to be formed is still unknown.

Somatic embryogenesis can be induced in cultures from various explant types: seedlings
and their fragments, petioles, leaves, roots, anther filament, shoot meristems, seeds, cotyledons,
and immature and mature zygotic embryos (Dunstan et al., 1995, Gaj 2004). In E. citriodora
(Muralidharan and Mascarenhas 1995) and E. tereticornis (Prakash and Gurumurthi 2005)
decoated seeds were used as explant, which consisted in the embryo plus the intact cotyledon.
In E. grandis, Watt et al. (1991) used leaves from in vitro propagated shoots, while in E. dunnii
3-day-old seedlings were used (Termignoni et al., 1996). Furthermore, according to Watt et al.
(2003a), a successful protocol of SE with explants of mature trees were alredy obtained although
no details are given.

Concerning E. globulus, Trindade (1996) tested explants in different phases of development
and found that partially germinated seeds were more suitable for SE than cotyledons or leaves
from micropropagated plants. Bandyopathyay et al. (1999) observed organized structures
resembling somatic embryos obtained from mature seeds, but their evolution was not followed.
Later on, Nugent et al. (2001) was able to use, with considerable success, cotyledons from
mature seeds as source material for inducing SE. Nonetheless, in any of these studies complete
somatic embryogenesis structures, i.e., having well-defined shoot and root poles, were obtained.
A considerable progress was achieved, when Pinto et al. (2002) tested several types of explants
(mature zygotic embryos, isolated cotyledons, hypocotyls, leaves and stems) to induce SE and
were able to develop a successful protocol for plant regeneration from mature zygotic embryos
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(Pinto et al., 2002). The authors also attempted to induce SE from mature plant material (floral
buds), from several families and in different stages of development, but up to this moment, only
non-embryogenic callus was observed (unpublished data, 2005).

One of the initial steps of any induction protocol is the surface sterilization of the source
material. Several procedures can already be found on the literature and vary according with the
species of Eucalyptus and type of material to be disinfected. The most common disinfectants
used so far include alcohol, NaOCl and HgCl2 (Le Roux and Van Satden 1991), usually with the
addition of a few drops of detergent (either Teepol or Tween 20). Muralidharan and Mascarenhas
(1995) washed the E. citriodora seeds with water and a few drops of Teepol, and after three
washes with distilled water, seeds were treated with 0.05% HgCl2 (0.05%; w/v) for 5 min. and
rinsed with sterile water. Mercuric chloride (2 min. treatment; 0.1 %) was also used in E.
tereticornis after immersion of the seeds in 70% (v/v) of ethanol for 2 min. (Prakash and
Gurumurthi 2005). In E. grandis, 1% of sodium hipochlorite for 30 min. or HgCl2 (0.1%) for 5
min. are routinely used in the disinfection of explants obtained from mature trees (Watt et al.,
1995). Recently, Pinto et al. (2008a, b and c) reported the successful use of hydrogen peroxide
for disinfecting seeds of E. globulus.

5.4. Culture Conditions

The nutrient medium composition is undoubtedly one of the most important factors in cell and
tissue culture (for a review see Ramage and Williams 2002). In seeds, the endosperm or
megagametophyte ensure proper nutritional, osmotic and hormonal environments for embryo
growth. However in the excised zygotic embryos, this must be achieved by an artificial medium.
Thus, a comparative analysis of the initial medium composition and of the nutritional composition
of the developing seed can provide relevant information for optimizing the nutrient requirements
for SE induction/expression (Pullman et al., 2003). Such approach requires a complex complete
factorial design, being seldom applied in woody species (Bonga and Von Aderkas 1992).

In plant tissue culture, the basis of all nutrient medium is a mixture of mineral salts (macro-
and micronutrients), vitamins and amino acids supplemented with a carbon source (Bonga and
Anderkas 1992, Ramage and Williams 2002). The most extensively used medium for the induction
of SE in woody angiosperms is the nitrogen-rich medium Murashige and Skoog (MS) (Dunstan
et al., 1995). This medium has also been extensively used in the micropropagation of several
species of Eucalyptus (Le Roux and Van Staden 1991, Watt et al., 2003a). In 2008, Pinto and
co-workers analyzed the effectiveness of several media (MS, ½ MS, B5, WPM, DKW and
JADS) during SE induction and expression in E. globulus. The results showed that MS and B5
were the best media for SE induction and for emblings regeneration (Pinto et al., 2008a).

Carbohydrates are included in all tissue culture media and may be involved in multiple
roles during somatic embryogenesis, as the type and concentration of sugar used is known to
influence SE. In general, sugars mainly act as: (1) sources of carbon and energy; (2) osmotica;
(3) stress protectants; and (4) signal molecules (Lipavska and Dova 2004). In particular,
carbohydrate supply during embryo maturation appears to be important for both embryo quality
and quantity (Merkle et al., 1995). Its effect on induction, maintenance and maturation of somatic
embryos has been investigated by several authors (for a review see Lipavska and Dova (2004).
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Sucrose has been the sugar compound most frequently employed to induce SE in different plant
species. In Eucalyptus, the recommended concentrations of sucrose for SE induction vary in
different cultures, but usually it range from 2 to 5% (Table 1). In other embryogenic systems
other carbohydrates (e.g., glucose, fructose, maltose, lactose, cellobiose, mannitol, sorbitol, myo-
inositol) were tested, as well (e.g. Canhoto et al., 1999, Pinto et al., 2002, Lipavska and Dova
2004). For example, the addition of mannitol to the induction medium inhibited the formation
of callus in the surface of the explants during SE induction of E. globulus (Pinto et al., 2002).

The addition of plant growth regulators (PGRs) into the culture medium is the preferable
and more documented strategy to induce morphogenetic responses in vitro in any plant tissue
culture system (Gaj 2004, Jiménez 2005). In this review, the term plant hormone will be used to
define the endogenous and naturally occurring substances in the tissues, while the acronym
PGRs will refer to general compounds of synthetic origin.

 Auxins, such as 2,4-dichlorophenoxy acetic acid (2,4-D), indole-3-acetic acid (IAA), indole-
3-butyric acid (IBA) or naphthalene acetic acid (NAA), are frequently used to reactivate the cell
cycle and initiate embryo formation. In some woody species, the initiation of embryogenic cultures
as well as the persistent production of secondary embryos requires the continuous exposure to
auxin (or in some cases, to other PGRs); in others, a short pulse of auxin (e.g. few days) is
sufficient to induce secondary embryogenesis that may continue for years on a basal medium
(Merkle 1995). Usually after removing the auxin, the somatic embryos switch to a program of
development, maturation and germination, and repetitive embryogenesis ceases.

Cytokinins, such as kinetin (KIN) or benzylaminopurine (BAP), have been useful for the
initiation of somatic embryo formation in some woody species (Dunstan et al., 1995), being
usually supplied in combination with an auxin in the induction medium. However, in some
culture systems, PGRs, as abscisic acid (ABA), ethylene, gibberellic acid (GA3), among others,
also play regulatory roles that shouldn’t be ignored (Jiménez 2005). The PGR used to induce
SE in Eucalyptus are summarized in the Table 1 and will be described latter in this review.

It is now widely recognized that somatic cells can acquire embryogenic potential as a result
of different external chemical and physical stimuli, often associated with stress conditions (Gaj
2004). In vitro culture conditions expose explants/cells to significant stresses, as they are removed
from the environment of the original tissue and placed on synthetic media in artificial conditions.
In fact, the wounding itself may be a significant signal for the induction and dedifferentiation
(Fehér et al., 2003). Embryogenic competence of in vitro cultured somatic cells can be stimulated
by factors, such as osmotic pressure, pH, low or high temperature, starvation, mechanical
wounding of explants or high auxin level. The molecular mechanisms involved in this stimulatory/
regulatory effect of the stress treatment on cell differentiation and morphogenesis remain unclear
(for a review see Fehér et al., 2003, Gaj 2004).

6. THE SOMATIC EMBRYOGENESIS PROCESS IN EUCALYPTUS

After some more general considerations about the SE process, this section intends to make an
up to date review of all the relevant findings related with both the primary and the secondary
SE process in Eucalyptus. An overview of the subsequent stages of this micropropagation process
will also be presented.
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6.1. Primary Somatic Embryogenesis

In Eucalyptus literature there are several reports on the induction of SE (for a summary see
Table 1). Somatic embryogenesis and plant regeneration was reported for the first time from
callus of seedlings of “E. × Liechow” (Ouyang et al., 1980, 1981, according to Le Roux and
Van Staden 1991). Boulay (1987, according to Le Roux and Van Staden 1991) achieved SE
from hypocotyl and internode calli derived from seedlings of E. gunnii using two different
media and a variety of PGR concentrations. Also, Chang-Le and Kirby (1990, according to Le
Roux and Van Staden 1991) were able to induce embryo-like structures in cultures of hypocotyls,
cotyledons, and leaves of young seedlings of E. botryoides, E. dunnii, E. grandis and E. rudis,
as well as from young leaves of cultured shoots of superior adult E. grandis clones. The authors
used a sequential culture technique in a medium containing Murashige and Skoog salts, RV
vitamins (reference not given) and amino acids. Slow growing green protuberances developed
from cut surfaces of explants after 2 weeks in culture on a medium containing 1.1 mg L-l 2,4-
D. These developed into adventitious shoots and embryo-like structures when transferred to
medium with 1.l mg L-l BAP.

Somatic embryogenesis has also been reported on callus derived from shoots of 4-year-old
trees of E. grandis on MS medium supplemented with 0.1 mg 1-l NAA and 5 mg L-l KIN
(Lakshmi et al., 1986, according to Le Roux and Van Standen 1991). Somatic embryos were
also obtained by culturing friable callus in liquid medium containing 1 mg L-l of BAP, KIN,
NAA and 2.4-D each. In E. citriodora, somatic embryos were obtained from zygotic embryos
grown on B5 medium with 3 mg L-l NAA and 5% sucrose (Muralidharan and Mascarenhas
1987, Muralidharan et al., 1989). Recently, Prakash and Gurumurthi (2005) reported SE and
plant regeneration in E. tereticornis from embryogenic calli obtained from mature zygotic embryos.
When calli were transferred to the respective induction medium (MS or B5 with 2,4-D or NAA)
also containing BAP, somatic embryos developed after 1-2 weeks. Somatic embryos were
successfully germinated and converted in MS PGR-free medium, and rooted plants were
effectively acclimatized (Prakash and Gurumurthi 2005).

In the case of Eucalyptus globulus, a protocol for inducing SE was first presented by Trindade
(1996). Later, Bandyopadhyay et al. (1999) and Nugent et al. (2001) also reported SE induction
and embryo formation although with very low reproducibility. Pinto et al. (2002) reported the
regeneration of emblings and studied the effect of the explant, the PGRs and time of exposure
on the induction process of SE. These authors were able to induce SE in the presence of NAA
from callus derived from cotyledon explants and from mature zygotic embryos. Oller et al.
(2004) were capable to reach the embryogenic callus phase from leaf callus in a basal medium
with IBA, but further progress is unknown. Later on, Pinto et al. (2008a) investigated the
importance of different culture media in the induction phase. The results that they obtained
revealed that MS and B5 were the best media for inducting SE in this species. These authors
also studied the addition of anti-browning compounds (ascorbic acid, charcoal, dithioerythritol,
dithiothreitol, polivinylpirrolidone, polyvinylpolypyrrolidone and silver nitrate) to the induction
and expression media (MS) to control tissue oxidation in E. globulus SE process. However, the
results were discouraging as with any of the tested compounds there was a decrease in SE
potential on expression medium, with only DTE, charcoal and silver nitrate reducing the explants’
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browning when added to the expression medium. On the other hand, when added only during
the induction period, anti-browning agents reduced accumulation of phenolics but also severely
reduced the potential to SE. The continuous exposure to anti-oxidants completely inhibited the
SE response (Pinto et al., 2008a).

Finally, the genetic control of the SE induction process was investigated, using 13 open-
pollinates families that were analyzed over 3 consecutive years in a diallele mating design with
five parents (Pinto et al., 2008c). The results showed that the SE induction varies among families
and over the years of seed pollination. Furthermore, it was proved that SE was under the control
of additive genetic effects.

6.2. Secondary Somatic Embryogenesis

In contrast to primary SE induced from explant cells, repetitive, secondary or recurrent SE may
also occur from somatic embryos in culture, either directly or through callus (for a review see
Raemakers et al., 1995, Merlke et al., 1995). This phenomenon is of potential importance both
for mass clonal propagation and for the gene transfer technology (Thorpe 2000). A much higher
efficiency of secondary SE over primary SE is also found in many plant species (Raemakers et
al., 1995, Akula et al., 2000, Vasic et al., 2001, Nair and Gupta 2006). In many cases, the
cultures are able to retain their competence for secondary embryogenesis for many years and
thus constitute a very useful material for an array of different studies (e.g., Vitis rupestris,
Martinelli et al., 2001).

Similarly to what was described for the induction stage, the proliferation of embryogenic
cells may take a number of forms and is influenced by a variety of factors. In general, the
embryogenic callus is maintained on a medium similar to that used for induction, being the use
of a liquid medium preferred for large-scale propagation (Von Arnold et al., 2002). From all the
known reports concerning SE in Eucalyptus just three reports repetitive SE (Table 2).

Boulay (1987, according to Le Roux and Van Staden 1991) reported the occurrence of
secondary SE in E. gunnii after the subculture of embryogenic calli. In E. citriodora, Muralidharan
et al., (1989) and Muralidharan and Mascarenhas (1995) were able to develop a highly efficient
protocol of secondary SE that has allowed the large-scale propagation of E. citriodora. According
to Muralidharan et al., (1989), the embryogenic potential was maintained for a period over 3
years in the dark, on B5 medium containing 5 mg L-l NAA, casein hydrolysate (500 mg L-l),
glutamine (500 mg L-l) and 30 gL-l of sucrose. Later on, the authors found that the addition of
inositol was crucial for the maintenance of long term embryogenic competence (up to 9 years)
of the same cultures, when growing in liquid medium. Eventually, embryo development occurred
on fresh B5 medium without PGRs and in the light (Muralidharan and Mascarenhas 1995).

In E. globulus, the occurrence of repetitive SE was first reported in 2004 by Pinto et al.
(2004a, b; Figure 1). The authors developed a protocol where somatic embryos were cultured in
MS medium with 3 mg L-l NAA, 30 g L-l of sucrose and maintained at 24ºC in the dark. In
order to evaluated the genetic stability and the true-to-type propagation of Eucalyptus globulus
via repetitive SE, eight month old somatic embryos was investigated using flow cytometry and
no major ploidy changes were detected between somatic embryos and mother plants (Pinto et
al., 2004b).
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6.3. Maturation, Germination and Conversion Somatic Embryos

Only the mature embryos that have accumulated enough storage materials and have acquired
desiccation tolerance at the end of the maturation stage, seem able to develop into normal plants
(e.g., Merkle 1995). The addition to the culture medium of certain PGRs like ABA, as well as
the increase of osmotic pressure (e.g., by adding polyethylene glycol), desiccation and low
temperature exposure may allow the entering into the latter phases of SE by stimulating maturation
and inhibiting precocious germination (Merkle 1995, Watt et al., 1999, Jiménez 2005).

Fig. 1A-K: Somatic embryogenesis and plant regeneration in Eucalyptus globulus. (A) Aspect of the explant
three weeks after induction (B) Embryogenic callus with primary somatic embryos produced on a cotyledon of a

zygotic embryo explant. (C) Cluster of primary somatic embryos. (D) and (E) Examples of Cotyledon- stage
primary somatic embryos. (F) Emblings from primary somatic embryo conversion. (G) Cluster of secondary

somatic embryos. (H) Shoot elongation. (I), (J) and (K) Emblings from secondary somatic embryos in different
steps of acclimatization.

A

B

C

D E F

G
H

I
J K
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Even when large quantities of somatic embryos are obtained, a common bottleneck for
large-scale propagation is the conversion of these somatic embryos in plants. On a culture medium
lacking PGRs, somatic embryos usually develop into small emblings comparable to seedlings.
However, there are cases where auxin and cytokinin may be important to stimulate germination/
conversion. Furthermore, a significant change in the composition of the basal medium is often
required. Even, in some species, it is required to include extra compounds like glutamine and
casein hydrolysate (for a review see Von Arnold et al., 2002). Of course, all the factors that
contribute to the success of this step may also be important for a better performance of emblings
in the later acclimatization to ex vitro conditions.

In Eucalyptus, mature somatic embryos usually do not develop in the presence of auxin.
Also, plant regeneration (emblings) has been usually achieved in auxin free medium or,
occasionally, in media containing cytokinins and/or gibberellic acid (GA3) (Table 3). In E.
citriodora, mature embryos germinated easily when transferred to an auxin-free medium
(Muralidharan and Mascarenhas 1995). After isolation in a liquid medium, individual mature
somatic embryos were transferred to germination medium (B5 medium with 20g l-l sucrose),
after which 52% of the embryos germinated and developed healthy shoot and root systems. In
this species the addition of ABA had a negative effect on the growth of embryogenic masses,
with embryos getting moribund with increasing concentrations of this PGR (Muralidharan and
Mascarenhas 1995). In E. dunnii and in E. grandis, embryo maturation and subsequent
germination were also achieved, despite that at low success rates (Watt et al., 1995). In E.
grandis, the addition of ABA and PEG (alone or in combination), and 3 hours of dissection did
not show any success, with the rate of emblings regeneration being low or absent according
with the explant source (Watt et al., 1995). It is consensual that the regeneration of viable
emblings is still a problem in many species (Merlke 1995), and Eucalyptus is no exception.

In E. globulus the influence of the culture medium (MS and B5), PGRs (auxins and
cytokinins), and light, on secondary SE was tested (Pinto et al., 2008b, Figure 1). These authors
reported that MS medium without growth regulators (MSWH) was more efficient for cotyledonary
embryo formation and germination than B5 medium. Besides, reducing the levels of auxin (NAA)
increased the proliferation of globular somatic embryos and allowed the maintenance of SE
competence maintained on medium free of PGRs. The addition of two cytokinins (BAP and
KIN) to the MS medium did not improve proliferation of globular secondary embryos, but was
crucial during later stages of the SE process (germination and conversion). Data also show that
depending on the SE stage, light may also play an important role, influencing the quality of the
process (Pinto et al., 2008b).

6.4. Acclimatization and Genetic Fidelity of the Emblings

The ultimate goal of the application of SE to micropropagate selected individuals is only achieved
with the successful acclimatization of a large number of plants to field conditions. Also, as the
in vitro propagated plants should be true-to-type, i.e., with the interest characteristics (e.g., high
yield, uniform quality, shorter rotation period) of the donor genotypes, somaclonal variation is
regarded as undesirable, at least at this stage. Therefore it is essential to verify and follow the
clonal fidelity and field performance of somatic embryo derived plants (e.g., Tremblay et al.,
1999; for a review see Kaeppler et al., 2000).
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In general, the in vitro culture procedures as well as the environment conditions, genotype,
and age of explants in culture are often associated with the occurrence of somaclonal variation
(Rani and Raina 2000). Morphological markers, chromosome analysis, breeding behavior,
isoenzymes or DNA markers may be used to detect somaclonal variation. The early assessment
of genetic fidelity at various culture stages may help to identify which culture condition(s) is
inducing the observed variation (Rani and Raina 2000). Flow cytometry (FCM), a high throughput
and reliable methods, has been increasingly chosen for analysing of major ploidy changes during
genetic variation assays. However, up to this moment, very few reports have used this technique
to assay somaclonal variation in woody plants (Santos et al., 2007).

Also the preservation of somatic embryos, for example through encapsulation procedures,
although important, has only been reported for E. citriodora (Muralidharan and Mascarenhas
1995). The application of this preservation method together with cryopreservation is still in
its infancy in this genus, but its success strongly depends on the development of reliable SE
protocols.

The propagation of plants through in vitro culture may result in the formation of plantlets
of abnormal morphology, anatomy and physiology. After ex vitro transfer, these plantlets may
easily be impaired by sudden changes in environmental conditions, and so a period of
acclimatization is needed (for a review see Pospisilova 1999, Hazarica 2006). In this chapter,
the recalcitrance of Eucalyptus for emblings regeneration was well documented, and so, it is not
surprising that only few works report plant hardening/acclimatization in this genus. Embling’s
acclimatization was reported for E. grandis (Watt et al., 1991), E. citriodora (Muralidharan et
al., 1989, Muralidharan and Mascarenhas 1995) and E. tereticornis (Prakash and Gurumurthi
2005). In all these species, the basic acclimatization procedure included a gradual reduction of
the environmental relative humidity and the transfer to soil substrates (peat, perlite or sand).
However, in those works, emblings’ performance was only measured as survival rates. Up to
this moment, no studies are known that have explored important aspects, as histocytology,
physiology, or genetics, during the emblings acclimatization in Eucalyptus genus.

In conclusion, this chapter reviews the most relevant recent advances on the SE process in
Eucalyptus, from the somatic embryo induction to the plant acclimatization. Nevertheless, despite
of the large amount of research conducted during the last years, there is still a gap on the
knowledge of the mechanisms involved in the regulation of SE. Besides, additional research is
also needed to identify, and eventually overcome some of the current bottlenecks and, so, devise
a successful strategy in this economically important forest species to efficiently establish a SE
system at the industrial level.
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